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Abstract :

In this work, we numerically investigate the penfi@nces of optical regenerators
based on self-phase modulation and spectral ofiiteting at 40 Gbit/s. We outline the
different effects affecting the device performaneesl explain the choice of the optimal
working power. The impact of the regenerator ondbgput signal is also analysed through a

statistical approach. Both single and double stagdigurations are investigated.
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1. Introduction

With the development of long haul optical teleconmioation systems working at high
repetition rates (40 Gbit/s and beyond), performiny all-optical regeneration of the
transmission signal has become of a great intécesombat the cumulative impairments
occurring during the signal propagation and oveilogthe electronics bandwidth limitations
of the current devices [1]. Indeed, during its @ggtion, the signal undergoes various
degradations such as amplified spontaneous emi¢8i6k) noise accumulation, chromatic
dispersion as well as intra-channel non-linear at$fd2]. Non-linear effects lead to jitter
degradations (in time an amplitude) and ghost-pgjereration in the zero bit-slot [3].
Consequently, it is required to limit the amplitydeer and the timing jitter of the pulses and

to enhance the extinction ratio (ER) of the sigial.achieve simultaneously such operations,



different optical methods based on non-linear ¢ff@t optical fibers have been proposed; for
example: the use of non-linear optical loop mirr(MOLMS) [4], four-wave mixing [5], or
self-phase modulation (SPM) [6]. The latest metisodased on spectral broadening followed
by an offset spectral filtering and has been pregom 1998 by P.V. Mamyshev. Many
works, both experimental [7-13] and theoretical [B], 14-19], have dealt with the
possibilities of such a device known as the Mamyslegenerator. For example, its capacity
of multi-wavelength regeneration [8, 17], the emmste of eigen-pulses in concatenated
regenerators [19] or its inclusion in a set-up catifgbe with DPSK signals [20] have been
recently reported.

In Ref. [14], general theoretical guidelines haeen proposed to design a high-
performances single-stage regenerator with a tan&fnction exhibiting both a high
extinction ratio improvement and a locally flat imgon the one-level called the plateau. In
an other numerical study, the authors have tridthkothe properties of the transfer function
with the performances of the regenerator in terfm@-factor improvement [16]. The authors
have noticed that the transfer function itself & sufficient to fix the working power giving
the best performance and that a trade-off betweennmiprovements and impairments raised
by the regenerator is then necessary. But to datéheoretical argument has been suggested
to clearly explain this observation.

More importantly, in order to restore the signaitginitial wavelength, a double-stage
configuration is required and once again, evenoiha experimental devices have already
been demonstrated [7], no detailed theoretical viiakbeen reported in the literature.

In this article, we propose a numerical studyh® Mamyshev regenerators both in
single-stage and double-stage configurations. @udyscombines both the transfer function
and the Q-factor improvement approaches. Basederstatistical study of the initial and
regenerated signals, we present an interpretatiotiheo impact of the regenerator on the
regenerating signal and propose an explanatiorrdegathe choice of the working power.
Finally, we highlight several key points which aff¢he regenerator performances.

This paper will thus be organised as follows. Aftaxving recalled the principle of the
Mamyshev regenerators, we will investigate the grernce of a single-stage regenerator
both in terms of Q-factor improvement and statétimpact. In the fourth part of the paper,
we will propose a set of explanations about thekimgrpower influence and in the final part,
we will numerically study a double-stage device.



2. Principle and set-up

The set-up of the single stage Mamyshev regeneuaitder study is described in Fig 1. The
signal to be regenerated is first amplified in ortte reach an optimum average poviRaf
(corresponding to a peak powey for ‘1’ pulses). An optical bandpass filter (OBPEgntred
at the signal wavelengthl, and characterized by its spectral full-width atf mabximum
(FWHM) of; is also used to reduce the ASE noise power [1&péctral broadening is then
achieved through the SPM effect occuring during phepagation in a highly non-linear
optical fiber (HNLF) with a length.. The broadened spectrum is finally partially didey a
second OBPF shifted byld. The spectral bandwidth of this second filtéf,, which

determines the output pulse width, is then fixecbading to the initial pulse properties.

EDFA OBPF1 HNLF OBPF 2

U

signal to be > regenerated
regenerated signal
Ao A=A — AL

Fig. 1. Set-up of the single stage Mamyshev reggoer Erbium Doped Fiber Amplifier
(EDFA), Optical BandPass Filter (OBPF), Highly Nbimear Fiber (HNLF).

