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We report control of the spectral and noise properties of spontaneous modulation instability (MI) in optical fiber
using an incoherent seed with power at the 10−6 level relative to the pump.We sweep the seedwavelength across the
MI gain band, and observe significant enhancement of MI bandwidth and improvement in the signal-to-noise ratio as
the seed coincides with the MI gain peak. We also vary the seed bandwidth and find a reduced effect on the MI
spectrum as the seed coherence decreases. Stochastic nonlinear Schrödinger equation simulations of spectral and
noise properties are in excellent agreement with experiment. © 2013 Optical Society of America
OCIS codes: (030.1640) Coherence; (190.4370) Nonlinear optics, fibers; (190.4380) Nonlinear optics, four-wave

mixing; (320.7140) Ultrafast processes in fibers.
http://dx.doi.org/10.1364/OL.38.005338

Modulation instability (MI) in the anomalous dispersion
regime of an optical fiber is associated with the exponen-
tial growth of low amplitude noise on an incident con-
tinuous-wave (CW) or quasi-CW pump. The instability
leads to strong temporal modulation of the pump and
the growth of distinct sidebands in the spectrum [1–3].
MI is one of the fundamental nonlinear processes in
many fields such as optics, plasma physics, and hydrody-
namics, and it has become the subject of significant
recent interest because of links with the emergence of
giant “rogue wave” instabilities on the ocean [4,5].
Noise-driven MI is also a key mechanism in fiber super-
continuum (SC) generation using long pulses, and has
been extensively studied in the context of high-power
broadband source development [6].
The spectral structure and noise properties of MI-

driven SC generation have been previously shown to
be highly sensitive to the presence of a weak copropagat-
ing seed, and numerical studies have been confirmed
experimentally for both femtosecond and picosecond
pulse pumping [7–11]. The fact that a low amplitude seed
can strongly affect MI can be understood physically
because the seed creates an initial modulation on the
pump that will see preferential growth relative to any
broadband noise. However, all previous studies in this
field have been carried out with strongly coherent seed
and pump sources using either a low amplitude pulse
replica derived from the pump [10] or a narrow linewidth
CW laser [11].
In this Letter, we show that the strong influence of an

external seed on MI dynamics is still observed even when
the external seed is only partially coherent. Specifically,
using broadband amplified spontaneous emission (ASE)
to seed picosecond MI, we observe resonant enhance-
ment of the MI spectral width and noise reduction as
we sweep the seed wavelength across the peak of the
MI gain curve. We also study the influence of the ASE
seed bandwidth on the observed dynamics, and show
that the effect of the seed is reduced when its associated

coherence time decreases below the duration of the
temporal pump pulses. This clearly highlights the impor-
tance of a stable amplitude modulation in effectively
seeding MI dynamics. Our results are shown to be in ex-
cellent agreement with generalized stochastic nonlinear
Schrödinger equation (GNLSE) simulations. Note that
this work is in contrast to previous studies of spontane-
ous MI in the spatial domain that use a strong incoherent
pump and coherent seeds [12–14]. Here, we study the
regime in which the spontaneous MI initiated from a
coherent pump in the time domain is modified by a very
weak incoherent seed.

Figure 1 shows the experimental setup. Input pulses at
1552 nm and 20 MHz repetition rate are generated from a
picosecond fiber laser (Pritel FFL-500) before amplifica-
tion in an erbium-doped fiber amplifier (EDFA). The
pump pulses after the EDFA are characterized using an
optical spectrum analyzer (OSA, Anritsu MS9710B) and
frequency-resolved optical gating (FROG).

The pump pulses have 3.8 ps temporal width (FWHM)
and a spectrum with characteristic features of self-phase
modulation. The time–bandwidth product is ΔτΔν ∼ 0.42.
The seed was derived from an amplified ASE source
(Highwave HWT-BS-B1-2) spectrally shaped with two
tunable filters (Finisar Waveshaper 4000S) before and
after the amplifier to ensure precise control over spectral
bandwidth and power.

