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Scaling guidelines of a soliton-based power
limiter for 2R-optical regeneration applications

J. Fatome and C. Finot

Abstract— In this work, we report scaling rules for the idesof

an all-fibered soliton-based power limiter for reaification and

reshaping (2R) regeneration process. In particular, propose
general guidelines to fix the optimum fiber lengihd initial

power of the regenerator. We quantitatively poiat the optical
power limiting effect of the device enabling a sfgant reduction

of the amplitude jitter of a degraded signal. lefige of the initial
level of amplitude jitter is discussed and the itssare compared
with a self-phase modulation-based configuratiomking in the

normal dispersion regime. Realistic numerical satiohs in the
context of 160 Ghbit/s signals confirm that an édfit

improvement of the signal quality can be achievgdrteans of
such a device.

Index Terms— Optical regeneration, Nonlinear optics, Optical
fiber, Optical Telecommunication.

I. INTRODUCTION

ith the development of long haul photonic networks

working at high repetition rates (40 Gbit/s and

beyond), performing an all-optical regeneration of
the transmission signal has become of a greateisttep
combat the cumulative impairments occurring durthg
signal propagation and to overcome the bandwidth
limitations of the current electronic devices [Lhdeed,
during its propagation, the signal undergoes variou
degradations such as amplified spontaneous emigsise
accumulation, chromatic dispersion as well as intrannel
non-linear effects. Combination of all those effect
translates into degradation of the extinction ratioto
timing jitter [2] or into detrimental amplitude & on the
“one”-bit level of the signal [3]. This last impaient can be
partly overcome using 2R regeneration (Reamplificat
and Reshaping), in which a device performs optinating
function. This can be achieved by using variousicapt
methods taking advantage of the instantaneous Kenmr
linear response of optical fibers : non-linear cgtiloop
mirrors (NOLMSs) [4], four-wave mixing [5], or seffhase
modulation (SPM) in normally [6] or anomalous [7]
dispersive fibers (the two latest methods beingwknas
“Mamyshev” (MR) and “spectrally filtered solitons”
respectively). Whereas many works, both experinigfta
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8-13] and theoretical (see [9, 12-15] and referagheeein),
have recently dealt with the possibilities of MRvides,
much less studies have investigated the perfornsante
soliton-based regenerators [1, 16-20].

In the present contribution, we try to address ldi& by
proposing some general theoretical guidelines timige
the choice of the device parameters. After desugitmur
model, we will detail some general design rules dmable
a fast and reliable choice of optimized parametéise
influence of the initial level of amplitude jittevill also be
investigated. We will discuss several significamtbcusions
that can be drawn as well as the advantages ambdchs
of using a soliton-based configuration comparethéonow
wide spread MR technique. Finally, we will illusteathe
design rules by presenting numerical simulationalidg
with a signal at a repetition rate of 160 Gbit/sl amth a
duty cycle of 25%.

Il. TYPICAL SET-UP AND MODEL

A. Typical set-up
A typical set-up of the regenerator is sketcheBig 1. The
incoming pulsed signal is first amplified by an kb
Doped Fiber Amplifier (EDFA) in order to reach the
adequate peak powét,. We consider in this section the
evolution of chirp-free Gaussian pulses with a fullith at
half maximum (FWHM) linked to the half-widti, at 1/e
by Towuw = 2 4/ In2 T,. Note that despite the fact that its

name indicates solitons, the use of our regenereor
absolutely not restricted to initial soliton pulses
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Fig. 1: Set-up of the soliton-based.regenerator

During the propagation in an anomalous dispersioer f
the degraded signal experiences self-phase moaolulati
(SPM) providing spectral broadening (Fig. 2(a)pexsally
in the spectral wings of the pulse where the eatrargy
compared to the fundamental soliton is rejected.thia



temporal domain, the pulse exhibits a stage of teaip
compression (Fig. 2(b), solid black line) [21]. Tiesulting
signal is then filtered by means of a Gaussian capti
bandpass filter (OBPF) having the same central lgag¢h
as the signal. The spectral width of the filterdisectly
related to the input pulse duration (for Gaussiatsgs,
Frwam= 0.441 / Twhm). After filtering, the pulse exhibits a
temporal shape close to the input pulse (Fig 2dbjted
grey line), is nearly transformed limited and doest
exhibit any substructures.
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Fig. 2: (a) Spectrum at the output of the fib@li(sblack line) and OBPF
corresponding to the initial pulse spectrum (dadreg line) (b) Output
temporal intensity and chirp profiles obtained afpgopagation (solid
black line) and after spectral filtering (dottecegtine) are compared to
the input temporal intensity profile (dashed line). Results are obtained
for an initial normalized input powéi, = 1.5 and a propagation lengfh
=1.41 (see section B for the definition of the normalizgantities)