In Ref. [14] the authors have shown that, accordin¢he system parametgils, Py
and 44 ), three different regimes of transfer functioRy:; = f ( Pi, ) ) can be observed : a
transfer function (TF) characterised by a plateBuggime), by a continuously increasing
behaviour (C regime) or by a non-monotonic regimerégime). The transfer function
associated with the plateau zone of the B regimd (mrresponding to an input peak-power
Pieo) has been considered as the most suitable tovachie efficient regeneration process,
mainly due to its capacity to equalize pulse-tospuydeak-power fluctuations.

Our regenerator is based on a HNLF with a lengtlof 3500 m, a non-linear
coefficienty of 8.4 W'.km™, a dispersiofd of -0.7 ps.krit.nm™* and a linear loss coefficient

a of 0.6 dB.knt. We have included in our simulations the ASE ndigeoduced by the



erbium doped fiber amplifier (EDFA) by taking intccount a noise figur®: = 4 dB.
Following the method detailed in [14], we have oédted the TF thanks to the propagation of
a single Gaussian pulse having a temporal FWHNIy6f 6.25 ps, which corresponds to the
pulses used in a classical 40-Gbit/s return-to-2&8% (RZ-25) optical telecommunication
system.

Our simulations have been computed by means of sthigware VPI WDM
Transmission Maker and rely on the numerical irdggn of the non-linear Schrodinger
equation by a split-step Fourier method. Note taarisation mode dispersion (PMD) as
well as other higher-order non-linear effects (Ramdrillouin or self-steepening
contributions) have been neglected in our simutatio

OBPF 2 is a Gaussian filter with a spectral widh= 70 GHz and a spectral offset
AA = 160 GHz. For an initial 4-th order supergaussian OBRR a spectral widthf; = 100
GHz (OBPF 1), we obtain a B-like TF (Fig. 2, sdliiak), with a plateau aroun@e, = 1.05
W. Let us note that we can easily obtain other yige$ by simply adjustingf,. Indeed, by
changing the spectral width of the initial filteve also modify the initial temporal width of
the pulses entering the HNLF. Given the dependehdd with the initial pulse properties,
this leads to noticeable changes of the TF. Famgte, if & = 160 GHz (mixed line), we

obtain a C-like TF and by using narrower filtens,A&like TF could also be achieved.

Input average power P, (mW)
0 50 100 150 200 250
] ] 1 1 ]

.08

| —— 100 GHz

Output peak power (W)

0 5 1 1.5 2
Input peak power P, (W)

Fig. 2. Transfer function of a single-stage regatwer Evolution of the output peak-power
versus the input power for two different spectrativs of OBPF 1 §f; = 100 GHz and¥; =
160 GHz, solid black line and mixed line, respedliyy. The input average power corresponds
to the average power of a 40-Gbit/s pseudo-randaoarypsequence (PRBS) signal.



3. Performance of the single-stage regenerator

In this part, we aim to quantify the regeneratigpacity of the B-like single-stage Mamyshev
regenerator described in the above section. Thefeafunction is usually built by computing
the response of the regenerator to an input sipgllse. However, in order to fully
characterize the performance of a regeneratomearst of pulses (namely a pseudo-random
binary sequence (PRBS)) has to be taken into atctumhat context, the usual parameter
widely used to evaluate the signal quality is théaGor [2] : Q = (V1 — W) / (01 — ov), with

V; andV, the average electrical voltage of the ones andszegspectively at the detection
instant, andoy and gy the corresponding standard deviations. A goodmesibn of the
performance of our regenerator will be the Q-faatgrrovement defined as the ratio between
the input and output signal Q-factor (or equivdletite difference when expressed in dBs).
On the other hand, the Q-factor parameter, obtaimede electrical domain, often hides the
physical meaning of the signal degradation and eguesntly, this data itself is not enough to
get a precise understanding of the degradatiorctaffe the pulse train. So in order to
complete the analysis, we will also get interestedhe statistical properties of the optical
signal, i.e. its temporal pulse width, its peak-powts temporal position and its extinction-

ratio.

3.1. Initial input pulse properties

In this section, we shall first study the featunéshe degraded 40-Gbit/s PRBS signal used at

the input of the regenerator.