Fig. 1. Experimental setup. DCF, dispersion compensating
fiber; PC, polarization controller; WS, waveshaper.
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The seed could be configured to have variable band-
width from 1 to 36 nm with central wavelength tunable
over 1527–1550 nm. The pump pulses were combined
with the seed and injected into 9.5 m of Ge-doped highly
nonlinear fiber (OFS HNLF). At the HNLF input, the aver-
age pump power was 6.4 mW (P0 � 68 W peak power),
and the average ASE seed power was 90 μW, i.e., 106

times lower than the pump.
The average spectra at the HNLF output were recorded

using the OSA and studied as a function of ASE central
wavelength and bandwidth. OSA measurements were
complemented using dispersive time stretching that
allows the shot-to-shot spectral fluctuations to be directly
measured [15–17]. This technique is based on the fact
that the intensity of a temporal field evolves into its
Fourier transform with sufficient propagation in a linear
dispersive medium of length L. For total dispersion β2SL,
an input pulse U�t� with Fourier transform ~U�ω� spreads
temporally to have intensity that is a scaled replica of
the input spectrum jUz�t�j2 ∝ j ~U�t∕�2β2sL��j2. With our
setup, dispersive time stretching was implemented using
L � 875 m of dispersion compensating fiber (DCF) with
β2SL � �130 ps2 such that the ∼ns stretched pulses
could be easily detected in real time using a 20 GHz de-
tector (New Focus Model 1414) and 12 GHz oscilloscope
(Tektronix TDS 6124C). The equivalent spectral resolu-
tion with this setup was 0.8 nm.
We first present numerical simulations to illustrate the

expected influence of the low amplitude seed on the MI
structure for our parameters. We use the GNLSE previ-
ously shown to model the statistics of SC generation
including dispersion to arbitrary order, self-steepening,
and Raman scattering [18]. For the purposes of defining
notation, we write this to third-order dispersion here in
the form Az � iβ2∕2Att − β3∕6Attt − iγjAj2A � 0, where
A�z; t� is the pulse envelope, nonlinear coefficient
γ � 10.5 W−1 km−1, and dispersion parameters β2 �
−5.24 ps2 km−1 and β3 � 4.29 × 10−2 ps3 km−1. Note that
Raman scattering and self-steepening were found to have
negligible influence on the results. We used for the pump
pulse the parameters as measured by the FROG system.
For the ASE seed, we used a Gaussian fit to the filtered
spectrum with random phase and amplitude normaliza-
tion to experimental average power.
Figure 2 shows numerical results for a fixed seed

wavelength of 1531 nm near the maximum of the MI gain
curve. Simulations are performed with different initial
random noises to determine both average MI spectra
and noise statistics.
We plot 500 individual realizations from the simulation

ensemble as well as their mean. The CW seed was
numerical resolution-limited. We also plot the spectral
coherence and the coefficient of variation Cv defined
for a distribution as Cv � σ∕μ where σ and μ are the
standard deviation and mean at a specific wavelength,
respectively, such that Cv yields a measure of noise to
signal [8,15].
Figure 2(a) with no seed shows a bandwidth of 100 nm

at the −50 dB level. When MI is seeded by a CW seed we
see a significant increase in the bandwidth and reduction
in the shot-to-shot spectral fluctuations [see Fig. 2(b)].
The improved coherence across the MI bandwidth in this

case is expected because MI develops from low ampli-
tude coherent modulation due to beating between the
pump and the seed [7]. Significantly, our results in
Fig. 2(c) show how this effect is also observed using a
finite bandwidth ASE seed with an increase in bandwidth
comparable to the case of a CW seed. However, the
partially coherent nature of the ASE does not yield com-
parable coherence improvement across the bandwidth.
Nevertheless, comparison of Cv in both cases shows that
a partially coherent seed still provides a stabilization of
spectral shot-to-shot fluctuations similar to that seen in
the CW seed case. These simulation results reveal a
key novelty in predicting that even partially coherent
ASE at very low amplitude can have a drastic impact
on MI dynamics as confirmed by our experiments
below.

Our first experiments examined how the MI spectral
structure and noise properties vary as a function of ASE
seed wavelength for a fixed 1 nm ASE bandwidth. The MI
gain band extends from zero detuning up to a maximum
frequency of (1∕2π) �4γP0∕jβ2j�1∕2 � 3.72 THz. Peak MI
gain is at 2.63 THz. With our setup, we were able to
explore a detuning range from 0 to 3.2 THz (i.e., 1527–
1552 nm) that includes the MI gain peak. Due to the
limitations of the filters, we inject the seed with positive
frequency detuning (i.e., on the short wavelength side of
the pump), but simulations show that the same effect is
observed irrespective of the detuning sign.

Figure 3(a) shows a false-color plot of the measured
spectrum when scanning the seed across the MI gain
curve. As the seed wavelength is varied, we see a dra-
matic effect on the MI spectral structure, with the
amount of seed-induced spectral broadening following
closely the calculated MI gain curve.