Interestingly, our lumped regenerator can also &elyp
understood in view of the various studies carried i
early nineties in the context of soliton transndascontrol
where OBPFs were periodically inserted all along th
optical link [22, 23]. Note however that the maamget of
this optical scheme was to limit the temporal jitteked to
the Gordon-Haus effect [2].

B. Normalized numerical model

In order to assess the performance of the archiectve
have simulated the propagation of a single chieg-fr
Gaussian pulse in the proposed regenerator. The
longitudinal evolution of the complex electric fiel(z,t)
can be modeled using the well-known non-linear
Schrddinger equation (NLSE) including the secondeor
dispersions; and the non-linear coefficiept[21] :
Loy _ B ¥y

o~ 2 oe YWY

As we have considered dispersion flattened fibars o
fibers with a highB,/3; ratio, we have neglected for the sake
of simplicity the influence of the third order degion
(TOD) fs. Given the reduced fiber length required
(typically less than one kilometer) and the lowsldsvel of
available fibers (below 0.6 dB/km), we have alsgleeted
the consequences of the linear losses.

In order to make our results applicable to a wilege of
experimental situations (i.e. for different inpwntporal

)

widths as well as for various nonlinear and disperfiber
parameters), it is extremely beneficial to transfdeq. (1)

into the following canonical form [21] :
. du 1 9% 2
i —=- = -y,
o0& 2 0r

whereu, 7 andé are the normalized parameters defined as

u(é,7) =

()

N, U, U(&r) = -2

r = ,5:fﬂ 3)

s

Lp, Nin, Noyt @and & are the dispersion length, the soliton
orders, and the normalized fiber length definetblisws:
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with Py, and P, the input and output peak powers
respectively. Similarly, we can define a normalizgntity
N(7) based on the instantaneous peak pd(gr.

N(@) =y L, P(Y). ®)
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Fig. 3: lllustration of the three possible TF tgpfr the soliton-based
regenerator : rise and fall evolution (A), locaflgt evolution (B) and

monotonous variation (C). Results are obtained farmalized

propagation distancg of 1, 1.41 and 1.8 respectively.

I1l.  REGENERATION PERFORMANCE AND OPTICAL LIMITING
PROPERTIES

A. Transfer functions and optical limiting properties

The ability of the device to efficiently performettexpected
optical limiting function can be assessed by theelyi used
transfer function (TF) which links the input andmut peak
powers (or equivalently with our normalized paraenet
N2 and N2, : N2, =R(N)). Depending on the fiber
length &, we have identified that the interplay between
nonlinearity and chromatic dispersion leads to dhre
possible regimes for the TF, as graphically illattd in
Fig. 3. For& < 1.41, the TF is characterized by a rise and
fall evolution (regime ‘A’). On the contrary fof, > 1.41,
the TF becomes purely monotonous (regime ‘C’), Whic
should obviously be banned for the purpose of reggion.
The most interesting behavior is observed for= 1.41
where the TF exhibits a locally flat region callpthteau
(regime ‘B).



In order to better quantify the limiting properties the
optical device, we have systematically computedathigout
amplitude jitter (defined here as the peak-to-pealkie of
the peak power variations of the regenerated Sigheée
have considered an input signal with peak-to-peak
fluctuationsde of the peak power. We have first considered

ds = £7.5 % N2, (in other words, the peak-powers of

initial pulses N2 vary from 0.925N?2, to 1.075 N?

in,0?
Niﬁ,o being the working power of the regenerator). Rssul

are shown in Fig. 4 on a two-dimension map thabkssaus

to quickly determine the optimum set of paramet&ve
have also superposed the points corresponding dal lo
extrema of the TF. Let us note that for the MR gesia
more complex map was required since an additional
parameter, i.e. the spectral offset of the OBPIg, toabe
taken into account [15].
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Fig. 4: Output signal amplitude jitter as a fupotiof the normalized fiber
length and input peak power for an input relativegphtude jitter of + 7.5
%. The solid white lines are the local extremahef TF.