In order to model realistically the signal degramiat[21] and to maintain an
affordable computation time, we have numericallgpaigated a (2-1)-long 40-Gbit/s RZ-25
PRBS signal in the recirculating loop system regmésd in Fig. 3(a). The FWHM of the
pulses is 6.25 ps, the initial extinction ratiof{ded by the ratio between the ‘1’ peak-power
and the ‘0O’ level) is 20 dB and the initial sigreaterage power launched into the loop is 1
dBm. The loop is made of 100 km of standard simgtele fiber (SMF) with an anomalous
dispersion of 16 ps/km/nm, a dispersion slope 68 @s/km/nm, a non-linear coefficient of
1.3 Wkm® and an attenuation of 0.2 dB/km. Dispersive effere compensated by 16 km
of dispersion compensating fiber (DCF) with a ndrrdespersion of -100 ps/km/nm, a



dispersion slope of -0.5 ps/km/Ana non-linear coefficient of 5.2 Wkm'* and an attenuation

of 0.6 dB/km. This compensating fiber is preceded #ollowed by erbium doped fiber

amplifiers (EDFA) with gain$s,= 14 dB and5g = 15.6 dB, respectively. Both amplifiers are
followed by a 4-th order supergaussian OBPF witpectral width of 400 GHz in order to
partly remove the ASE noise introduced by the aimpd. Finally, the 40-Gbit/s receiver

module is preceded by a supergaussian OBPF witNtdNF of 160 GHz.
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Fig. 3. (a) Scheme of the loop system used to mitdetlegradation of the 40-Gbit/s PRBS
signal during the propagation.  (b) Evolution@jf as a function of the number of round
trips.  (c) Optical eye-diagrams for three diéiet levels of degradation(, = 24, 6 and 3.3,
subplots 1, 2 and 3 respectively )

Fig. 3(b) represents the evolution of the optiéghal quality factorQ;, as a function
of the number of turns completed into the loop. eégpected, the Q-factor progressively
decreases due to the cumulative impairments ooguduring the propagation, namely the
accumulation of in-band ASE noise and combinedcesfef chromatic dispersion and non-

linear effects (intrachannel cross-phase modulatmhfour-wave mixing [3]). Consequently,



without any regeneration, only 20 round trips (2869 could be covered before falling down
to the transmission limit corresponding @ = 6. Let us note that the present loop is not
fully-optimized to its best performances and tlmhe pre-chirp/post-chirp could still enhance

the transmission distance.

In the following of the paper, we will particulgrinvestigate the evolution in the
regenerator of three different levels of Q-factothee input, i.eQin = 24 (signal of excellent
quality corresponding to a 200 km propagation distd, Qi, = 6 (limit transmission signal
quality [2] ) andQin = 3.3 (signal of extremely poor quality after 350 of propagation
which can only be used in presence of forward eowmrection (FEC)). Eye-diagrams
corresponding to these three levels of degradam@npresented in Figs. 3(c) and clearly
reveal that the degradation of the input Q-factms multiple sources: amplitude jitter, timing-
jitter as well as an extinction ratio decrease.

In order to get a more precise quantitative desonpf the degraded 40-Gbit/s PRBS
signal, we now consider in Fig. 4 the average \&hral root-mean square (rms) deviations of
several signal key parameters.

As can be seen in Fig. 4(a-b), the amplitude jittet (rms deviation of distribution of
the peak power of the pulses) as well as the teahpter o, (rms deviation of distribution
of the central pulse position as defined by ithbgg peak-power) strongly increase during the
propagation to reach after 4000 km, 20% of the eowglth and peak power, respectively.
The effects of the ASE accumulation and the ghoftgs generation are also apparent
through the significant decrease of the extinctiatio (Fig 4(d)) which drops from 10 dB
after 40 round trips. We can finally note in Figb)that during the propagation, the temporal
pulse width increases, with a rise as high as 2tf #s initial value after 4000 km, leading to
a decrease of the average pulse peak-power. Weligdliss in more details the implications
of those fluctuations in section 4.3.
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Fig. 4. Statistics of the 40-Gbit/s PRBS signalaasunction of propagation distance (or
equivalently number of turns n). (a) Evolution betaverage peak-power (solid black line,
left, normalized by the initial peak-powBy,) and the amplitude jitter (grey dotted line, right
defined as the standard deviation of the peak-paligribution, normalized by the average
peak-power) (b) Evolution of the tempdr&®/HM T, (left, solid black line) and its
standard deviation (right, normalized by the temapowidth T, grey dotted line).
(c) Temporal jitter (defined as the standard demmaodf the distribution of the central position
of the pulse, normalized by the FWHM average temlperdth T, at turn n) (d) Evolution of
the extinction ratio.

3.2.Performance of the regenerator and optimum working point

We first test our regenerator on a degraded sigm#h Qp, = 6. Eye-diagrams after
regeneration are plotted in Figs. 5 for two regatoerinput values of the average powegs
(called the working power (WP)). As can be seenbath cases, the regenerator improves
very efficiently the extinction ratio of the pulsgin and also tends to limits the amplitude
jitter. The eye is then clearly more opened thafign 3(c2), despite the presence of some
additional timing jitter. We can also make out ttieg WP largely influences the quality of the

output pulse, with better results obtained at adVP80 mW.
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Fig. 5. Optical eye-diagrams after regeneratorQar= 6 for two different working powers.
(&) WP =130 mW (b) WP =180 mW.

