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Abstract: Based on mathematic simulations, the impact of spectral filtering on pulse breaking
up and noise-like pulse generation in all-normal-dispersion fiber lasers are investigated. Three
types of spectrum filters are employed in the simulations, which have a Gaussian-shaped profile,
super-Gaussian-shaped profile, and sinusoidal-shaped profile, respectively. With the Gaussian-
shaped filter, the pulse breaking-up process is discussed. The super-Gaussian-shaped filter and
the sinusoidal-shaped filter have two different formation mechanisms for noise-like pulses and
are revealed. In addition, with the sinusoidal-shaped filter, dissipative solitons of different central
wavelengths are achieved.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Passively mode-locked fiber lasers have been extensively investigated and greatly developed in
the past two decades for their compactness, efficiency and high beam quality. They are now
widely applied in many areas such as communication, spectroscopy, supercontinuum generation,
frequency comb generation, optical sensing, etc. In order to achieve mode-locking pulses with
higher single pulse energy, different types of pulse regimes have been explored, which mainly
include conventional solitons [1], stretched pulses [2], similaritons [3], dissipative solitons (DS)
[4], dissipative soliton resonance (DSR) [5] and noise-like pulses (NLP) [6,7]. For conventional
soliton pulses and stretched pulses, the pulse energies are confined due to the soliton inherency.
In similariton lasers, a dispersion delay line, such as a pair of gratings, is usually needed to make
the pulses satisfy the condition of self-reproduction. DSR and NLP are generally considered
as wave-breaking free. At the expense of pulse duration expansion, their pulse energies can be
improved to an appreciable level. However, both of them can hardly be compressed. By now,
dissipative soliton lasers play a dominant role in achieving high energy ultrashort pulses.

Dissipative solitons with single pulse energies more than 10 nJ could be obtained in all-normal
dispersion (ANDi) fiber lasers via various mode-locking techniques such as nonlinear polarization
(NPR) [8], semiconductor saturable absorber mirror (SESAM) [9] and nonlinear loop mirrors
(NOLM) [10,11]. However, under strong pump strength, the DS may either break up or evolve
into NLP, thus the achievable single pulse energies for DS are limited. In order to obtain DS with
higher single pulse energies, the mechanisms leading to pulse breaking-up and NLP need to be
circumvented. Based on theoretical investigations, some previous researches have pointed out that
spectral filtering is closely related to the formations of multi-pulse regime and the noise-like pulse
regime [12–16]. In these corresponding researches, the spectrum filters were usually assumed to
have transmission curves of a Gaussian profile. The impact of the shape of the filter transmission
curve were not especially tended. However, in the experiments, several types of spectrum filters
with different transmission curves are often used. For example, except for the Gaussian-shaped
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filter, bandpass filters made by grating pair and knife edges [17] may have super-Gaussian-shaped
profiles whereas the birefringent filters [18] generally have sinusoidal-shaped profiles.
In this article, the impact of the shape of the filter profiles on the pulse breaking-up and

noise-like pulse generation in ANDi fiber lasers are theoretically researched. Three types
of profiles are employed in the simulations: Gaussian-shaped, super-Gaussian-shaped, and
sinusoidal-shaped, respectively. The research may provide deeper understandings of the pulse
dynamics in the ANDi fiber lasers and might also offer new perspectives to view how to achieve
DS with high single pulse energies.

2. Theoretical model

A typical Yb-doped mode-locked ANDi fiber laser is considered as schematically shown in Fig. 1.
The simulated system contains one segment of Yb-doped single mode fiber, three segments of
undoped single mode fiber, a saturable absorber (SA), an output coupler (OC) and a spectrum
filter (SF).

Fig. 1. Schematic of the simulated mode-locked ANDi Yb-doped fiber laser. SMF: single
mode fiber; YDF: Yb-doped fiber; SA: saturable absorber; OC: output coupler; SF: spectrum
filter. L1, L2, L3 and Lg are the lengths of different fiber segments.

