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Abstract

In this study, we demonstrate the generation and observation of noise-like pulses (NLPs)
with unique pulsating characteristics in an ultrafast fiber laser. Furthermore, these NLPs
display distinct periodic intensity modulation during temporal evolution, and the corre-
sponding shot-to-shot spectra based on the dispersive Fourier transform (DFT) method
exhibit chaotic characteristics with random variable envelopes in each period. Notably, the
pulsating period of these NLPs decreases with the increment of pump power. Moreover,
both the average output power and pulse energy show a clear linear growth trend as the
pump power is raised. Numerical simulations are further conducted to validate these
experimental findings. This work will enrich the study of NLPs and pulsation dynamics
and provide valuable insights for the development of ultrafast fiber lasers.
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1. Introduction
Passively mode-locked fiber lasers (PMLFLs) have emerged as a pivotal platform

for generating ultrashort optical pulses with exceptional stability, compact structure, and
robust operation [1]. Furthermore, PMLFLs have become indispensable for underpinning
critical applications, such as industrial micromachining, medical surgery, and optical
communications [2–4]. Equally important, these lasers can serve as versatile testbeds
for exploring nonlinear phenomena and soliton dynamics [5,6], further reinforcing their
central position in ultrafast photonics. Typically, under the interplay of nonlinearity,
dispersion, loss, and gain, fiber lasers can achieve various stable mode-locking regimes that
emit ultrashort pulses with a fixed repetition rate, such as conventional solitons (CS) [7],
dissipative solitons [8], and harmonic pulses [9]. However, under specific parameter
conditions, the steady state of the system is disrupted, leading to various unstable pulse
outputs [10], soliton rains [11], noise-like pulses (NLPs) [12], rogue waves [8,13], soliton
explosions [14,15], and pulsating solitons [16]. In the pulsating regime, the pulse energy
and peak power of solitons oscillate periodically, presenting a complex and intricating
landscape of transient dynamics [17,18]. Furthermore, theoretical studies predict that the
pulse energy of pulsating solitons can vary by more than two orders of magnitude within a
single pulsation cycle, thereby providing a potential pathway to high-peak-power pulse
generation in ultrafast laser systems [19].
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Soliton pulsation is a classic example of non-stationary oscillatory pulse structures
in ultrafast fiber lasers. In recent years, leveraging the dispersive Fourier Transform
(DFT) technology, researchers have gained extensive insight into the transient dynamics
of these solitons [20–22]. Pulsating solitons generally correspond to periodic attractors in
dissipative systems, acting as the transitional state between stationary solitons and chaotic
pulses [20]. By exploring the complex Ginzburg–Landau equation (CGLE), a variety of
pulsating phenomena have been theoretically predicted or investigated [23–25]. He et al.
investigated the influence of gain dynamics on pulsating solitons is numerically based
on generalized CGLE [19]. Afterwards, Wang et al. demonstrated the soliton pulsating
dynamics in an L-band PMLFL via the DFT technique, finding that these pulsations have
typical features, such as energy oscillation, bandwidth breathing, and temporal shift [21].
Although pulsating solitons have already been reported in experimental and numerical
studies, noise-like pulses (NLPs) with pulsating characteristics remain largely understudied.
Notably, the synergy between the broadband high-energy bursts of NLPs and the periodic
energy oscillation of soliton pulsation will offer a promising route to surpassing the energy
ceiling of conventional ultrashort pulses.

In this work, we experimentally report the generation and observation of pulsating
NLPs in an ultrafast fiber laser based on a nonlinear polarization rotation (NPR) structure.
By properly tuning the intracavity polarization state and pump power, the stable soliton
pulses and NLPs with pulsating characteristics are achieved at proper condition. By
utilizing DFT-based real-time analysis of transient dynamics, it can be found that the
pulsating NLPs exhibit significant periodic variations in spectral energy. Within each
period, the pulse envelope comprises numerous sub-pulses with random intensities and
envelopes, revealing its intrinsic chaotic properties. When the pump power is adjusted, the
corresponding pulsating period varies significantly. Additionally, numerical simulations
are conducted to verify the experimental findings. These results substantially enrich the
research on NLP dynamics and hold significant value for advancing ultrafast fiber lasers
and the broader field of pulsating NLP dynamics.