In order to quantify the impact of the regeneratag, measure the improvement of the
signal in terms of Q-factor enhancement [16], the. ratioQou:/ Qin WhereQoy: is the quality
factor at the output of the regenerator. We presehktg. 6(a) the Q-factor improvement as a
function of the WHor three different levels of degradation. Let wdice that studying the Q
factor improvement is not sufficient to quantifyetiperformances of a regenerator [22].
However, in the context of our study, where we ®am the physical mechanism of the
regeneration process, the Q-factor is a converparameter to quantify the quality of the
signal after regeneration. First and in disagreemath the TF approach described in Fig. 2,
we can observe, fdD, = 24 andQ;, = 6, that the optimal regeneration is not obtaioedhe
plateau (aroun@y,eq), but for a higher WP. This observation is quilepsising but consistent
with the behaviour previously highlighted in Ret2[ 16]. We can also make out that the
signal quality improvement strongly depends onnisal degradation. Indeed, for a high,
(Qin = 24), the optimum regeneration is achieved oslaively narrow input power range and
reaches 3.5 dB for an input average power of 170 @Wthe contrary, for a more degraded
signal (Qin = 6), the performances of the regenerator forelgato not exhibit such a strong

power dependence.
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Fig. 6. Regenerator performances. (a) Q-factor avgment as a function of the WP for three
different levels of degradation@, = 24, 6 and 3.3, solid black line, mixed line ayreéy
dotted line, respectively). (b) OptimaPWersus th&,. In Figs (a) and (b), the shaded
areas correspond to the plateau zone (see Fig. 2(a)(c) Q-factor improvement versQ@s,

for different WP : optimum WP (solid black line), RAbf 130 mW, 158 mW and 183 mW
(solid grey line, dotted grey line and mixed grée] respectively), corresponding to input
peak-powers of 1 W, 1.2 W and 1.4 W, respectivEhe shaded area denotes the zone where
the regenerated Q-factor is below 6.

We have also plotted in Fig. 6(b) the evolutiontibé optimal average WP as a
function of Qj,. We can see that the optimum power has to be tabede the plateau area
between 140 and 190 mW and depends on the levé¢griadation, with a decrease of the
power for low Q.. We will give some explanations about such a dépece in the next
section.

The next plot, Fig. 6(c), shows the Q-factor imgment as a function of the input
Q-factorQ, for several values of WP. For comparison, we hdeted in solid black line the
maximum feasible improvement; that is to say faheaalue ofQj;,, the maximum of Q-factor
improvement at the optimum WP. But in practicezauld be easier to fix the amplifier to a
given WP, no matter wha®;, is. This is the reason why we have also plottex risults
corresponding to a WP of 130, 158 and 183 mW idgpky line, dotted grey line and mixed
grey line, respectively. It is then important tatine that in all cases, we have improved the

signal quality, but the value of this improvememuld be significantly different. For



example, the choice of a working power of 130 m\w@sponding to the value of the plateau
Pieg Clearly appears to lead to a non-optimum regeloeratthereas a working power of
183 mW is closer to the all-cases optimum regeiwerat

In order to better understand the behaviours rélab®ve, we now quantify the action
of the 2R Mamyshev regenerator in terms of statistn Figs. 7, we study the modification of
the statistics induced by the regenerator on th&Hli's PRBS signal as a function of the
input average power for three different levels efjichdation @i, = 24, 6 and 3.3, solid black
line, mixed line and grey dotted line, respectiyelor memory, the optimal WP giving the
highest Q-factor improvement found in part 3.2,.Fégare indicated by means of a black
circle, a grey triangle and a grey squareQgr= 24, 6 and 3.3, respectively.

Let us first study the benefits provided by ouremgrator in terms of amplitude jitter
reduction. We define the amplitude jitter improvernas the ratio between the input and
output amplitude jittetain / daout(0Or the difference when expressed in dBs). We eanfrom
Fig. 7(a) that for a WP above 125 mW, the regeperalivays leads to an amplitude jitter
improvement, with a maximum as high as 2.6 dB oprionement for weakly degraded
signals Qin = 24).

We have also calculated the action of the regemerah the temporal width
fluctuations by defining the temporal width fluctioms improvement as the ratio between the
input and output rms deviation of the pulse widistrbution Oatin / Oatou WeE can see in
Fig. 7(b) the beneficial impact of the regenerdi8]. The output pulse width fluctuations
strongly decreases whatever WP @=6 and Q;,=3.3 and decreases if WP > 130 mW for
Qin = 24. Note that this regeneration of the temporal pws#h is a specific benefit of the
Mamyshev regenerators compared with other usuae@Rhiques. This is due to the presence
of the output filter whose role is to shape thespuirofile at the output of the regenerator.