From the map of Fig. 4, we can make out severaltpoi
First, the different types of TF are readily appéreegime
A corresponds to the existence of two local extrevhiach
get closer and closer when the propagation lemgiteases.
When the two branches join, a stationary pointnéEkion
is obtained for a precise distance and initial pof¥gpe B)
that we have found to bé = 1.41 andNyo = 1.5. For
longer lengths, no local extremum can be found €T¢)).
Intense numerical simulations have enable to confiat
forade=x275 % Nii,o input amplitude jitter, optimum

reduction of the peak power fluctuations was oladifor a
point extremely close to those predictiords £ 1.38 and
Nino = 1.51), just before the B type point. Power
equalization has been very efficient, with outputtuations
below 0.2 %. This also confirms that the B-shapa jwiori
very well suited for regeneration.

B. Influence of the level of initial amplitude jitter
In order to accommodate the significant amplituitierfs

that develop after hundreds of kilometers of prapiag, it

is also of interest to consider larger initial aityae
fluctuations, i.e. relative amplitude jitter of +1% and
+30 %. The corresponding 2D-maps are depicted in
Figs. 5(a) and 5(b) respectively and optimal sefs o
parameters correspond to light areas.
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Fig. 5: Output signal peak-to-peak amplitude jjiths a function of the
normalized fiber length and input peak power folirgsut amplitude jitter
of +15 % and +30 % (subplots (a) and (b) respelsfivdhe white solid
lines are the local extrema of the TF. The crosspeesent the optimum
set of parameter where minimal output jitter isfpened. The dashed line
corresponds to the optimum parameters found foferéifit initial
amplitude jitters as predicted by Fig. 6(b).

From simulations of Figs. 4 and 5, we can concliide
whereas using a C-type TF definitively does not/jate any
improvement; it can be worthy to use an A-type DF f
which the non-optimum point does not translate sawere
penalty. It seems on the contrary that such a khdF
offers a range of working powers larger that B-tyyphich
can constitute an attractive advantage in the jgedatesign
of the device. Such a feature can be quite eanifgrstood
by considering the following Taylor expansion ot tfiF

R(N?) around the working poweN_ , :
Nfut(anw,o"'f) = R( Nﬁ,o) + R( |\|E,o) &

CROE) S R S
with R’, R”, R being the first, second and third order
derivatives of R(N?). The relative output jitted resulting
from an initial amplitude jitterde can easily be estimated
by :
out out in,0

Nau(Nfo

with &; ande, being in the interval Ae 4.

J(be) = max(|NZ, (N2, +£,)= N2, (N2, +£,))

)

For very low initial jitters a Taylor expansion tp the
first order is sufficient, which imposes ®'(N? ;) = 0 to

cancel the output amplitude jitter. Therefore,sitpiossible
to work close to the extrema of the TF, as cand®n sn
Fig. 4 with clear jitter improvement in the vicipiof the
white line. Let us however note that consideringhsa
reduced level of initial fluctuations presentslditinterest :
the high quality signal does not require at thiegset any
optical regeneration. This is much more interestiog



consider higher fluctuations (such ds = +7.5 % N2 ),

which imposes to take into account the first twonie of the
Taylor expansion. Consequently, in order to get hlest
amplitude jitter improvement, one has to work with
R(N2,) = R'(NZ,) = 0. Stated differently, one has to

work on a stationary point of inflexion, which defis the B-
regime.

If now fluctuations with stronger amplitude are
considered (such agle = + 30 % Niﬁ,o), development up

to the third order would lead to work witR'(NZ,) =

R"(N?,) = R"(N2,) = 0. However such a situation is not

physically observed in our regenerator, the device
presenting at the stationary inflexion poiRt"( wa) > 0.

