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We investigate the coherent or incoherent seeding of dissipative modulation instability (MI) in a nonlinear fiber ring
cavity. By varying wavelength and degree of coherence of
the seed signal across the MI gain band, we observe a strong
sensitivity of the resulting MI sidebands in terms of
bandwidth and amplification. Both spectral and temporal
characterizations are performed to reveal intensity coherence
properties (over a single round-trip) of the generated temporal patterns. Experimental observations are well confirmed
by numerical simulations. Our results provide new insights
into the control of dissipative MI through a specific seeding
in optical resonators with a moderate free-spectral range. In
particular, a large tunability of the subsequent Kerr comb
spacing is achieved by means of the early transient stage
of seeded MI growth. © 2017 Optical Society of America
OCIS codes: (190.4370) Nonlinear optics, fibers; (140.4780) Optical
resonators; (190.4380) Nonlinear optics, four-wave mixing.
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Modulation instability (MI) is a well-known precursor for
localized structure emergence through nonlinear and dispersive
propagation of narrow-bandwidth optical waves [1]. The noisedriven MI refers to the spontaneous amplification of stochastic
fluctuations, thus leading to the strong coherence degradation of
an initially (quasi-) continuous wave (CW) [2]. However, the
coherent control of the MI process through the presence of a
weak co-propagating single-frequency seed creates the initial
modulation of the CW that will be preferentially amplified relatively to any other noise frequency. This coherent-driven regime
has been extensively studied in the context of optical fibers since
the 1980s [3], in particular, for generating high repetition-rate
pulse trains and for parametric amplification [4]. In that case,
the developed MI spectrum consists of a comb of harmonics generated through a cascade of four-wave mixing (FWM) processes.
The corresponding MI temporal pattern is a periodic train of
soliton-like structures on a finite background, also called nonlinear Schrödinger breathers [5]. In the case of passive optical resonators, such as fiber ring cavities or microresonators, it has
already been shown that the cavity boundary conditions play,
in addition to the waveguide nonlinearity and dispersion, a
crucial role in the propagation dynamics and MI existence
0146-9592/17/020251-04 Journal © 2017 Optical Society of America

[6,7,8]. In the presence of a resonant CW pump, one can observe the spontaneous development of MI sidebands and the
subsequent comb formation through cascaded FWM processes.
These frequency combs are usually called Kerr combs [9]. The
corresponding intracavity wave in the temporal domain can be
related to stable Turing patterns [10,11]. Such a robust phaselocked regime is one of the typical features of the spontaneous
dissipative MI, in contrast to its counterpart in conservative
systems. Note that in the case of on-chip microresonators or
millimeter-size crystalline resonators, the very high quality factor
associated with a high free-spectral range (FSR) value (tens of
gigahertz to terahertz) allow for generating low-threshold MI
sidebands that are highly coherent [12,13], thus being an excellent approach for optical frequency comb sources [14]. The onset
of such Kerr combs is produced by an energy transfer from
the pump when the MI gain spectrum overlaps with one cavity
resonance located at a frequency offset from the pump laser equal
to one or multiple FSRs.
For fiber ring cavities, with a typical moderate FSR value (a
few megahertz) compared to the MI gain frequency (tens to
hundreds of gigahertz) [10,15,16], multiple cavity resonance
frequencies lie in the MI bandwidth (in contrast to the Kerr
combs in microresonators) and experience a nonlinear amplification. The corresponding time domain profile is not a perfectly regular pulse pattern due to multiple beating frequencies.
Indeed, a complex temporal waveform that repeats every
round-trip is circulating in the cavity.
In this Letter, we carried out a detailed quantitative analysis of
seeded modulation instability similar to recent studies in nearly
conservative optical fibers [17]. We numerically and experimentally investigate distinct seeding configurations in the case of a
resonant fiber cavity. Specifically, we analyze the onset of cavity
frequency combs for coherent and incoherent seed signals across
the MI gain band. Both spectral and temporal characterizations
are performed to reveal intensity coherence properties of the associated pulse train (i.e., regular pulses or more complex patterns
over a single round-trip). For a coherent seed, one can almost
reach the limit of a single amplified frequency across the MI
gain. Consequently, we are able to demonstrate the control of
the frequency spacing of resulting Kerr combs.
Figure 1 depicts our experimental setup based on a resonant
passive fiber ring cavity made of 26.5 m long segment of highly
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nonlinear optical fiber (HNLF). The fiber combines a low
and flattened group-velocity dispersion with high nonlinearity
so as to enhance the MI gain (β2  −0.89 ps2 km−1 , γ 
10 W −1 km−1 at 1552.4 nm). It also exhibits a low third-order
dispersion (β3  0.01 ps3 km−1 ) that can be neglected, thus
avoiding any related observation of spectral asymmetry or dispersive wave emission [15,18]. A 90/10 input coupler is used to
close the fiber loop cavity, whereas a 99/1 output coupler permits us to extract and characterize the intracavity field. The two
couplers are made of SMF28 fiber with a total length of 1.5 m
that belongs to the cavity (i.e., the total cavity length is equal to
28 m). The SMF28 exhibits the following usual parameters:
β2  −21.7 ps2 km−1 and γ  1.2 W −1 km−1 . From the transmission measurements, we deduced that the cavity finesse f is
nearly 19 (reduced by the splicing loss between SMF28 and
HNLF). To pump the cavity, we used a CW laser at 1552.4 nm
(linewidth <1 kHz) which is divided into two parts. The first
one, the “control wave,” is directly injected into the cavity to fix
and maintain the linear detuning φ0 seen by the “pump wave”
at each round-trip, with the help of a PID controller that finely
tunes the laser wavelength. The second part, the “pump wave,”
is intensity-modulated to generate 4 ns square pulses at a
7.36 MHz repetition rate (corresponding to one-cavity roundtrip time). The intensity modulation simultaneously enables
the increase of the pump peak powers and the circumvention
of Brillouin backscattering within the cavity. The pulsed pump
is then amplified by means of an erbium-doped fiber amplifier
(EDFA) and launched into the cavity through the 90/10 coupler. We carefully checked that the residual amplified spontaneous emission (ASE) injected with the pump pulses does not
impact our analysis below. To minimize their mutual interaction, the pump and control (less than 3% of the pump peak
power) waves are in a counter-propagating configuration.
Polarization controllers are used to excite a neutral axis of
the fiber. In the case of a seeded MI, an additional tunable
CW laser (linewidth <150 kHz) or a filtered ASE source (with
variable bandwidth) is superimposed to the pump before intensity modulation and amplification. Both temporal and spectral
characterizations of the comb states are provided by means
of an intensity autocorrelator (with a temporal resolution of