To model the pulse evolution in fibers, the complex nonlinear Ginzburg-Landau equation is
used:
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where A is the electric envelope of the pulse; β2 and γ are the group velocity dispersion (GVD)
coefficient and nonlinear coefficient of the fiber, which are set to 18 × 10−3 ps2/m and 2.6 × 10−3
W−1m−1 for both the active and passive fiber; g represents the saturable gain of the fiber. The last
term of Eq. (1) is related to the gain bandwidth limitation. The gain curve has a parabolic shape
with a maximum value of g. In Ref [19]., Ωg is treated as the gain bandwidth while the 3 dB
(FWHM) bandwidth is

√
2Ωg. In the simulation, Ωg is set to 20 nm. The saturable gain g could

be expressed as

g = g0 exp
(
−

E
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)
(2)

Here, g0 is the small signal gain coefficient; Esat is the gain saturation energy; E is the intracavity
pulse energy. For the active fiber, g0 is 8 m−1 while for the passive fibers g0 is set to 0 m−1. The
gain saturation energy is variable so that the pump strength can be adjusted.
SAs can be classified as artificial SAs and physical SAs. An artificial SA refers to a system

composed of several devices that are able to provide a saturable absorption effect and is usually
employed for studying mode-locked fiber lasers utilizing NPR or NOLM techniques. A physical
SA is usually a single device or a kind of material, such as SESAM, graphene, carbon nanotube
and so on. In our simulation, the physical SA is used, whose transmission function can be
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expressed as

TSA = 1 −
[
αns + α0/

(
1 +
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PSA

)]
(3)

where αns and α0 are the non-saturated loss and modulation depth; PSA is the saturation power.
The values of the three parameters are set to 5 %, 40 %, and 100 W, respectively. The output
ratio of the OC is set to 20 %.

SFs with three different types of transmission curves are employed, which are Gaussian-shaped,
super-Gaussian-shaped and sinusoidal-shaped curves, respectively. The Gaussian-shaped SF is
modeled as

T = Tmax exp
[
−
(λ − λ0)

2
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]
(4)

in which Tmax is the maximum transmissivity of the SF. ∆λ is the FWHM bandwidth. λ0 is
the central wavelength of the filter. The model of the super-Gaussian-shaped SF can be simply
revised from Eq. (4), expressed as

T = Tmax exp
[
−
(λ − λ0)

2m
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]
, m>1 (5)

In our simulation, m is set to 25. Correspondingly, its FWHM bandwidth is about 0.855 ∆λ.
Because of the sharp edges, 0.855 ∆λ could also be considered as the distance between the
leading edge and the trailing edge of the transmission curve. The mathematic expression of the
sinusoidal-shaped SF could be written as
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Tmin is the minimum transmissivity of the sinusoidal-shaped filter; φ is a variable phase used for
shifting the transmission curve. Since the transmission curve is a periodic function, it actually
has no FWHM bandwidth. Here, we can define the half period as the FWHM bandwidth, which
is ∆λ/2.355. Figure 2 is a brief illustration of the transmission curves. In the simulation, Tmax
and λ0 are set to 99% and 1038 nm for all the three types of SFs.

Fig. 2. An illustration of the transmission curves of the filters.

To simulate mode-locking, the pulse tracking technique is adopted [20]. Briefly, the simulation
starts with an injected arbitrary weak pulse, which circulates in the ring cavity till a steady state
is established. Here, the arbitrary weak pulse is given as a chirp-free sech-shaped pulse with 10
ps pulse duration (3 dB) and 5 × 10−6 pJ single pulse energy.

3. Simulation results and discussions

In the simulation, it is discovered that when the pump strength is improved and/or the filter
bandwidth decreases: (1) for the Gaussian-shaped filter, DS tend to split into multiple pulses; (2)
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for the super-Gaussian-shaped filter, NLP are more favored; (3) for the sinusoidal-shaped filter,
multiple DS with different central wavelengths or NLP may occur. The simulation results will be
detailedly discussed in next subsections.