If we now have a look at the regenerator impacterms of timing jitter, we can
calculategrin I orour We then observe in Fig. 7(c) that the regeneratipoduces an extra
temporal jitter [15] which always degrades the inpignal by inducing an average of 1 dB
penalty whatever the WP is.

Finally, we have plotted the ER enhancement defae#R,,: / ER, in Fig. 7(d).
These results show that our regenerator leadssigneficant ER improvement for any input
average power between 100 and 250 mW.
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Fig. 7. Statistics regarding the single-stage reggor impact on a 40-Gbit/s degraded signal
for three levels of degradation (input Q-factor2df, 6 and 3.3, solid black line, mixed line
and grey dotted line, respectively) as a functiénth@ regenerator input average power
(&) Amplitude jitter improvement (b) Temporidth fluctuations improvement
(c) Timing jitter improvement and (d) Extinatipatio improvement. The optimal WP
found in part IIl.B, Fig. 5 are indicated by mearisa black circle, a grey triangle and a grey
square foIQi, = 24, 6 and 3.3, respectively. The shaded areasspond to the plateau zone
(see Fig. 2)

4. Explanations for the choice of the working power

In the last subsection, thanks to the statisticallysis completed on the 40-Gbit/'s PRBS
signal, we now better understand the origin of @vactor improvement provided by the
Mamyshev regenerator as a function of the inputaayes power. However and in agreement
with reference [16], we observed the non intuilenomenon that the effective optimal WP
does not necessary correspond to the range of patevhich the TF exhibits a plateau area
aroundPy,eo It is the reason why, in the present section,wiletry to link the 40-Gbit/s
PRBS Q-factor improvement approach and its stedistanalysis with the TF approach
computed by the propagation of a single GaussidsepiVe will then propose and discuss

explanations about the difference between the uthearetical WPPy,e, and the effective



optimal WP where the Q-factor improvement is maxies well as an explanation to the

dependence of Q factor improvement o@gt

4.1.Induced timing jitter and output temporal width fluctuations

In reference [14], the aim of the paper was maiotus on both the peak-power equalisation
and the extinction ratio-improvement by means oé thingle-pulse TF optimisation.
Following a similar approach, we can calculate td@poral changes affecting the output
Gaussian pulse properties as a function the inpwep Let us note that this study is different
from the results dealing with the nominal solitommber parameter presented in [14] (cf.
Fig. 5 of this reference) where the regeneratopenties (fiber length and filter offset) where
constantly adjusted in order to operate on thesplaarea.

Results plotted in Fig. 8(a) show that, in the caka single pulse propagation, the
fluctuations of the output temporal width are maimin the range of power corresponding
to the plateau area, which has been recently coafirby experimental FROG measurements
[9]. Let us however relativize the impact of thdketuations: as can been seen in Fig. 7(b),
the 40-Gbit/s statistical study outlines a cleapriavement of the regenerated pulse train in
terms of temporal width fluctuation. In other wardde fluctuations induced by the
regenerator are largely compensated for by thdngsitr enhancement provided by the

Mamyshev method [13] and are consequently notaefft to explain the WP offset.
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of the time delay. Results are normalised by tpetipulse widthl,. The grey area represents
the plateau zone. The sampling time is 24 fs (P4

We also got interested in the delay potentiallyadticed by the regenerator (Fig 8(b)).
Note that the sign of the delay depends on thetspaaffset sign. Changing the sign of the
spectral offset in A1 will lead to an opposite time delay. Once again, vatice that the
temporal delay exhibits maximum variations in thiatgau zone. But here, the most
interesting point does not lie in the absolute gatd the delay in itself, but rather in its
fluctuations, which directly induce timing jittdfigure 8(c) shows the amplitude-derivative of
the time-delay as a function of input power. We claarly observe that this function is
remarkably maximum at the plateau zone and thatithe delay fluctuations and thus the
extra induced timing jitter could be minimised kyleast a factor four for a higher WP (for
example 180 mW) which could partially explain thehlviour observed in Fig. 7 fQi, = 24
and Q, = 6 where, as the input signal is of a pretty good iggathe optimum WP
corresponds to the minimum of timing jitter degraala provided by the regenerator itself