2. Experimental Setup
The schematic diagram of the PMLFL is shown in Figure 1. To provide sufficient

gain, a 1-m-long erbium-doped fiber (nLIGHT Liekki Er80-8/125, EDF, Vancouver, WA,
USA) serves as the gain medium, pumped by a 980 nm laser diode. This EDF exhibits
a small-signal gain of approximately 0.84 [26], and its third-order dispersion coefficient
is about 0.12 ps3/km at 1560 nm [27]. The pump light is coupled into the cavity via a
wavelength-division multiplexer (WDM). Mode locking is achieved through the NPR
structure, which comprises two polarization controllers (PCs) and an in-line polarizer (ILP).
Additionally, a polarization-independent isolator (PI-ISO) is inserted into the cavity to
ensure unidirectional laser propagation. A 30% port of an optical coupler (OC) is used
for laser output. It is worth noting that all pigtails of these components are standard
single-mode fibers (SMFs). The total cavity length is about 11.88 m, and the net cavity
dispersion is about −0.27 ps2, estimated based on the dispersion coefficients of the EDF and
SMF at 1550 nm (−20 ps2/km and −23 ps2/km, respectively). The output characteristics
are monitored using an optical spectrum analyzer (Yokogawa, AQ6370D, Tokyo, Japan),
a 4 GHz high-speed oscilloscope (Rohde and Schwarz, RTP044, Munich, Germany)), a
radio-frequency (RF) spectrum analyzer (Siglent, SSA5023A, Shenzhen, China), and a
commercial autocorrelator (APE-150, Pulsecheck, Berlin, Germany).
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Figure 1. Schematic of the mode-locking fiber laser.

3. Results and Discussion
When the pump power is set to 41 mW and the PCs are finely adjusted to an appro-

priate state, the stable mode-locked operation can be obtained, as illustrated in Figure 2.
Figure 2a presents the measured optical spectrum with a central wavelength of approximately
1566.26 nm and a 3-dB bandwidth of about 6.8 nm. The clear Kelly sidebands appear on
both sides of the spectra, indicating that the laser operates under anomalous dispersion. The
temporal pulse trains are shown in Figure 2b, exhibiting a pulse-to-pulse interval of ~59.4 ns,
which is consistent with the cavity length. To ensure the clarity and stability of the RF
signals, the scan width and the resolution bandwidth of the RF spectrum analyzer are set to
1 MHz and 100 Hz, respectively. The corresponding result is depicted in Figure 2c, showing
a sharp peak at the repetition frequency of 16.83 MHz with a signal-to-noise ratio (SNR)
exceeding 48 dB. This not only matches the cavity round-trip frequency but also confirms
low-noise operation. Furthermore, a segment of the dispersion-compensating fiber (DCF) is
employed as the dispersive element for DFT measurement, providing a spectral resolution
of approximately 0.774 nm. The corresponding DFT monitoring results are presented in
Figure 2d, which plots a two-dimensional (2D) successive spectrum over nearly 3500 cavity
roundtrips (RTs). A bright and broad stripe is visible at the central wavelength of 1566 nm,
surrounded by three weaker narrow bands that are marked with white dashed lines. Their
intensities decrease sequentially from “a” to “c”, corresponding precisely to the three spectral
peaks (“a”, “b”, and “c”) observed on the spectrum, as shown in Figure 2a. The distinct
correspondence in both intensity and position confirms that the DFT process effectively
resolves the real-time spectral features. In addition, the output power of the laser is measured
to be approximately 2.1 mW, corresponding to the average pulse energy of about 0.12 nJ.