3.1. DS in single-pulse regime with different filters

To have a better understanding of the formations of the multi-pulse regime and the noise-like
pulse regime, it is necessary to investigate how DS vary with pump strength and filter bandwidth
within the single-pulse regime. Keeping the fiber laser operating in the single-pulse state, we
measured the pulse energy, pulse duration, peak power and spectral width of the output pulses
from the OC under different filter bandwidths and pump strengths. Figures 3(a) and 3(b) exhibit
the simulation results corresponding to the Gaussian-shaped filter and the super-Gaussian-shaped
filter, respectively (the simulation results of the sinusoidal-shaped filter are similar to the
Gaussian-shaped filter, therefore is not exhibited here).

Fig. 3. Single pulse energy, peak power, pulse duration and spectrum width of the
output pulses from the OC under different filter bandwidths and pump strengths for the
Gaussian-shaped and super-Gaussian-shaped filter. (a) Gaussian-shaped filter; (b) super-
Gaussian-shaped filter.

Basically, the impact of the SF on DS mode-locking includes three aspects: firstly, the SF
modulates the pulse spectrum; secondly, the SF introduces a spectrum-related loss to the pulse;
lastly, due to the approximately monotonous positive-chirp of DS [4], the SF could also narrow
the pulse envelope when filtering the spectrum.
For the Gaussian-shaped filter, when ∆λ is increased, the loss induced by the SF decreases,

hence the pulse energy increases (see Fig. 3(a1)). Meanwhile, the pulse-narrowing-ability of the
SF weakens, therefore the pulse duration goes up (see Fig. 3(a2)), which then results in peak power
declining (see Fig. 3(a3)). Since lower peak power causes less nonlinear phase accumulation, the
spectrum width also declines (see Fig. 3(a4)). When the pump strength changes, from a cursory
perspective, all the four parameters show positive correlations with the pump strength. As for the
distortion in Fig. 3(a2) that in some areas the pulse duration increases with the improvement
of the pump strength, it could be attributed to the stronger pulse broadening effect (caused by
dispersion) resulted from the wider spectrum.
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For the super-Gaussian-shaped filter, because its transmission curve has a nearly flat top,
the effect of the SF can be quite slight if the spectrum width is narrower than about 0.855 ∆λ.
Therefore, in Fig. 3(b) all the four parameters barely vary versus ∆λ. But when the pump strength
is improved, all these four parameters increase. Though the super-Gaussian-shaped filter seems
insignificant here, it could actually prevent the spectrum and the pulse envelope from infinitely
growing wide, which is essential for stabilizing the mode-locking the ANDi fiber laser.

3.2. DS breaking up with Gaussian-shaped filter

Because of the nearly monotonous chirp of DS, the Gaussian-shaped filter could impose an
attenuation on the pulse, which is related to the pulse spectrum width. Hence, the final achievable
single pulse energy of a dissipative soliton is limited by the filter. If the filter bandwidth is too
narrow and/or the pump strength is too strong, making the pulse energy drop far below the gain
saturation energy, a strong extra gain will occur. The strong extra gain can amplify some small
signals such as background noises into sub-pulses, making the dissipative soliton break up. In
short, the two key points for the dissipative soliton breaking-up are strong extra gain and small
signals to be amplified.

Figure 4 describes a dissipative soliton breaking-up process (see Visualization 1). Esat is fixed
at 2500 pJ; ∆λ is firstly set to 15 nm to obtain a stable dissipative soliton mode-locking state,
then changed to 10 nm to achieve the pulse breaking-up. During the pulse evolution, if the pulse
does not match with the laser cavity, the pulse will keep shaping itself to meet the requirement of
self-reproduction. In this process, the pulse will keep emitting dispersive waves (see Figs. 4(c)
and 4(e)) into the background. Here, the dispersive waves are mainly generated by spectrum
filtering. These dispersive waves will may fade away or be amplified by the extra gain. Once
being amplified to a considerable level, pulse breaking-up happens (see Figs. 4(f) and 4(g)).
After the pulse breaking up, the total intracavity pulse energy will slightly increase, then the extra
gain decreases and may not support amplifying small signals anymore, which stops further pulse
breaking-up.
It is worth noting that in Fig. 4 the main pulse disappears at last. This is because the main