4.2.Pulse-to-pulse overlapping induced amplitude jitter

Besides this first aspect, another key point weigiarested in is the effect provided
by the pulse-to-pulse overlapping occurring inside regenerator due to the chromatic-
dispersion induced pulse broadening [23]. To tls, ave study, in a similar manner as in
references [14, 17], the amplitude jitter inducedtbe cross-phase modulation occurring
during the adjacent pulse-to-pulse overlapping (wkacalled “collision” in ref. [14]) in a
sequence of 2 or 3 pulses propagating in the regemeWe have also considered a PRBS of
1024 pulses which includes all the possible conthina up to tens consecutive pulses. Using
longer sequences has not lead to noticeable chahgyesder to be solely sensitive to the
impact of this overlapping, we have consideredmatial signal with an infinite ER and we
have neglected the ASE introduced by the EDFA. &ach input peak-power, we have
computed the differencdA (see Fig. 9(a)) between the two peak-power extrentained in
the output pulse sequence. The quardityqualifies the amplitude jitter induced by the aatr
channel interactions. Results are normalized byatrexage output pulse peak-power and are
plotted in Fig. 9(b).
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Fig. 9. Effects of pulse-to-pulse overlapping ire tbptical regenerator. (a) Principle and
notations (b) Peak-power fluctuations at the outpiuthe regeneratofnormalized by the
average output peak-poweiQr a sequence of (lack solid line) 3 (mixed line)and 1024
PRBS pulse¢dotted grey line)The grey area represents the plateau zone



As in the previous timing-jitter study, the degragia due to overlapping is more
pronounced on the plateau zone than at higher wgrgower: the minimum of induced
amplitude jitter is observed around 1.3 W, corresidag to a 40-Gbit/s PRBS average power
of 170 mW. These conclusions then clearly explagm WP offset observed in Fig. 7 for the
Qin = 24 initial pulse train where the optimal input aage power mostly corresponds to the
minimum of amplitude jitter degradation introdudeylthe regenerator itself which, with the
intrinsic enhancement provided by the Mamyshev ogbtiparticipates to reach a maximum
amplitude jitter improvement. In other words, foput signals of good quality, the main
factor affecting the 2R performance is the pulsedtse overlapping induced amplitude jitter.
For a poor quality signalyj, = 3.3), the interpretation is still more complex.

Let us finally note that it could be possible tgrsficantly reduce the impact of pulse-
to-pulse overlapping by an appropriate choice efrdgenerator parametéks A4f), as well as
the initial OBPF 1 (as it determines the duty-cyofethe signal). More precisely, using a
lower nominal soliton number parameter (as defimedef [14]) would allow us to partly
eliminate this deleterious pulse overlapping [However such a change in the regenerator
features is usually at the cost of the ER. Soadetioff between the ER improvement and the
collision-induced amplitude jitter reduction hasb® found. Such a study is however beyond

the scope of the present paper.

4.3.Impact of temporal width change

In summary, from the conclusions outlined in thet Bubsections 1 and 2, it could be efficient
to use a WP higher than the plateau power in daeminimise the timing jitter intrinsically
induced by the regenerator, as well as the amglititter induced by the pulse-to-pulse
overlapping.

In this subsection, we highlight the strong impactthe initial temporal pulse
fluctuations, leading to an additional source ofpatade jitter. Statistics of the input signal
presented in Fig. 4 have revealed that the tempmidth undergoes some non-negligible
fluctuations (both in terms of average value arahdard deviation). This can have a large
impact on the regenerator behaviour. Indeed, itde@s previously demonstrated [11, 14, 19]

that, contrary to NOLMs or other 2R regeneratingicks, temporal width of the incoming



pulses is a crucial parameter in the sense thatrainsfer function strongly depends on this
parameter. In this context, considering a singlerdlifing on well defined 6.25 ps Gaussian
pulses can be viewed as an inaccurate approximation

In order to better apprehend the impact of thispmral width distribution, we have
plotted in Figs. 10(a) the distribution of the tesrgd width of the 40-Gbit/s PRBS signal for
three levels of degradatid@i, = 24, 6and3.3,(al), (a2) and (a3) respectively).
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Fig. 10. Impact of the statistical evolution of tteenporal width for three different values of
Qin of 24, 6 and 3.3 (subplots 1, 2 and 3 respecijvely (a) Statistical distribution of the
temporal pulse width of the 40-Gbit/s signal (b) statistical TF for input pulses with a
temporal width distribution corresponding to Fi¢m). Black line corresponds to the average
peak power of the pulse train and the shaded ave@sponds to the whole output peak
powers possibilities.