10 fs and a full time window limited to 80 ps) and two optical
spectrum analyzers (OSAs) with different resolutions (2.5 GHz
and 5 MHz).
We first performed the measurements without seeding
the MI process. The normalized linear detuning is set to
Δ  1.15 Δ  22πk − φ0 ∕α, where k refers to the nearest
resonance and α  2π∕f represents the power lost per roundtrip). This value corresponds to the monostable regime where
no cavity soliton or spatiotemporal chaos related to
bistability can take place [19,20]. The black dotted curve in
Fig. 2(a) depicts the MI spectrum recorded for an input peak
power of P 0  jAin j2  0.27 W. We observe the emergence
of a triangular frequency comb (in a logarithmic scale) composed of four MI harmonics, equally spaced and detuned from
the pump by n × 442 GHz. Figure 2(b) displays a zoom on
the first generated anti-Stokes band recorded with the highresolution OSA (5 MHz). The resulting −10 dB spectral
bandwidth is about 45 GHz, which represents thousands of
the cavity’s FSRs; hence, we expect the temporal intensity coherence of the intracavity field to be moderate.
When seeding the MI process with a low-intensity quasiCW (∼5% of the pump power) centered close to the frequency
of maximum MI gain (on the Stokes band), we obtain a more
developed frequency comb with additional harmonics and an
increase of their peak intensity higher than 10 dB [red curve,
Fig. 2(a)]. Figure 2(b) shows the corresponding spectral
narrowing of the anti-Stokes band by more than two orders
of magnitude (250 MHz instead of 45 GHz), related to the
amplification of a coherent seed. This potentially reveals an improvement of the temporal intensity coherence. Note that the
measured bandwidth is not limited by our detection system,
but is simply related to the pulsed nature of both pump
and seed signals (i.e., 4 ns square pulses). Further measurements as a function of the seed wavelength are also presented.
Whatever the seed wavelength is across the spontaneous MI
gain band, we notice that the maximum peak intensity of
anti-Stokes band remains almost constant over 100 GHz.
The number of generated harmonics also remains stable.
Spectrum (20dB/div)