pulse has larger chirp than the sub-pulses due to more nonlinear phase accumulation in previous
iterations (see Fig. 4(f)). Thus, the main pulse experiences more attenuation at the SF, which
makes it tend to lose in the gain competition with the newly generated sub-pulses, leading to
its degeneration. However, if the pump strength is strong enough, the main pulse could be
amplified again, which is actually the situation that a dissipative soliton breaks up into three
pulses. Figure 5 (see Visualization 2) shows the degeneration and the regeneration of the main
pulse. The simulation setting for Fig. 5 is the same as Fig. 4 except that Esat is improved to 4000
pJ. To conveniently compare the spectrum width, the Wigner distribution is utilized here.

3.3. NLP generated with super-Gaussian-shaped filter

From Fig. 3(b), it could be found out that when the super-Gaussian-shaped filter is used, as
long as the pulse spectrum width is narrower than 0.855 ∆λ, the intracavity pulse energy will
remain either close to or higher than the gain saturation energy, which means that there is
no much extra gain in the cavity. Without strong extra gain, the multi-pulse state can hardly
occur. On the other hand, if the pump strength is strong enough and/or the filter bandwidth
is small enough, the spectrum width will exceed 0.855 ∆λ, extending out the edges of the SF
transmission curves. Under this circumstance, the fiber laser tends to operate in the noise-like
pulse regime. A noise-like pulse is generally considered as a wave packet that contains a lot
of random fine structures or sub-pulses within it. Its intensity autocorrelation (IAC) trace is
two-scaled, consisting of a pedestal and a spike. The widths of the pedestal and the spike indicate
the width of the wave packet and the average width of the sub-pulses inside the wave packet,

https://doi.org/10.6084/m9.figshare.11886738
https://doi.org/10.6084/m9.figshare.11886786
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Fig. 4. A dissipative soliton breaks up into two pulses via changing the filter bandwidth
from 15 nm to 10 nm with a gain saturation energy of 2500 pJ. (a) Pulse evolution in log
scale; (b-g) pulse envelops in log scale and corresponding chirps at different roundtrips.
(See Visualization 1)

Fig. 5. Wigner distributions with pulse envelopes and spectra at different roundtrips. The
main pulse degenerates firstly, then it is amplified again and finally leads to the three-pulse
state. (See Visualization 2)

https://doi.org/10.6084/m9.figshare.11886738
https://doi.org/10.6084/m9.figshare.11886786
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respectively; the ratio of the spike to the pedestal is related to the density of sub-pulse that a
larger ratio usually means a smaller sub-pulse density [21].
Setting Esat to 4000 pJ and ∆λ to 6 nm, NLP could be generated as shown in Fig. 6 (see

Visualization 3). The pulse envelope, pulse chirp, and spectrum are all chaos-like (see Figs. 6(c)
and 6(d)). The IAC trace of the pulse is two-scaled (see Fig. 6(e)), composed of a wide pedestal
and a narrow coherent spike, which exhibits the typical shape of the IAC trace of NLP.

Fig. 6. NLP generated with the super-Gaussian-shaped filter. (a) and (b) 3D colormap
surfaces and corresponding projections of the evolutions of the pulse envelope and spectrum;
(c) pulse envelope with chirp; (d)spectrum; (e) IAC trace of the output pulse at the 1000th

simulation roundtrip. (See Visualization 3)

To figure out how the SF affects the noise-like pulse generation, the pulses at the 33th−36th

roundtrips where the noise-like pulse starts to form are sliced out to observe the pulse envelopes
and spectra before and after the SF. The results are depicted in Fig. 7. The modulation of
the SF on the pulse envelope could be calculated by convoluting the pulse envelope with the
inverse Fourier transformation (IFT) of the filter transmission curve. Considering that the filter
transmission curve resembles a gate-function, its IFT should be similar to a sinc-function which
consists of a main peak and many sidelobes. Because of these sidelobes, in Fig. 7(a) it could be
determined that when the pulse passes through the SF, some fluctuations are introduced to the
pulse envelope. The fluctuations are then enhanced over and over every time the pulse passing
through the SF. With more and more fluctuations introduced, the pulse envelope eventually
becomes chaotic-like. We believe this is the main reason why the noise-like pulse is generated.
On the other hand, because of the self-phase modulation effect, there are fluctuations generated
in the pulse spectrum (see Fig. 7(b)), too. However, having a flat top in the transmission curve,
the SF can hardly suppress these spectral fluctuations, which eventually leads to a chaotic-like
spectrum. This may also contribute to noise-like pulse formation.