But we can fortunately note that output amplituitkerj can
be optimized by working in the A-regime, betweea thvo
extrema (Fig. 5). Indeed, for such a region, pdassible to
find working powers for which the non-zero conttibua of
R’ (which is of negative sign) can be partly compé&tdy
the influence ofR” andR™ . Such a physical situation is
illustrated in Fig. 6(a) for + 30 % jitter where wempare
operating at the stationary inflexion point andtte point
(Nino=1.58,& = 1.12) : resulting output amplitude jitter
are £+ 15 % and £ 5 % respectively. In both casks, t
amplitude fluctuations have been decreased but ave c
clearly see that the second set of parameters teaolstter
performances.
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Fig. 6: (a) lllustration of output amplitude jittenprovement by using an
A-type curve. Results obtained with a B-type regette (grey dotes
curves) are compared with results based on a regfeneoperating at
Nino = 1.58 & = 1.12 (solid black line). Initial amplitude jittes i+ 30 %
(b) Evolution of the working parametefs and Ni,pas a function of the
input amplitude jitter (solid and dashed lines ezsjely). (c) Evolution
of the output amplitude jitter when working at tbptimum parameters
described in Fig. 6(b) and at the B-regime (soliack and dotted grey
lines respectively). The full circles are the résdbr the working point
(Nino=1.58, & = 1.12). The shaded area outlines the zone where any
improvement of the amplitude jitter is observed.

A more systematic investigation of the impact bé t
initial jitter on working points and performanceshbeen

carried out. Results are plotted in Fig. 6 (b-&e(also the
dashed lines in Figs. 5). Higher initial amplitydeer leads

to a lower regenerator length and a higher workioger.
The operating point therefore goes progressivelgyafnom

the B-regime and moves between the two TF extrema,
especially for initial amplitude fluctuations abox&0 %.
Working in the A-regime can indeed provide sigrafit
improvements.

Those different conclusions are significant in esaV
views. First, let us stress that the present aisabased on
TF is not restricted to soliton-based regenerator @an be
easily extended to other SPM-based regeneratorsn,Th
depending on the place of the regenerator in the
transmission line, the regenerator would have todlea
different levels of amplitude jitter. We can indeexpect
that at the end of a transmission line before dueiver, the
jitter will be much higher that at the mid-stage thie
propagation. As the result, the working paramestsuld
be ideally adapted in each situation. However pi@ctical
reasons, the physical properties of the regeneritoer
length and working power) are usually fixed so ttratle-
offs have to be found to ensure regeneration overda
range of operating conditionExample of such trade-off is
illustrated on Fig. 6(c) (curve with black circle®y which
we have arbitrarily considered the fixed workinginpo
(Nino=1.58, & = 1.12, corresponding to point D in Fig.
6(b)). Intermediate performance are achieved : eifen
optical limiting of the output is observed for adeirange of
input jitter, we can notice that for jitters bela#v20%,
performance are below the performance that can be
achieved with a B-type regenerator. Much better
performance is only reached for input jitter higheat
+20%. The shape of the curve that is obtained lan
understood with the help of the TF plotted in F¢p) (solid
black line). For low jitters/e below £ 10%), output jitter is
directly proportional to the input jitter. Indeefiyr such a
range of fluctuations, the TF is well fitted by &elar
decrease. For initial jitters up to + 30%, the omtjtter
then remains constant : the output values fall ifixad
interval defined by the two local extrema of the aid the
performance of the device does not depend on thealsi
quality. Given the initial choice of the workingrpaneter, at
+30% of initial jitter, the curve corresponds teetsolid
black line describing the optimum regeneration. Righer
values of initial jitters, from the shape of the, We can
infer that any increase die will directly translate into
additional output jitter, which is confirmed by thieear
increase observed in Fig. 6(c).

C. Influence of the initial pulse properties

The previous discussion relies on the consideratibra
single Gaussian pulse with a fixed temporal widi
However, it is known that in self-phase modulatlmased
regenerators and contrary to NOLM devices, the Yieha
of the device depends both on the initial peak-paagewell

as on the temporal width [9, 15]. It is therefofénterest to
consider how the working points are affected. By
considering initial temporal durations varying by5t %
(energy of the pulse as well as all the other pptsameters



are kept constant), we have found that the seacdmeter
predicting the B-regim&_ andN;, o vary by 20 % and 5 %
respectively (this is directly derived from the idéfons of
the dispersion length and soliton number by a smpl
variationnal calculus). Seen differently, for a agivinitial
amplitude jitter of £7.5 %, if we keep the workipgint as
defined by the previous investigationN{, = 1.41,

& =1.5), the output jitter is increased up to 4 %
(Fig. 7(a), dotted grey line). The device seemsaniolerant
regarding higher pulse durations than for lowerseul
durations. Let us now consider the case when thi@lin
signal is affected by a higher level of amplitudief (Ac =
+30% and operating poirtli,o=1.58, & = 1.12). The
impact of initial pulse duration fluctuations tréates into
output amplitude jitter which is increased up to2+%,
which is more than twofold the output jitter receddin
absence of initial pulse duration fluctuations.