Fig. 1. Experimental setup. ISO, isolator; PC, polarization controller; EOM, electro-optic (intensity) modulator; EDFA, erbium-doped
fiber amplifier; OBPF, bandpass optical filter; OC, optical circulator;
PD, photodiode; HNLF, highly nonlinear optical fiber; AUTOCO,
autocorrelator; OSA, optical spectrum analyzer.
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Fig. 2. Experimental results. (a) Intracavity spectrum without coherent seeding (black dotted curve) and with coherent seeding (red curve).
(b) Zoom on the first anti-Stokes band observed in (a). Peak intensity as
a function of the coherent seed wavelength (red crosses). (c) Intracavity
spectrum for 20 (red curve) and 45 GHz (black dotted curve) incoherent seeds. (d) Zoom on the first anti-Stokes band observed in (c).
Spectral zooms were recorded with a 5 MHz resolution.
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where Am represents the envelope of the intracavity optical field
at the mth round-trip in the cavity, and Ain is the external pump
field with noise included (one photon per mode with a random
phase on each spectral discretization bin). Both Am and Ain are
expressed in a reference frame moving with the group velocity
at the carrier frequency ω0. z and t represent the propagation
distance inside the cavity and the time in this reference frame. L
is the cavity length and R represents the reflection coefficient of
the coupler closing the cavity. Other parameters were defined
above, and values were taken from the experimental data. The
input peak power is slightly changed to P 0  0.23 W to better
fit experiments. For incoherent seeds, we defined the spectral
profiles by fitting the experimental ASE spectra with a random
phase and a power representing 1% of the input pump power.
Figure 3(a) shows the different simulated intracavity spectra
obtained after 10,000 cavity round-trips. For the unseeded MI
(black line), the numerical results are found to be in qualitative
agreement with the experiments. The spectral MI peaks are
detuned from the pump by n × 455 GHz (instead of
442 GHz). We also confirm the previous experimental observation when we seed the MI process on the Stokes band with a
low-intensity quasi-CW (1% of the pump power). Peak intensity of the comb harmonics is increased by more than 10 dB
(see the red curve in Fig. 3). By varying the seed wavelength
across the spontaneous MI bandwidth [see Fig. 3(b)], we clearly
note that the maximum peak intensity of the anti-Stokes band
remains almost constant (the number of generated harmonics
also remains constant). During the transient evolution of MI
[see the gray dashed curves in Fig. 3(b)], the spectral bandwidth
of spontaneous MI gain is quite large, thus favoring the
amplification of a seed signal even far detuned from the MI
frequency of the stationary state. This simple seeding technique
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We also performed another set of experiments using an incoherent ASE seed (∼5% of the pump power) with a tunable
spectral bandwidth from 10 to 70 GHz (i.e., a tunable coherence characteristic). Here we present some of the typical observations. For a 20 GHz ASE seed (−10 dB spectral bandwidth),
we reveal again a slight reduction of the spectral bandwidth
for each sideband by a factor less than two [see the red curves
in Figs. 2(c) and 2(d)]. It is also associated with a moderate
increase of their spectral intensity (<5 dB). Next, when increasing the bandwidth to 45 GHz or larger, we observe a
degradation on the sideband intensities and their spectral
broadening beyond the bandwidth of unseeded MI [see the
black curves in Figs. 2(c) and 2(d)]. We checked that these observations do not change by varying the input seed energy.
To further assess this dependence of the MI dynamics on
the seeding nature, we numerically solved the set of coupled
Eqs. (1) and (2), also known as the Ikeda map. It accurately
models the dynamics of the optical frequency combs without
resorting to any mean-field approximation [21,22]. The map is
constructed by combining the usual nonlinear Schrödinger
equation [Eq. (1)] for describing the evolution of the field
envelope within the fiber, together with boundary conditions
[Eq. (2)] that relate the fields between successive round-trips
and the input pump:

253

−3

−2

−1

0

1

2

3

0.35

0.45

0.55

Frequency (THz)

Fig. 3. (a) Simulated intracavity spectra without seeding (black), for
the coherent seed (red), and for a 45 GHz incoherent seed (blue).
(b) Zoom on the first anti-Stokes band. Peak intensity as a function
of the coherent seed wavelength for distinct seed powers of the seed:
1% and 10−3 % of the pump power (red crosses and circles, respectively). The transient evolution of an anti-Stokes band without seeding
is also reported as a function of the round-trip (Rt) number.