Fig. 7. Pulse envelopes and spectra before and after the modulation of the super-Gaussian-
shaped filter at the 33th−36th roundtrips. (a) Pulse envelopes; (b) pulse spectra.

https://doi.org/10.6084/m9.figshare.11886744
https://doi.org/10.6084/m9.figshare.11886744
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Furthermore, the influences of the variation of the super-Gaussian-shaped filter bandwidth on
the noise-like pulse state are investigated. Figure 8 depicts the pulse envelopes, spectra and IAC
traces of the output pulses at 500th roundtrips, corresponding to ∆λ = 4, 6, 8, 10 and 12 nm,
respectively. Figure 8(b) clearly shows that the spectrum range grows wider with the increase
of ∆λ. Meanwhile, since super-Gaussian-shaped filter with larger bandwidth introduces fewer
fluctuations on the pulse envelope, the pulse gradually turns into non-NLP as is described in
Fig. 8(a), which then results in the spike of the IAC trace becomes more and more inconspicuous
as exhibited in Fig. 8(c). For ∆λ of 8 and 10 nm, their pulse envelopes shown in Figs. 8(a2)–8(a3)
are obviously less noise-like than in Figs. 8(a4)–8(a6) with ∆λ of 2, 4 and 6 nm; for ∆λ of
12 nm, the generated pulse is a dissipative soliton rather than a noise-like pulse. On the other
hand, the variation of the filter bandwidth could also affect the duration of the sub-pulses within
the noise-like pulse. According to our previous research [17], the wider the noise-like pulse
spectrum is, the narrower the sub-pulses within the noise-like pulse can be. This trend can be
seen in Figs. 8(a4)–8(a6) as well, which is consistent with the variation of the spike width in
Fig. 8(c4)–8(c6), in which the spike widths for ∆λ of 2, 4 and 6 nm are about 1520 fs, 820 fs and
680 fs, respectively.

Fig. 8. Pulse envelopes, spectra and IAC traces of the output pulses at 500th roundtrips
corresponding to ∆λ of 4,6,8,10 and 12 nm, respectively. (a) Pulse envelopes; (b) pulse
spectra; (c) IAC traces.

3.4. Dual-wavelength DS and NLP generated with sinusoidal-shaped filter

Due to more adjustable parameters, the mode-locking results with the sinusoidal-shaped filter are
versatile. In this subsection, we only focus on the dual-wavelength DS and NLP. The sinusoidal
transmission curve has multiple peaks, which make it possible for DS with different central
wavelengths to survive in the cavity. For example, setting ∆λ= 20 nm, Esat = 2000 pJ, Tmin = 0
and φ = π, we could obtain two DS with different central wavelengths. Figure 9 shows their
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Wigner distributions together with the pulse envelopes and spectra. Since the two DS have
different central wavelengths, their group velocities also differ from each other, which brings
about pulse collision. It seems that the pulse collision barely affects the mode-locking stability
but will generate interference fringes in the time domain which can be found in Fig. 9(c). For
Fig. 9 (see Visualization 4), it should be noticed that when the pulse steps out the time window
from one side, it will enter the time window simultaneously from the other side, because there
is no absorber layer in the simulation. We believe this is reasonable, which just matches the
assumption of the ring cavity except that the time window is much narrower than the actual cavity
roundtrip time.