NLPs, as a common phenomenon in the passively mode-locked fiber lasers, can be
generated under high-gain conditions, and their characteristics and formation mechanisms
have been extensively investigated [12,28]. Benefiting from sufficient gain of the used gain
fiber, by gradually increasing the pump power to 413 mW and appropriately changing the
paddles of PCs, the NLPs regime is achieved, as depicted in Figure 3. Figure 3a displays
the optical spectrum. In contrast to the result in Figure 2a, the spectrum undergoes rapid
broadening with the sidebands being suppressed, yielding a smooth spectral profile. The
central wavelength is approximately 1562.54 nm with a 3 dB bandwidth of 11.76 nm. The
slight shift in the central wavelength is primarily attributed to the inherent filtering effect in
the NPR mechanism [29]. Notably, Figure 3b displays pulse trains of approximately 80 µs,
accompanied by intense periodic oscillations, suggesting that the NLPs possess pulsating
properties. The inset confirms that the interval between adjacent pulses is about 59.4 ns.
The RF spectrum reveals a symmetric noise pedestal on both sides of the fundamental
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frequency (~16.83 MHz) peak, as illustrated in Figure 3c. The SNR of the central peak
is about 54 dB, indicating that the operation maintains relative stability. In addition, the
autocorrelation trace, shown in Figure 3d, features a sharp peak of ~7.36 ps in width sitting
on a broad pedestal of ~117.7 ps. These observations are basically consistent with the
typical characteristics of NLPs [30,31].

Figure 2. Characteristics of mode-locking state at 41 mW. (a) Optical spectrum. (b) Pulse trains. (c) RF
spectrum. (d) Two-dimensional shot-to-shot spectra.

Figure 3. Characteristics of special NLPs at 413 mW. (a) Optical spectrum. (b) Pulse trains over
80 µs (inset: the details of the pulse trains in the small-time window). (c) RF spectrum. (d) The
autocorrelation trace.
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To investigate deeper into the pulsation characteristics of NLPs, the corresponding
shot-to-shot spectra are measured by using the DFT technique. Figure 4 reveals the temporal
and spectral evolution of the pulsating NLPs at a pump power of 413 mW. Figure 4a presents
the temporal evolution of the pulse over 1000 cavity roundtrips. It is evident that the pulse
intensity undergoes a transition from a maximum to a minimum after a certain number of
roundtrips and then recovers after the same numbers. The period of fluctuation is about
165 roundtrips, corresponding to a time length of 9.801 µs. According to the principle of
Fourier transform, this time length basically matches the frequency spacing (~102 kHz)
between the central peak and the pedestal observed in Figure 3c. This characteristic
further confirms the pulsating properties of the output pulses [16,32]. Figure 4b shows the
shot-to-shot spectral evolution over the consecutive cavity roundtrips, exhibiting obvious
breathing behaviors with periodic oscillation. Notably, the spectral evolution follows a
periodic envelope with random intensity fluctuations in the spectrum, suggesting that
these pulses are composed of numerous sub-pulses with randomly varying intensities, that
is also a signature of their chaotic property. Additionally, the intracavity pulse energy is
evaluated, as shown in the inset. The energy curve in white exhibits localized fluctuations
with distinct variations in the maximum and minimum values across successive roundtrips.
This behavior can be ascribed to the formation of pulse packets composed of randomly
varying sub-pulses. Actually, the wavelength-dependent gain saturation plays a significant
role in the periodic oscillation of energy [33].

Figure 4. Characteristics of pulsating NLPs at 413 mW. (a) Two-dimensional pulse evolutions and
(b) two-dimensional spectral evolutions (inset: the evolution of the average energy within the cavity)
over 1000 roundtrips (RTs).