Output amplitude jitter (%)

-------- initial amplitude jitter £ 7.5 %
0 +2 +4 +6 >+7.5

—— initial amplitude jitter + 30 %

+12 T T T

)

NN

=10 -1

=8~ -1

+6 -1

i

+4 - (a) -1

+2 -1

(b)

Output amplitude jitter (%)

Soliton number

0.8!

N T : - i
propagation distance ¢

-10 0 10
Initial duration fluctuation (%)

Fig. 7: (a) Output amplitude jitters as a functiohinitial pulse width
fluctuations for a device designed for initial ample jitters of + 7.5 %
and + 30 % (dotted grey line and solid black linespectively). The
working parameters arfNino=1.41 & = 1.5) and(Nno=1.58 & =
1.12)respectively.  (b) Output signal amplitude jits a function of the
fiber length and input peak power for an input tieaamplitude jitter of
+7.5 % of a sech pulses. The solid white linestlhedocal extrema of the
TF as obtained in Fig. 4 for Gaussian initial pslse

Another question that may arise is the toleranc¢he
device to different pulse shape. Indeed, we hawsidered
an hyperbolic secant (sech) initial pulse insteddao
Gaussian pulse (both pulses have the same peak pode
FWHM). Performances of the device for an initial
amplitude jitter of £ 7.5 % are summarized in Fi¢). As
can be seen, the change of initial pulse shapestnasgly
affected the location of the optimum operating psim that
if one keeps the operating point previously obtdirier
Gaussian pulse (Fig. 4), poor performance will beaimed.
This can be explained mainly by two factors. Fiestsech
shape does not introduce the same amount of SPKl as
Gaussian pulse. Then, the filter that we use abttput has
a spectral width and shape defined based on a faauss
initial pulse, which is not fully appropriate forsgch pulse
shape (with a different spectral extension). Addidl
simulations have confirmed that increasing the iahit
amplitude lead to the same trends as for the Gaugsilse,
i.e. decreasing the required fiber length and &siregy the
initial peak-power. As a consequence, for highejj#tsuch
as +30 %, it becomes possible to fall in the ramge

previously defined operating conditions (closehe B-type
working point for Gaussian pulse).

IV. IMPACT OF THE REGENERATOR ON OTHER PARAMETERS

As it has been shown in previous papers [14, bg]jrmpact
of an optical 2R regenerator based on self-phasilation

is not restricted to amplitude jitter reductiondé®d other
pulse parameters are affected by the nonlinearggeton
followed by spectral filtering. We have carried ausimilar
analysis as the one reported in [14, 15] wherers¢peints
have been investigated in the context of MR and we
compare the two configurations. Note that in a pdény
article, Matsumoto made a similar comparison, luthie
context of cascaded in-line regenerators combinigd &
resynchronization function [24]. The study we deteare
focuses exclusively on the use of a single selspha
modulation based regenerator.

A. Power efficiency and extinction ratio

One of the main conclusions of the previous sedsaihat
working with an initial power close tdN,o= 1.5 gives
accurate amplitude jitter reduction. This has tabmpared

to MR set-up requirements which usually invoNgo > 8

for convenient operation. This represents at leatt-dB
reduction in the required operating average powet.us
note that despite the fact that the soliton regener
requires a longer fiber length (1.4%, instead of 0.25
Lp for the MR device), the product of the power by the
length is still in favor of the soliton-like regemagor. This
can be partly attributed to the fact that in theraalous
dispersion regime of propagation, due to solitonic
compression, the peak-power of the pulse increases,
whereas in the normal regime, the peak power pssgrely
decreases [25]. This reduction of the product potwer
length is also favorable in order to avoid the expental
problem of Brillouin backscattering which has bdennd
critical in Mamyshev configurations [11, 12].

The central filtering combined with a relatively dest
spectral broadening leads to a very good enerdyg yigh
more than 40 % of the initial energy remaining e t
filtered signal, which has to be compared with pidsl
yield of 10 % for MR configurations [15]. The solit-
based device is therefore much power efficient rifyo
optical limiting is targeted.