then enables us to widely tune the Kerr comb spacing from
0.35 to 0.55 THz. However, this tunability range decreases
when the seed power is set to 10−3 % [see the red circles in
Fig. 3(b)], as the MI transient regime becomes more frequency
selective (i.e., the MI bandwidth decreases). For seed wavelengths outside the constant amplification range, a more complex regime takes place with a coexistence between the
spontaneous MI band and the seed frequency peak. We also
checked the impact of an incoherent seed compared to the
spontaneous MI. In particular, Fig. 3(a) gives an example of
a partially coherent seed (a spectral bandwidth similar to the
unseeded MI sideband). When changing the degree of coherence of the seed signal, we confirm the control of the maximum
gain and bandwidth of the MI sidebands, and the strong influence on the overall MI comb through FWM processes.
In addition to the spectral analysis of our experiments, we
also performed temporal characterization of the intracavity field
by means of a background-free second-harmonic autocorrelator. Figure 4 displays the autocorrelation traces recorded for the
parameters described above. In the case of unseeded MI [see
Fig. 4(a)], we clearly note a central modulation indicating
the formation of a short-pulse pattern on a finite background
inside the cavity. The period of the pulse train is about 2.25 ps,
which is in agreement with the expected 442 GHz repetition
rate given by the MI frequency. The central peak corresponds
to the autocorrelation of a single pulse, whereas the adjacent
peaks are the cross-correlations between neighboring pulses
(highly sensitive to neighboring pulse differences). The comparison between autocorrelation and intercorrelation peaks
of the signal provides a simple method to characterize highspeed pulse trains [23]. Interestingly, only the amplitude of the
adjacent peaks significantly differs from the central one, thus
revealing the existence of strong amplitude jitter (but low timing jitter) in the pulse train. Most importantly, the slowly varying envelope of the modulated pattern confirms the limited
temporal (intensity) coherence of the generated pulse train.
The time coherence, estimated to be about 25 ps, is again
in agreement with the spectral bandwidth of MI sidebands.
When adding the coherent seed (whatever its wavelength),
the trace looks fully sinusoidal with an increased contrast
[see Fig. 4(b)], thus corresponding to a regular pulse train
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Fig. 5. Simulated temporal intensity profiles of the intracavity field
(black lines, left axis) and the corresponding autocorrelation traces (red
lines, right axis) for (a) no seed, (b) a coherent seed, and (c) a 45 GHz
incoherent seed.

Time (ps)

Fig. 4. Experimental autocorrelation traces recorded (a) without
seeding and (b) with the coherent seed for (c) a 20 GHz incoherent
seed and (d) a 45 GHz incoherent seed.

on a finite cw background without any amplitude fluctuations.
By combining this observation with the measured spectrum
[see Figs. 2(a) and 2(b)], we can easily infer the coherence enhancement of the intracavity intensity. Indeed, only a restricted
number of cavity modes is preferentially amplified through MI.
In contrast, when we introduce an incoherent seed with a
tunable spectral bandwidth (i.e., tunable coherence), we observe the improvement or degradation of coherence as a function of the seed bandwidth. For a 20 GHz ASE seed [Fig. 4(c)],
the autocorrelation trace becomes regularly modulated compared to the unseeded case, although without reaching the fully
regular structure obtained with the coherent seeding. It shows
that a partially coherent seed can improve the intracavity MI
dynamics in terms of intensity coherence. When the seed bandwidth exceeds the MI sideband [45 GHz in Fig. 4(d)], the quality and coherence of the pulse train are then strongly degraded
as indicated by the attenuation of the modulated autocorrelation trace. The time coherence estimated by the width of the
autocorrelation envelope is fully driven by the seed bandwidth.
Temporal analysis of the simulated intracavity field was also
carried out. For unseeded MI [see Fig. 5(a)], we retrieve the
modulated autocorrelation trace (red line, right axis) whose
envelope confirms the limited intensity coherence of the pulse
train, even if the corresponding temporal profile (black line, left
axis) appears as a regular train of short pulses on this limited time
window (chosen for easy comparison with experimental results).
By contrast, the coherent control of the MI process (i.e., preferential amplification of frequencies) generates a perfectly coherent train of identical short pulses (600 fs) on a low finite
background, as obtained in our experiment [see Fig. 5(b) with
the red line and Fig. 4(b)]. Finally, the 45 GHz incoherent seed
strongly reduces the intensity coherence of the temporal pattern
in a similar way to the experimental observation. A more complex and irregular temporal waveform that repeats every roundtrip is circulating in the cavity. An incoherent seed may appear as
detrimental for regular waveform generation only when its
spectral bandwidth exceeds the unseeded MI bandwidth, which
introduces additional noise stimulating extra cavity modes.
In conclusion, we have studied the impact of different seeding
configurations on the dissipative modulation instability process
taking place in a fiber ring cavity. Our results emphasize the
dependence of the intensity coherence of the intracavity field
on the seed parameters. This influence has been experimentally

quantified both in the spectral and temporal domains and is well
reproduced by numerical simulations. The seeding technique
provides an easy way to harness nonlinear MI dynamics (i.e.,
preferential amplification of frequencies) and Kerr combs in fiber
cavities with a moderate FSR and analogous driven systems.
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