With the intracavity angles of PCs fixed, the dependence of the pulsation characteristics
of NLPs with pump power is investigated, as illustrated in Figure 5. Figures 5a and 5b
present the detailed 3D spectral evolution at pump powers of 613 mW and 913 mW,
respectively. The pulsation period is approximately 127 cavity roundtrips at 613 mW,
corresponding to a temporal interval of ~7.54 µs. The corresponding RF spectrum, shown
in Figure 5c, shows a frequency spacing of ~132 kHz, which agrees with the pulsation
period. When the pump power is increased to 913 mW, the pulsation period decreases
to about 107 roundtrips, equivalent to ~6.36 µs. This observation is consistent with the
frequency spacing of the RF spectrum presented in Figure 5d. In addition, the SNRs of the
peaks in Figure 5c,d both exceed 60 dB, indicating the good stability of the pulsating NLPs.
Figure 5e,f clearly demonstrates that with increasing pump power, both the intensity and
the pedestal width of the autocorrelation traces increase significantly. This indicates that
the average output power and the temporal duration of the NLP packets become larger.
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Furthermore, the relationships among pulsation period, average output power, and pulse
energy with pump power are depicted in Figure 6. Figure 6a reveals that the pulsation
period decreases continuously with increasing pump power, while Figure 6b shows that
both the average output power and pulse energy increase nearly linearly with pump power.
Notably, due to the intrinsic nature of NLPs, the pulse energy corresponds to the average
energy of the pulse packet formed by lots of sub-pulses, calculated from the average
output power and the repetition rate. The maximum average output power achieved
is approximately 59.9 mW, corresponding to an average pulse energy of about 3.56 nJ.
To verify the stability of the pulse output, continuous two-hour periodic measurements
of the average output power were conducted, with the results shown in Figure 7. The
overall power level exhibits a favorable trend, demonstrating the relative stability of the
laser system.

Figure 5. Three-dimensional spectral evolution over 300 roundtrips (RTs) at (a) 613 mW and
(b) 913 mW, (c,d) corresponding to the measured RF spectrum and (e,f) the autocorrelation trace.
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Figure 6. (a) The period of pulsating NLPs and (b) average output power and output energy with
different pump powers.

Figure 7. The output power over time at a pump power of 1013 mW.

4. Numerical Simulation
Numerical simulations of the laser operation are conducted to further qualitatively

reconstruct the NLPs with pulsating characteristics. The numerical model is established
using the generalized nonlinear Schrödinger equation (GNLSE) [25]:

∂A
∂z

= − iβ2

2
∂2 A
∂t2 +

g − α

2
A +

g
2Ω2

∂2 A
∂t2 + iγ|A|2 A (1)

Here, A represents the slowly varying amplitude of the pulse envelope, while β2

denotes the second-order dispersion terms. The variable t corresponds to time in a reference
frame that is retarded to follow the pulse’s group velocity. γ is the nonlinear coefficient, α

accounts for cavity losses, and Ω signifies the 3-dB bandwidth of the gain medium. The
saturable gain of the fiber, represented by g, is given by:

g = g0 exp

(
−
∫
|A|2dt
Esat

)
(2)

In this context, g0 represents the small-signal gain, and Esat denotes the saturation
energy of the EDF. When pulses propagate through the passive fiber section, g0 is set to
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zero. Mode-locking in the cavity is achieved through the use of a saturable absorber (SA)
with the following power-dependent transfer function:

T = 1 − α0

1 + |A(t)|2
Isat

(3)

Here, T denotes the transmittance of the saturable absorber (SA), α0 represents the
modulation depth of the SA, and Isat is the saturation power of the SA.

The numerical model is implemented using a standard symmetric split-step Fourier
method. Contributions from dispersion and gain are computed in the frequency domain,
while the nonlinear term is evaluated in the time domain. For these simulations, the initial
field comprises Gaussian random noise modulated by a sech envelope in the time domain.
The parameters used in these simulations are consistent with experimental values. In order
to approximate the experiments, we have chosen the following parameters: Isat = 200 W,
α0 = 0.2, α = 0.2 dB/km, Ω = 50 nm. For the lengths of SMF and EDF, we chose to be
consistent with the experiments: LEDF = 1 m, β2 = −20 ps2/km, and γ = 1.6 W−1 km−1;
LSMF = 10.88 m, β2 = −23 ps2/km, and γ = 1.3 W−1 km−1. For the OC, the output is 30%.