We have plotted in Figs. 10(b) the transfer fundi@btained by taking into account
the whole distribution of temporal pulse width.drder to do that, we have taken an input
series of 256 Gaussian pulses with a temporal wddtribution similar to that exposed in
Figs. 10(a) (same average, same deviation). Natehle input pulses have been separated by
an empty time slot in order to remove pulse-to-putserlapping induced effects. All the
initial pulses have the same initial energy. Ineotivords, the fluctuations of temporal width
are directly associated with fluctuations of theunhpeak power. The output peak power

(black solid line) represents the output pulsentaierage peak-power. It can be seen that in



all cases, a TF exhibiting a plateau is achievemyvéver, the change in the average temporal
width leads to a slight shift in the value of tHatpau which increases from an input average
power of 140 mW foQi, = 24 up to a 160 mW fd®;, = 3.3. But, the most striking point is
undoubtedly the significant fluctuations in the W¥e have plotted as shaded area the whole
values of the output peak-powers. For high as the deviation of the temporal width is not
high, the fluctuations are not severe. But for mdegraded signals, the temporal width
fluctuations may lead to a non-negligible additiosaurce of amplitude jitter in the
regenerated signal. It is then remarkable thatottput amplitude fluctuations are reduced
when increasing the input average power, in agraemigh the trends observed in Fig. 7(a).
This phenomenon underlines again the key role pléwyethe amplitude jitter improvement in
the choice of the optimal input power and thusttbad to operate with a WP higher than the
plateau area.

Let us however note that the choice of taking la# tnitial pulses with the same
energy represents an approximation, since in yei@ihporal fluctuations are also not strictly
correlated with peak-power fluctuations. More r&tadi simulations could be carried out by
use of more sophisticated methods such as multigmdonte-Carlo approach [18], but such

an analysis is beyond the scope of the present.pape

4.4.lmpact of Extinction Ratio improvement

The three previous subsections have provided usraletrends which help us to better
understand the choice of the optimal WP for highntéermediate qualities of initial signals
(Qn= 24 or Qn= 6). We have indeed shown that amplitude- and timirtterjreductions are
the key issues that govern the choice of the WP.

On the contrary, for a highly degraded sign@l, = 3.3), the choice of the WP
becomes a trade-off between the ER improvementt@admplitude jitter reduction. Indeed,
in Fig. 7(d), as the evolution of the ER improvemismuite flat forQ;, = 6 between 125 and
225 mW, the performances of the regenerator is lyaakuenced by the ER improvement
but rather governed by the amplitude- and timingfers reductions. On the opposite,
variations as high as 4 dB can be observe®fpr 3.3 in the same range of power. T)g=
3.3 ER enhancement being a decreasing functionregipect to WP, a large improvement of
the ER will consequently lead to a lower WP witmamimum of 130 mW corresponding to



the limit of a non degradation of the initial anmpte jitter Qain / Taouwt = 0 dB). This
behaviour which explains the decrease of the optifa observed foQin < 6 in Fig. 6(b).

5. Performance of the double-stage regenerator

Let us first recall that in order to restore thdiah signal wavelength, a second wavelength-
converter stage is required. We now study the pedoce of such a double stage

regenerator.

5.1.Principle and set-up

The set-up based on a two-stage Mamyshev regengsgboesented in Fig. 11. Two single
stage regenerators are then concatenated. In ¢todbave a device compatible with a
bidirectional use [7, 8], we have used the same HFNioperties in the two stages of
regeneration.
Let us outline that the OBPF 1 and 3 can be idehtie which case a configuration B

+ B is obtained. But they can also be differerdadiag to various arrangements such as C + B
or A + B, or any other type of association. Thig® many possibilities, but a complete study
of those combinations is out of the scope of tles@nt paper. We will then only focus on the

B + B arrangement.

EDFA 1 HNLF EDFA 2 HNLF
X\ X\ X\ X\
\N \N \N \N—
e X\ L, D,y, a \X\ L, D, vy, a \X\
m
ho» OF, Ao — AL, Bf, ho — AL, Sf, hos OF,
OBPF 1 OBPF 2 OBPF 3 OBPF 4

Fig. 11. Set-up of the Mamyshev double stage ragéore



The TF obtained by this concatenation is plottedriopn 12 for several values of the
intermediate amplifier gai®, (noise figure of the amplifiek; = 4 dB). We have plotted the
results for three different gains of 11.3 dB, 1@Band 14.3 dB (dotted line, solid black line
and mixed line, respectively). We can see that 1Be88 dB gain leads to a good power
equalisation (Fig. 12(a)) and limits the impactlué# extra-temporal jitter (Fig. 12(c)). Indeed,
temporal jitter introduced by the first regenera®partly compensated by the second one.
Let us however outline that the time delay intraetliby each regenerator do not add and that
the concatenation of two regenerator leads to a&momplex dynamics [19]. Regarding the
output pulse temporal width fluctuations (Fig. 12(lthey are quite limited.

