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Broadband self-pulsating fiber laser based
on soliton self-frequency shift
and regenerative self-phase modulation
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We demonstrate experimentally and numerically the operation of a self-pulsating fiber laser based on the cascaded

effects of soliton self-frequency shift and self-phase modulation spectral broadening. The combination of those two
effects triggers and sustains the propagation of picosecond pulses in the cavity. At one of the outputs, the laser emits

a supercontinuum with spectral width in excess of 150 nm at the repetition rate of 95 kHz.
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Pulsed fiber lasers have been investigated in the past few
years for their applications in industrial processes, instru-
mentation, and optical telecommunications. Based on a
technique suggested in [1], we have presented a self-
pulsating laser source based on cascaded optical regen-
eration working at a wavelength of 1550 nm [2,3]. With a
different laser architecture, this regenerative approach
was also theoretically expected to operate at a wave-
length of 1060 nm [4]. In contrast with traditional mode-
locked lasers that take advantage of mechanisms such as
nonlinear polarization rotation and saturable absorption
[5], a regenerative source induces and sustains the oscil-
lation of one or several pulses, called eigenpulses, that
are altered and regenerated in every cavity round trip.
With external dispersion compensation, it was shown
that both sources generate subpicosecond pulses. Such
kinds of pulses enable the generation of supercontinua,
generally by their propagation in a nonlinear medium [6]
and sometimes with an additional nested cavity, for ex-
ample, used for the slicing of an octave-spanning super-
continuum [7]. With pump powers higher by an order of
magnitude in comparison with the methods described
above, it was also shown that supercontinua could be
generated in continuous-wave laser cavities [8] and with
self-pulsating lasers producing pulses of several kilo-
watts of peak power in the @-switched regime [9,10].

In this letter, we experimentally and numerically de-
monstrate a regenerative source based on the cascaded
effects of soliton self-frequency shift (SSFS) as well as
self-phase modulation (SPM) spectral broadening [11,12].
Together, these two mechanisms provide a stable pulsed
equilibrium leading to a set of picosecond pulses and
supercontinuum generation from pico- and subpicose-
cond pulses. To the best of our knowledge, this is the first
demonstration of the use of SSF'S as a condition for pulse
generation, as well as the first demonstration of a self-
pulsating source that produces a supercontinuum from
nonlinear effects in its own cavity. The presented device
is simple to implement and provides a supercontinuum
without the need for an external mode-locked laser.

Figure 1(a) shows a schematic of the cavity used in the
experiment. It comprises a loop divided in two halves
with distinctive nonlinear functions.
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In the first half of the cavity, the first highly nonlinear
fiber (HNLF) HNLF, of waveguide nonlinear coefficient
y =11.5 W-lkm™! and chromatic dispersion coefficient
D; = -0.71 psnm~! km~! induces SPM spectral broaden-
ing to propagating pulses. To complete the SPM regen-
eration process with offset filtering, a fiber Bragg
grating (FBG) is used in tandem with an optical circula-
tor to provide bandpass filtering over a bandwidth of
5.0 nm centered at A; = 1544.0 nm. The first half of
the cavity is completed with chromatic dispersion com-
pensation of HNLF; by using 42 m of standard single-
mode fiber.

In the second half of the cavity, the mechanism of
pulse selection is SSFS followed by filtering. Fiber
HNLF, has y = 11.5 W~ km™! and anomalous dispersion
with Dy = 2.09 psnm~! km~!. The nonlinear fiber is fol-
lowed by a tunable bandpass filter (BPF) with 6.2 nm
of bandwidth centered at 15, = 1550.5 nm to select pulses
that have experienced a specific amount of wavelength
shift. In each half, various couplers C;_, are used for
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Fig. 1. (a) Schematic of the experimental setup. (b), (c) Spec-
tra representing the pulse before (dashed line) and after (solid
line) propagation in each HNLF. OC, optical circulator; OSA,
optical spectrum analyzer; HNLF, highly nonlinear fiber; EDFA,
erbium-doped fiber amplifier; BPF, bandpass filter; FBG,
fiber Bragg grating; BW, bandwidth; PD, photodiode; SMF,
single-mode fiber; PSD, power spectral density.
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monitoring purposes. Figures 1(b) and 1(c) illustrate in
the frequency domain the result of the propagation of
pulses in each half of the cavity. Insertion losses are
1.7 dB for HNLF, 3.3 dB for the grating and optical cir-
culator combination, 1.2 dB for HNLF5, and 9.9 dB for the
tunable BPF. Each coupler has an insertion loss of
~0.5 dB in addition to the losses expected from the cou-
pling coefficient.