We have also investigated how the soliton-like
regenerator affects the extinction ratio of thenalgdefined
as the ratio between the peak powers of a ‘zerd’‘ane’
pulse [15]). For an input extinction ratio of -1@,dthe
resulting extinction ratio after regeneration isd®. Indeed,
the transmission through the regenerator for lowers is
close to linear. Let us add that a continuous bkt
launched in the optical limiter will suffer from axcess
gain compared to pulsed signal [22] (due to thewatilter,
the pulsed signal will experience selective lostes are
more than twice the losses undergone by a contsuou



wave). In other words, our device does not proaay
enhancement in space bit slots and on the conftaoguld
even slightly degrade this point. Therefore, iesses the
need to use an additional optical device especidlly
cascading of the regeneration process is requitedl,
19].

B. Temporal properties of the regenerated signal

A SPM-based regenerator also impacts the temporal
properties of the output pulses. From Fig. 8, we iceke

out that the temporal width after the regenerator the
optimum working point is comparable with the initia
temporal width. More precisely, the output pulseg a
around 10% longer than the initial ones. This bevény is
mainly attributed to the intrinsic spectral narrowi
occurring during the spectral filtering process &atling in

the temporal domain to longer pulses. It is thewefo
anticipated that reduced temporal broadening cdagd
achieved by an appropriate choice of filter praopert
(spectral width and shape). Let us note that coeth&o
Mamyshev architecture [15], the output pulses ekhab
very low level of residual chirp (see Fig. 1(b))here is
furthermore a slight power-dependence of this datach
may lead to some temporal width fluctuations atdbgut

of the regenerator. This temporal dependence hasJey
been found lower that in the case of a MR wheretithe-
dependence has been found to be maximized at the
operating point [13, 14].
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Fig. 8: Temporal broadening factor as a functiérthe fiber length and
input peak power. The broadening is defined by réite®o between the
durations at the input and output of the regenerdtee white solid lines
are the local extrema of the TF. The dashed linesantour level lines.

An additional potential drawback that has been
highlighted in MR configurations is that the offsgtectral
filtering induces a time-delay which can be pothti
translated into detrimental temporal jitter [14].s Aour
configuration is based on central filtering, norfesoch a
negative point is coming out and thus, the filtepedse is
not delayed compared to the initial pulse as can
previously seen on Fig. 2(b).

Finally, another aspect we stress is that the mica
undergone in the anomalous dispersive fiber ofsthldon
regenerator leads to a soliton-like compression 4],

be

which is fundamentally different from the contingou
temporal broadening undergone in the normal red2bg

As an important consequence, we can expect that no
nonlinear interaction between adjacent pulsess#cqience

will occur, so that detrimental patterning effettat have
been observed in Mamyshev regenerators are avdided

14, 15].

V. REGENERATION OF A160-GBIT/S SIGNAL

In order to validate our proposed design rules, hage
tested the present regenerator on a degraded 1&8-Gb
1.5-ps pseudo-random bit sequence (PRBS). We have
numerically simulated the propagation of &b PRBS
sequence of Gaussian pulses in a 50-km long trasgmi
line made of a standard SMF-DCF dispersion manageme
path. More precisely, the first segment consistS@km of
standard single mode fiber (SMF, dispersion D = 17
ps/nm/km, lossea = 0.2 dB/km and effective arégqs= 80
unt) followed by 8.5 km of dispersion compensatingefib
(DCF D = -100 ps/nm/km, losses = 0.6 dB/km and
A= 40 pn). The total losses of the line are fully
compensated every 50 km by means of an Erbium doped
fiber amplifier (noise figure of 4.5 dB) followed/la 1-THz
flat-top optical bandpass filter so as to avoid any
accumulation of spontaneous noise emission. Fapliity,
TOD and polarization mode dispersion have been
neglected. Figure 9(a) illustrates the resultingyrdded
signal after 900 km of propagation for an input rage
power of 3 dBm. We can observe a large amplitutier ji
calculated to be +13% (rms value) of the averagekpe
power (x36% of peak-to-peak power variations hagenb
found).