Fig. 9. Wigner distributions, pulse envelopes and spectra of the dual-wavelengths DS at
different roundtrips. (See Visualization 4)

If ∆λ is decreased and Esat, Tmin are increased, dual-wavelength DS can no longer be achieved
while the noise-like pulse is generated instead. For instance, setting ∆λ= 5 nm, Esat = 8000
pJ, Tmin = 0.9 and φ = π, noise-like pulse mode-locking is obtained as is shown in Fig. 10. In
order to figure out how the noise-like pulse is generated, the pulses at the 50th ∼120th simulation
roundtrips are sliced out and their Wigner distributions are calculated, which are depicted in
Fig. 11 (see Visualization 5). One can notice that in Figs. 11(a)–11(d), the pulse exhibits several
obvious peaks with different central wavelengths, which should be caused by the multiple peaks
in the filter profile as well as the formation of the dual-wavelength DS. Due to different group
velocities, these peaks gradually walk off from the center of the pulse. Meanwhile, new peaks
are generated at the center. With the increase of the pulse energy, the peaks become wider and
higher. Thereafter, interferences between these peaks happen, which bring about interference
fringes in the time domain (see Fig. 11(h)). These interference fringes should be the origin of
the noise-like pulse. Moreover, the variation of spectrum component near the pulse center (see
Figs. 11(b)–11(g)) indicates the energy exchanges between these peaks.

Fig. 10. NLP generated with a sinusoidal-shaped filter. (a) and (b) 3D colormap surfaces
and corresponding projections of the evolutions of the pulse envelope and spectrum; (c)
pulse envelope with chirp; (d)spectrum; (e) IAC trace of the output pulse at the 1000th

roundtrip. (See Visualization 5)

https://doi.org/10.6084/m9.figshare.11886747
https://doi.org/10.6084/m9.figshare.11886747
https://doi.org/10.6084/m9.figshare.11886735
https://doi.org/10.6084/m9.figshare.11886735
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Fig. 11. Wigner distributions with pulse envelopes and spectra of the NLP at 50th ∼120th

roundtrips. (Also see Visualization 5)

It could be found that the continuous interference between the multiple peaks plays a dominant
role in the generation of NLP. Further simulations indicate that there are two main requirements
for the sinusoidal-shaped filter for making the continuous interference happen: first, ∆λ should be
small to bring the peaks close enough in both time domain and frequency domain (or wavelength
domain) so that different peaks could have time-domain overlapping for interference, and will
not be stopped by the severe walking-off effect caused by large center wavelength differences
between different peaks; second, Tmin needs to be large for imposing less attenuation to the joints
of different peaks in frequency domain (or wavelength domain), in order to let the joints, which
is also where the time-domain interference happens, survive in the iterations.

4. Conclusions

Spectrum filters with Gaussian-shaped profile, super-Gaussian-shaped profile and sinusoidal-
shaped profile are employed in the simulations to investigate the impact of spectrum filtering
on the pulse evolutions in an ANDi fiber laser. The Gaussian-shaped filter can introduce an
attenuation related to the pulse spectrum width, which limits the pulse energy and generates
extra gain. When background noises are amplified by a strong extra gain, the DS break up.
The super-Gaussian-shaped filter barely affects the DS if the pulse spectrum width is much
narrower than the filter bandwidth. However, the sharp edges in the transmission profile of the
super-Gaussian-shaped filter are able to induce fluctuations in the pulse envelope and trigger the
generation of NLP. For the sinusoidal-shaped filter, due to the multiple peaks in the transmission
curve, DS with different central wavelengths can be generated. Under some circumstances,
a single pulse with multiple peaks can be generated instead of the DS and these peaks could
interfere with each other, which finally makes the pulse evolve into NLP.
The simulation results also indicate that to achieve DS with higher single pulse energies in

ANDi mode-locked fiber lasers, from the point of view of spectral filtering, spectrum filters with
larger bandwidths are preferred: for the Gaussian-shaped filter, the extra gain induced by the
filter could be decreased so that DS are not easy to break up; for the super-Gaussian-shaped filter,
the fluctuations introduced by the sharp edges of the filter to pulse envelope could be alleviated,
which makes it harder for DS turning into NLP; for the sinusoidal-shaped filter, not only the
extra gain is weakened, but also the NLPs generated from the multiple peaks could be avoided,
therefore dissipative soliton break up and NLP generation can both can be suppressed.

https://doi.org/10.6084/m9.figshare.11886735
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