We can also see from Fig. 12(a) that the TF is st@&per with a larger plateau and an

enhanced ER compared to a single stage B (blacles)r
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Fig. 12. Characteristic of a double-stage regener&volution of the output pulse properties
according to the input power for three differening®s, = 11.3, 12.8 and 14.3 dB (dotted line,
solid black line and mixed grey line respectivelResults are compared with results of the
single-stage regenerator (black circles) (aplEion of the output peak-power.
(b) Evolution of the temporal widtT,,; of the output pulses (c) Derivative of thee
delay versus the input peak-power. Results (b)(@nhdre normalised by the input pulse width
TO.



5.2.Q-factor improvement

We have plotted in Fig. 13 the performances ofdbeble stage regenerator in terms of Q-
factor improvements. Compared to the results desdriin section 3.2 Fig. 6, several
differences can be outlined. First, we can seeign B3(a) that the regeneration input power

range is broader than for a single stage regemnerato
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Fig. 13. Double-stage regenerator performancep Q{&ctor improvement according to the
WP for three different levels of degradation (saznavention as Fig. 4(a)) (b) Optimal
WP versus the input Q-factor. (c) Q-fagtoprovement relative to the input Q-factor
for different WP : optimum working power (solid blaline), working power of 183 mW
(mixed grey line), Results of the two-stage regatugrare compared with the results of a
single-stage configuration (dotted grey line).

We can also observe that the dependence (Fig.)18{lthe optimal WP versus the
initial degradation is less pronounced than in #iegle stage configuration, which is
beneficial for system implementation.

We can also make out from the comparison of Figé(e} and 13(c) that for a low
degraded signal, a double stage device is sliglegs efficient than a single-stage

configuration. But for lowerQ, (Qini < 10), the double stage leads to regeneration



enhancements. For example, the regenera@gn ¢ 6) of a degraded signal with a quality
factor as low as 3.3 becomes possible. Let us hemiesre recall that the Q-factor data must
be handled with special care in the case of optegénerators [22] and that a link with bit

error rates is not straightforward in that context.

5.3. Statistical impact of the double stage regenerator

We carry out in this sub-section similar study las one presented in part 3.2. Results are

plotted in Fig. 14 and the general trends are aintd the results obtained for a single stage

configuration.
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Fig. 14. Statistics regarding the double-stagemegeor impact on a degraded signal for three
levels of degradation (input Q-factor of 24, 6 &4, solid black line, mixed line and grey
dotted line respectively). Same conventions as FigOptimal working points are the WP
found Fig. 13.

As compared with the quantitative results obtaifedh single stage, we can note the
followings points. First, the amplitude jitter redion capacity is improved, which is



consistent with the enhanced plateau observedlBi{@). Then, improvement of the temporal
width fluctuations is also observed, in agreemeiith virig. 12(b). The extinction ratio
improvement is also significantly enhanced, in agrent with the stepper TF observed in
Fig. 12(a). Regarding the timing jitter introducedring the regeneration, the double stage
scheme does not seem to significantly further digthis data. We could have expected from
Fig. 12(c) a reduction of the timing jitter, buteoas also to take into account the other
sources of timing jitter such as intra channel @utspulse overlapping. As a consequence,
for a low degradated initial signal, the extra ngniitter is slightly higher in the double stage
configuration than in the single stage, which cartlp explain the performance degradation

of the double stage regenerator @y above 10.

6. Conclusion

We have numerically studied the performances d® Mamyshev optical regenerator used in
a 40-Gbit/s RZ-25 system. Based on this given gomdition, we have outlined several key
elements of Mamyshev regenerators which have tdéaken into account into the set-up
design : the induced timing jitter, the temporaldthi fluctuations and the pulse-to-pulse
overlapping. Impact of the fluctuations of the tewg) width of the initial pulses has also
been outlined. Those generic elements enable physically explain the differences which
can be observed between the general predictioRsovDst et al. in Ref. [14] and the working
power which is required to achieve optimum eye apgfor our given configuration.

We have also used a statistical approach to desgufantitatively the role of the
regenerator and to explain the dependence of thferpence on the degradation of input
signal.

We have finally proposed and analyzed a two-stagefiguration where the
deleterious impact of the timing jitter can be parhinimized. Improvement of amplitude
jitter and extinction-ratio is demonstrated and distance of propagation can be improved by
using such a double-stage in front of the receiRefurther step will be the investigation of
the regenerator capacity in a loop configurationlbuus note that the requirements of such a
regenerator will be quite different : due to theigaic use, improvements of the ER and
amplitude jitter will not be so severe as amplitjitter and noise will not develop so heavily.

On the contrary, in a loop configuration, issueshsas timing-jitter reduction and collisions



induced-effects [14] will become even more crudiziven those given specific requirements,
we anticipate that further optimization process paeld to in-line regeneration will be

necessary.
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