When the seed is close to the pump or in the region of
low MI gain, there is little spectral modification, but as
the seed frequency approaches the peak of MI gain we
see a significant effect, with the generation of multiple
MI sidebands. This is in excellent agreement with numeri-
cal simulations shown in Fig. 3(a) for an ensemble of
500 numerical realizations from which the mean spec-
trum was calculated. The remarkable visual correspon-
dence with the experimental results confirms the
ability of the stochastic NLSE simulations to reproduce
the experimentally observed spectral structure at all seed

Fig. 2. Simulation results: MI spectra for (a) no seed, (b) CW
seed, (c) 1 nm bandwidth ASE seed. Individual realizations are
shown in gray, average in black. Upper panels show second-
order spectral coherence and Cv.
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wavelengths. To compare experiments and simulations
explicitly, Fig. 3(b) shows the experimental average
spectra with the corresponding numerical results both
for the unseeded case and near the MI gain peak with
a 1531 nm seed.
To illustrate more clearly the increase in the spectral

bandwidth, Fig. 3(c) shows the spectral expansion at the
−30 dB level as a function of seed wavelength, once again
in very good agreement with the numerical simulations.
We also characterized the intensity noise at 1580 nm
using real-time dispersive time stretching as described
above. From the measured time series, it is straightfor-
ward to compute the coefficient of variation Cv, which
is plotted as a function of ASE seed wavelength in
Fig. 3(c). Again experimental results are compared with
stochastic numerical simulations, and both show clear
noise reduction as the seed wavelength approaches
the frequency of maximum MI gain.
This particular result shows that, even though we are

using a partially coherent seed, the initial modulation
across the pump possesses sufficient amplitude stability
to strongly influence the pump dynamics. To understand
this physically, it is instructive to compare the coherence
time of the seed with the pump pulse duration. For an
ASE seed with bandwidthΔλ, we can calculate the coher-
ence time from τc � λ2 �cΔλ�−1 where c is the speed of
light. Using our parameters with an ASE seed at λ �
1531 nm with a 1 nm bandwidth, we find that the coher-
ence time of τc ∼ 8 ps is longer than the input pulse.
A strong effect from seeding is thus not surprising as
the phase of the induced modulation would be expected
to be stable across each pump pulse.
This interpretation is highly significant as it suggests

that with broader ASE bandwidths (thus reduced coher-
ence time), the influence of the low amplitude seed in the
MI dynamics should decrease. This was then carefully

investigated through additional experiments using the
filtering setup to increase the ASE bandwidth over the
range 1–36 nm (i.e., a decrease in coherence time from
8 to 0.21 ps). The results are shown in Fig. 4 and com-
pared with numerical simulations. As expected, both
the simulations and experiment show a steady decrease
in the bandwidth and noise reduction for shorter coher-
ence times. Such decrease is particularly striking as the
ASE seed coherence time becomes significantly shorter
than the pump pulse duration. For example, with ASE
seed bandwidth of 36 nm, the corresponding coherence
time is 0.2 ps and thus more than 10 times smaller than
the 3.8 ps pump duration. We expect in this case a highly
unstable initial modulation and would anticipate that the
seed would have little effect. Indeed, for this case we see
MI bandwidth and Cv of 76 nm and 0.75 respectively,
close to the values observed in the absence of any seed.
Differences between experiments and simulations are
attributed to the fact that our noise model in the simula-
tions does not completely reproduce the experimental
noise on the pump or seed.

In conclusion, we have investigated the influence of a
low amplitude partially coherent ASE seed on the band-
width and noise properties of picosecond MI in a highly
nonlinear fiber. By sweeping the ASE seed wavelength
across the MI gain spectrum, significant increase in
the spectral bandwidth is observed with maximum
broadening observed when the seed coincides with the
maximum of the MI gain. Real-time measurements
performed using dispersive time stretching reveal a
corresponding improvement in the noise properties.
Experiments varying the ASE bandwidth further show
that the influence of the ASE seed is only observed when
its associated coherence time exceeds or is of the same
order of magnitude as the pump pulses’ duration. Our
results suggest that resonant ASE seeding can provide
an important tool in controlling the spectral properties
of MI, and this may impact studies related to fiber source
development where high-power pump sources are used
to generate broadband SC light. In such cases, spectral
filtering of any ASE pump could provide a complemen-
tary technique to modify the SC properties.
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Fig. 3. (a) MI spectral profiles as ASE seed wavelength is var-
ied. The MI gain curve is shown on the center. (b) Experimental
average spectra (solid) and numerical results (dashed) for
unseeded (top) and for a 1531 nm seed (bottom). (c) Seed wave-
length dependence of −30 dB MI bandwidth (top) and Cv at
1580 nm (bottom).

Fig. 4. Experimental results showing the variation with ASE
seed bandwidth of (top) −30 dB MI bandwidth and (bottom) Cv
at the seed central wavelength.
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