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Abstract: We analyze the modulation instability spectrum in a varying disperpiicabfiber
as a function of the dispersion oscillation amplitude, and predict a noeebsid splitting into

different sub-sidebands for relatively large dispersion oscillations.
OCI S codes: (060.4370) Nonlinear optics, fibers; (190.4380) Nuedr optics, four-wave mixing;

1. Introduction

Modulation instability (MI) has been widely investigated in various fields of physics, e.g., flasm
hydrodynamics and opticMI leads to the emergence and amplification of gain sidebands ipe¢kh&em of an
initially intense continuous wav#1l has been demonstrated in fibers with anomalous group-velocity dispers
(GVD), and in normal dispersion fibers with fourth order disperdicefringence or multimode coupling. More
recently, renewed experimental and theoretical interest in the Ml prbassgeen stimulated by using fibers
with a longitudinal and periodic modulation of t8&/D [1]. Indeed, thanks to parametric resonance induced by
the periodic variation oGVD, scalar M| sidebands can emerge even in the normal av&¥feregime of a
dispersion-oscillating fiber (DOF) [2]. Recent experiments confirmedmrant Ml in microstructure DOF around

1 um [1], and in non-microstructure, highly nonlind2®F at telecom wavelengths [3].

So far, the role of the amplitude of GVD oscillations has been largelyooked. In this contribution, we
present a systematic study of the various sidebands which are numefisallyed at the output of a DOF as the
amplitude of the dispersion variations grows larger. We unveil thegemes of new sidebands as well as their
splitting in sub-sidebands. We are able to provide an analytical descriptidres® effects based on the
formalism of [1].

2. Situation under investigation
We numerically consider the evolution ofcav with an average power of 0.75 W in an optical single-mode
optical fiber with a longitudinal periodic variation of its GVD. The evolutiothefoptical field can be described
by the nonlinear Schrodinger equation that includes both Kerr noritingarand a second-ord€sVD f,(2)
which varies with distance accordingfg(z) = foavt SBzampSin(2nz/A), with fzay , frampandA being the average
dispersion, the amplitude of the dispersion variation and the spaiiad pespectively. We consider here a fiber
with y=2 /W/km, A = 1 km andB,,, = -0.5 ps/km/nm.

In this situation, Ml gives rise to quasi-phase-matched (QPM) sidebahdse central frequencsg, and
gainG, after a propagation lengthcan be analytically predicted by the formulas [1, 2]
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wherep=1,2,3 ...is the QPM sideband order, afids the Bessel function of ordpr
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3. Influence of the amplitude of dispersion fluctuation

We investigate the influence of the amplitude of dispersion fluctuatiggs on the spectrum recorded after 12
spatial periods. Results are summarized in Fig. 1(a): as can be seentpihiespectrum and the detailed
structure of the MI sidebands exhibit significant changes as the amplft@Giéooscillations grows larger.
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Fig. 1. (@)Evolution of the output spectra according to thepliume of the dispersion fluctuation. (b) Detail the spectra for
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Fora0.5 ps/km/nm (subplot®) GVD oscillation amplitude, we observe the generation of a set of unequally
spaced and narrow spectral sidebands whose positions are in quakitgteement with the analytical
predictions of Eq. (1) (see dashed vertical lines). For incred3ig oscillation amplitudes (1.7 ps/km/nm,
subplot b2), we first notice that some spectral lines (for example limessponding tagp = 2 orp = 5) have
disappeared, in agreement with Bd1]. To the opposite, we also point out the development of a set of regularly
spaced sidebands with a broader bandwidth. This feature is linkedrtowd@ge mixing between the pump wave
and the first QPM sideband and further cascading of the process, damexypelty demonstrated in [3].

For an even higher dispersion oscillation amplitude, e.g., 3.7 pstkstbplot b3), we observe instead of a
single gain sideband, the unexpected emergence of a pair of sidebamabtasfrequency2,. As our model is
scalar andt does not take into account higher order terms of dispersion, these ebargid cannot be linked to
fourth-order dispersion inducedl or to vectorial four-wave mixing processWe have also checked these new
sidebands cannot be explained through the mixing between the vathieudands.
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Fig. 2. (@)Evolution of Ml gain at the wavelength predictedBiy. (1) for the first and second QPM sidebarfdsMagnification of the
spectral region aroun@; according to the amplitude of the dispersion diatibns. Numerical results (b1) are compared withytical

results (b2) predicted by Eq. (2). Blue dashedcattines indicate the frequency;. () Output spectrum fgfamp= 3.7 ps/km/nm
obtaing from numerical simulations (black line) and from &) (grey line).

We have studied more precisely the evolution of the gain occurring @atreengths predicted by Eq. (The
corresponding results are summarized on Fig 2(a), and demonstrate an exagpimment between the
analytical predictions of Eqg. (1) with the gain evaluated from numericallaions for €2, and 2. The most
important conclusion here is that the observation of two sidebands sitle of the frequency, in Fig 18
does not question the validity of the analytical predictions of Eq. (1).

In order to better understand the emergence of the two neightsidigigands, we have plotted a magnification
of the first QPM sideband as obtained from numerical simulations (se@(bil), that we may compare with
the following analytical expression (Fig 2(b2)), which is an extensfoBgo 1, that was originally aimed at
describing the gain at the QPM frequency only

2
6(w)-exp| 2P L Jl[ﬁz;rm—;’f} @)

As shown in panel 2(b2), we can see that Eq. 2 provides amstitgr insight in the existence of the two
sidebands from either side of the wavelen@th despite the use of Eq. 2 is not strictly rigorous, it qualitatively
reproduces the structure of the first MI band. Indeed, as also illustragdiiot 2(c), which compas the
structure of the gain aroun@,;, the analytical expression (2) reproduces the inner slope of the wimasitk.

4. Conclusion

We predicted the splitting of QPM MI sidebands into two sub-sidebands DOF with large-amplitude
dispersion oscillations. The existence of these two sidebands does not violatg exiatytical predictions, and
a link can be made with the parameters leading to an expected vanishing gaineaitridleresonant sideband
frequency. The two sub-sidebands that emerge in the vicinibyeadentral QPM frequency can be qualitatively
well reproducedy extending the analytical discrete resonant gain spectrum into a continuumueinfciess.

5. References

1. M. Droques, A. Kudlinski, G. Bouwmans, G. Martinelli, and A. Mussot, "Dyica of the modulation
instability spectrum in optical fibers with oscillating dispersion,” PRgs.. A87, 013813 (2013).

2. N. J. Smith and N. J. Doran, "Modulational instabilities in fibers withoger dispersion management,”
Opt. Lett.21, 570 (1996).

3. C.Finot, J. Fatome, A. Sysoliatin, A. Kosolapov, and S. Wabnitznfieting four-wave mixing processes
in dispersion oscillating telecom fiber,"” Opt. L&8, 5361-5364 (2013).