When the g0 and Esat values are set to 1 m−1 and 1 nJ, respectively, the stable single
soliton output can be easily observed, as illustrated in Figure 8. The simulated spectrum
is shown in Figure 8a, which is very similar to the fundamental frequency spectrum
obtained in our experiment. Moreover, the pulse evolution with more than 200 roundtrips
is evaluated, as illustrated in Figure 8b. We can clearly see that after 200 roundtrips, it
remains quite stable. Figure 8c shows the pulse profile. We can see that this is a pure single
pulse with a width in the ps range, similar to what we obtained in our experiment. Finally,
we plotted the energy evolutions as shown in Figure 8d. It remained horizontal throughout
more than 200 cycles, demonstrating its stability.

Figure 8. Simulating single-soliton outputs. (a) Optical spectrum. (b) Pulse evolution. (c) Pulse
profiles. (d) Energy evolutions.
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In the experiment, pulsating NLPs start to appear by increasing the pump power. In
the simulation, changing the small-signal gain g0 is equivalent to changing the pump power
in the experiment [34]. Thus, the NLP state can be obtained at g0 = 5 m−1, as depicted
in Figure 9. Figure 9a shows the spectral evolution over 200 cycles. Clearly, there are
substantial fluctuations on these roundtrip-to-roundtrip spectra, which is a typical spectral
characteristic of the NLPs. To investigate the dynamic characteristics, the corresponding
energy evolutions are evaluated, as displayed in Figure 9b. The energy curve exhibits
a wave-like pattern with periodic variations, suggesting that this pulse operation has
pulsating behaviors. Figure 9c displays the corresponding pulse evolutions. Clearly, it can
be observed that the initial pulse splits into multiple sub-picosecond pulses with randomly
varying intensities and pulse widths through consecutive roundtrips, undergoing a quasi-
stable process accompanied by pulse collapse and destruction. In addition, we have studied
the effect of g0, corresponding to the pump power in the experiment, on the pulsation
period, as illustrated in Figure 9d. It can be seen that the pulsation period decreases as g0

increases, and the rate of decrease also slows down. These theoretical results agree well
with the experimental results in Figure 6a.

Figure 9. Simulating pulsating NLPs. (a) Evolutions of the spectra. (b) Energy evolutions. (c) Pulse
evolutions. (d) Pulsation periods with different small signal gain values.

Numerical simulations reveal that, under appropriate settings of other parameters, the
generation of NLPs and pulsating characteristics are primarily induced by an increase in
the small-signal gain. This indicates that pulsating NLPs arise from the combined effects of
intracavity gain saturation and nonlinear interactions, which manifest through variations
in pump power and polarization state. Specifically, the enhancement of gain, constrained
by the peak-power clamping effect, drives soliton pulses toward splitting [35]. This process
causes the collapse of stable mode-locking and the establishment of an NLP regime with
chaotic properties. On this basis, strong and weak interactions among chaotic solitons may
represent a crucial factor contributing to the onset of pulsation behavior [36,37]. Therefore,



Photonics 2025, 12, 937 10 of 11

with a proper cavity design, considering the balance among various factors (such as gain,
loss, dispersion, and nonlinearity), the generation of pulsating NLPs can be achieved
in experiments.

5. Conclusions
In conclusion, we have investigated the generation and evolution of pulsating NLPs

in an ultrafast fiber laser. By properly increasing the pump power and adjusting the polar-
ization state, the laser can be driven from the stable mode-locked state into the pulsating
NLP regime. The real-time spectral measurements reveal that both the spectrum and pulse
energy of the pulsating NLPs vary periodically, which is a distinctive characteristic of
pulsating solitons. Within a single period, the spectral intensity and wave-packet profile
display irregular fluctuations, reflecting the chaotic property of the NLP state. Further-
more, numerical simulations are performed to analyze the dynamics of the pulsating NLPs,
offering additional theoretical support for the experimental observations. It is reasonable
to conclude that our findings enrich the study of soliton dynamics and pave the way for
further investigations into nonlinear pulse behaviors.
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