The regenerator relies on a commercially availaigéaly
nonlinear fiber (HNLF) having the following pararaet :
D = 0.7 ps/inm/kmy = 10.5 /W/km. Figure 9(b) represents
the performance map of our regenerator, i.e. theulzded
rms amplitude jitter at the output of the regermras a
function of both & (or HNLF length Ln.e) and input
average power. We can observe a relatively larga ar
where a huge decrease of intensity fluctuatioreckseved.
The optimum working point was found to kg = 1.4
(L =1300 m) for an average power of 27 mW (14.2mB
Nino= 1.5), in good agreement with above theoretical
results. Figure 9(c), solid-line, illustrates theprovement
of output rms amplitude jitter as a function of eage
power for the optimum distanc& = 1.4. It confirms that
the output jitter is then greatly reduced from +18%only
+5.4%. In dash-dot line, we have also computedstimae
simulations by taking into account for TOD
(0.008 ps/nm2?/km) and fiber losses (0.6 dB/km). ¢&m
observe that the curves are very close. The optimum
average power is just weakly shifted by an amount
corresponding to the global losses of the fibeesEhresults
confirm the assumptions of our theoretical cal¢ofest and
reinforce the efficiency of our model.

The regenerated signal is shown on Fig. 10(a) aed t



resulting eye-diagram shows a very good improvenoént
the signal quality with a clear eye opening. Lethoge that
the zeros bit slots have clearly not been improved.
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Fig. 9: (a) Input 160-Gbit/s degraded signal Ch)tput rms amplitude
jitter as a function of§f. or Lynie and average power (c) Output rms
amplitude jitter as a function of average power&or 1.4. Dash-dot line,
with TOD and fiber losses taken into account indtmeulations.

Complementary information on the regeneration
processes are provided in Fig. 10 by the varioasstital
distributions of the amplitude peak-power, tempavalth
and timing jitter. As shown in Fig. 10(b), the extre events
of peak-to-peak variations are reduced from moran th
+36% to £16% of the average peak-power. The sizdist
distribution of regenerated pulses is clearly naemthan
the initial distribution (grey). The distributionsf the
temporal width, Fig. 10(c), or central positiongFL0O(d),
do not exhibit additional significant broadeningsdaare
fully consistent with the discussion carried outsiection
IV.B.

The significant reduction of peak power fluctuation
provided by our power limiter induces a high impgment
of signal quality. To quantify the signal qualitye have
calculated the widely used optical Q-factor [3]ficled asQ
= (P1— Py / (0p + o), with P, andPg the average level of
the ones and zeros respectively at the detecti&tarty and
o, and g, the corresponding standard deviations. The initial
value ofQ = 7 at the input of the regenerator and after 900
km of propagation is significantly enhanced up tmbue of
Q = 15 at the output, which allows to enhance the
transmission distance in the 50-km long SMF/DCIe lia
1800 km (distance for whic® = 6), thus underlining the

~

real efficiency of this kind of power limiter deec This
improvement is indeed mainly attributed to the sausal
reduction ofg; that compensates for the slight increase of
O
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Fig. 10: (a) Output 160-Gbit/s signal for an ager power of 14.2 dBm.
Statistical distribution of the peak powers (b)nporal width (c) and
timing jitter (d) are compared before (grey, topyafter propagation in
the power limiter (black, bottom, respectively).

VI. CONCLUSION

We have numerically studied the performance of a
regenerator based on the spectral centered filteoiina
signal broadened in an anomalous dispersive fillerhave
proposed general guidelines to find the optimumerfib
length and initial power of the regenerator and hewe
quantitatively pointed out the optical limiting feees of the
device enabling a significant reduction of the dtoge
jitter of a degraded signal. Influence of the alitievel of
amplitude jitter has been carefully discussed. Redave
been assessed by realistic numerical simulationghén
context of 160 Gbit/s signals.

Compared to existing techniques such as Mamyshev
techniques, the present approach does not provige a
extinction ratio enhancement of the data. Howetkis
noticeable drawback can be quite easily overcomerby
additional stage based on a saturable absorbe8[119],
which have now become suitable for high speed gma
to 160 GHz [27]. We have also shown that this aggino
presents several beneficial features, such as iredrgield
or the absence of additional timing jitter in theogess.
Moreover, compatibility with wavelength multiplexed
signals has already been investigated [16] and alaa
benefit from bidirectional schemes [8].
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