The pulses propagating in the cavity are monitored
spectrally using optical spectrum analyzers (OSAs) con-
nected to 10% tap couplers C; 3 and are also monitored in
time using a photodiode (PD) followed by an oscillo-
scope at the output of 1% tap coupler C,. The source
self-starts from the amplified spontaneous emission
(ASE) of both erbium-doped fiber amplifiers (EDFAs).
The gain is initially set at 11.6 dB for EDFA; and 16.2 dB
for EDFA,. Figures 2(a) and 2(b) show the spectra ob-
served at outputs C,, Cy, and C3, while Figs. 2(c) and
2(d) show oscilloscope traces of the laser output as mea-
sured from C; and C5 with the PD. The trace in Fig. 2(c)
shows that the laser provides a burst of power at every
10.5 us. The trace in Fig. 2(d) shows that this burst is
made up of a collection of short pulses in cascade. In in-
set Fig. 2(e), picosecond pulses are observed after the
SPM regeneration process.

The supercontinuum observed at output Cs originates
from pulses that have experienced SSFS in HNLF5;, which
is a required condition for a pulsed regime. It also ap-
pears from output C; that the pump pulses in HNLF; pro-
vide a Raman gain with a 13.2 THz offset with respect to
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Fig. 2. (Color online) (a), (b) Spectra from outputs C;, Cs, and
Cs; (c) observed from Cj, oscilloscope trace showing the repe-
tition rate and burst structure of the output signal; (d) observed
from Cy; and Cs, oscilloscope trace zooming on one burst
and revealing a structure that comprises several pulses. Inset
(e) frequency-resolved optical gating spectrogram at Cs,.

the pump and a resulting ASE centered at 1664 nm. The
absence of power at a wavelength of ~1450 nm excludes
the contribution of a degenerate four-wave mixing pro-
cess at the pump. It was also observed that additional
bursts of pulses similar to those shown in Fig. 2(d) are
created and sustained in the cavity when increasing
the EDFAs gain.

The circulation of pulses in the cavity was simulated
and predicts self-pulsation via single-pulse operation,
and the observed supercontinuum generation at higher
levels of power in the presence of multiple pulses. The
propagation in both HNLFs was modeled using a split-
step Fourier method including the effects of the nonli-
nearity, the second- and third-order dispersion terms,
self-steepening, and Raman scattering. Filtering was
modeled with bandpass filters, and the EDFAs were mod-
eled as perfect amplifiers with a saturable gain. To start
the source, both white noise and Gaussian pulses used as
a seed led to similar results. Figures 3(a) and 3(b) illus-
trate solitons after HNLF; for the fiftieth cavity round
trip. In the frequency domain, Fig. 3(c) provides the spec-
tra before and after propagation in HNLF,, in agreement
with the experimental result of Fig. 2(b). Because of the
filtering at 4;, pulses that are entering HNLF; have a full
width at half maximum (FWHM) duration of ~1 ps but
with a peak power of ~20 W, which corresponds to a
higher order soliton of N = 5.5. Hence, we observe soli-
ton fission during the beginning of propagation in HNLF,
[13]. New solitons of various FWHM duration and peak
power copropagate in the HNLF, with a group-velocity
relative to their central wavelength, and an acceleration
owing to the SSF'S induced by the Raman effect.

Figure 4 illustrates that soliton fission occurs within
the first 20 m of propagation, leading to fundamental so-
litons. The slope of their trajectories is related to their
group-velocity dispersion, and powerful pulses slow
down as a result of intrapulse Raman scattering. This fig-
ure also illustrates that the accumulated delay of these
solitons is responsible for the long burst of pulses experi-
mentally observed in Fig. 2(d).

The wide spectrum of Figs. 2(b) and 3(c) result
from the propagation of several subpicosecond pulses
in HNLF,, which experience an amount of SSFS that
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Fig. 3. Numerical simulations for the setup of Fig. 1. (a) Fun-
damental solitons after HNLF,. (b) Zoom on the output soliton
(k). (c) Spectrum obtained by an averaging of 50 round trips of
the cavity, starting at round trip 10. The dashed and solid curves
correspond to the input and the output of HNLF,, respectively.
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Fig. 4. (Color online) Soliton fission in the time domain and
propagation of the resulting fundamental solitons in the first
300 m of HNLF,.
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Fig. 5. (Color online) Pulses with an initial temporal width and
peak power are launched in HNLF,. (top) Their final peak
power is represented after filtering at the BPF. (bottom) The
transmittance at the filter is shown. For reference, solid lines
indicate the corresponding soliton order.

depends on their own temporal width and peak power.
Because the amount of SSFS is related to 1/t [11],

July 15, 2012 / Vol. 37, No. 14 / OPTICS LETTERS 2801

only solitons with an adequate FWHM are selected by
the BPF and will be sustained by the cavity for the
next round trip. Figure 5(a) shows the peak power of
pulses launched in HNLF, after filtering at the BPF,
and Fig. 5(b) provides the associated transmittance at
this BPF. Another pulse selection is performed at the re-
generator, and the bandwidth of the FBG gives a first
limit on the pulse temporal width. The observed pulse
of Fig. 2(e) is about three times longer than expected
by simulation and has pedestals because of the presence
of multiple pulses in the cavity.

We have demonstrated a self-pulsating ring laser that
cascades the effects of SSFS and SPM broadening fol-
lowed by offset filtering. A burst of pulses is generated
once per cavity round trip, yielding to a 150 nm flat super-
continuum.
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