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In this paper, we experimentally demonstrate two types of dissipative soliton resonant (DSR) and
noise-like pulse (NLP) in a mode-locked fiber laser using the nonlinear optical loop mirror (NOLM).
By appropriately adjusting the polarization states, the switchable generation of  DSR and NLP can
be achieved from one mode-locked fiber laser. By adjusting the pump power, the pulse width of
DSR increases gradually from 2.45 to 13.35 ns with a constant peak intensity, while the NLP just
has a little increase, even splitting into two narrower pulses at higher pump power. Two types of
DSR and NLP have the same pulse periods of 1.29 μs, corresponding to the cavity length of the
fiber laser. The obtained results display the evolution process of DSR pulse and NLP in mode
-locked fiber laser and have some application in optical sensing, spectral reflectometry, micro-
machining, and other relative domains. 
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1. Introduction

Passively mode-locked (PML) fiber lasers have attracted much attention in recent years,
because of high excellent beam quality, exceptional stability, compact structure, and
cost-efficiency [1]. High energy mode-locked pulses in nanosecond time scales have
attracted considerable attention and are well used in laser micromachining, optical
sensing, optical coherence tomography, optical metrology, and other fields [2–5]. In
the past decade, various techniques have been applied to achieve mode locking, for
example, nonlinear polarization rotation (NPR) [6, 7], nonlinear optical loop mirror
(NOLM) [8, 9], semiconductor saturable absorber mirror [10, 11], nanomaterial-based
saturable absorber [12, 13]. In comparison with the above techniques, NOLM has been
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extensively studied for its excellent nonlinear switching characteristics and high re-
sponse speed. And there are rich phenomena and dynamics relating to PML in fiber
lasers, besides some typical solitons, that still deserve revelation or further investigat-
ing, such as bunched solitons [14], vector solitons [15], bound-state solitons [16], soliton
rains [17], soliton molecules [18], dark soliton [19] and so on.

In the continuous research of complex nonlinear dissipative soliton dynamics, re-
searchers have been looking for the appropriate parameters for the mode-locked fiber
laser to achieve a stable state mode-locking. Dissipative solitons (DSs) are different
from the conventional solitons since they are determined with the balance between pos-
itive nonlinearity effect and anomalous fiber dispersion. The formation of  DS depends
upon gain and loss coexisting in the laser cavity [20, 21]. High energy wave-breaking
-free rectangular pulses in nanosecond time scales have attracted considerable attention
for their pump-scaled pulse energy without pulse splitting. Recently, dissipative solitons
resonances (DSRs) have been investigated in the mode-locking fiber lasers [22, 23].
DSR phenomenon features the generation of a wave-breaking-free flat-top pulse while
almost keeping the amplitude constant with the increasing pump power [24]. The re-
verse saturable absorption played a key role in generating DSR pulses. The pulse width
increases fast with a constant height. The chirp range of the pulse becomes larger be-
cause the duration of the pulse becomes larger as pump power increases. WANG and
coauthors have experimentally demonstrated the generation of DS and DSR pulse with
very strong normal cavity dispersion which exists in a passively mode-locked fiber la-
ser [25]. In a large dispersion cavity fiber laser, it tends easily to generate DSR pulse,
not DS, due to large group velocity delay and reverse saturable absorption of NOLM. 

The polarization state in the fiber cavity can be simply adjusted by the polarization
controller (PC) to optimize the stable operation condition. By the changes in the po-
larization filter effect and the lightwave phase shift different states of the mode-locked
pulses as mentioned above can be generated, where the PC is the switcher. Noise-like
pulse (NLP) is often generated by the mode-locked fiber laser regardless of the cavity
dispersion regime [24, 26–28]. The formation of  NLP is more complicated due to fiber
birefringence, the soliton instability, and so on. Simultaneous generation of two types
of  DSR pulses and NLPs in Yb-doped fiber laser takes place with two composite eight
-like cavities modulated by two different lengths of  NOLM [29]. These different pulses
utilize the same gain fiber and pump source. It is useful for simultaneous observation of
different dynamics of mode-locked pulses. The NLP has some typical characteristics,
like a trail of quasi-stable wave packets of ultrashort sub-pulses and a broader output
spectrum, etc. How, in the process of increasing the single pulse energy, pulses break-
ing could occur owing to the excessive nonlinear phase accumulation in a fiber cavity. 

In this paper, we have investigated the mode-locking operation of fiber laser in a large
normal dispersion regime based on the NOLM. We obtained two types mode-locked
pulses of DSR pulse and NLP. By adjusting the polarization states in one fiber lasers
cavity via PC, we observed the transition from DSR pulse to NLP and the reverse pro-
cess. The performances of two types of pulses with the increase of pump power have
been demonstrated. 
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2. The experimental setup

Figure 1 shows the setup of the passively mode-locked fiber laser used in our experiments.
The fiber ring cavity is mainly composed of double-cladding Yb-doped fiber (YDF),
single-mode fiber, the output coupler, PC and polarization-independent isolator (PI-ISO).
Among them, the Yb-doped fiber (Nufern YDF-5/130) has the absorption coefficient of
~0.6 dB/m at the central wavelength of 915 nm and the group velocity dispersion of
~22.1 ps2/km and a nonlinear coefficient of 0.0048 W–1m–1. The length of the gain fiber
is 10 m, which provides a total absorption of around 6 dB, and the end of the YDF was
spliced with a single-clad traditional fiber to attenuate the residual pump. The pumping
source is a multimode fiber-coupled semiconductor laser with a central output wave-
length of 915 nm which is coupled into Yb-doped fiber via the combiner with a coupling
efficiency measured to be ~80%. The optical intensity in the laser cavity is periodically
modulated by the nonlinear phase shift effect to achieve a stable mode-locking pulse.
So, we used 250 m single-mode optical fiber (C1060) to insert into the NOLM composed
of a 3 dB beam splitter, which is connected to the ring cavity. The coupler ratio of the
3 dB beam splitter was measured experimentally to be 48.7 :51.3. The small ratio dif-
ference of the two beams propagating along the opposite direction in the fiber loop
would have enough phase difference at higher signal power for the NOLM mode-lock-
ing. Another PC here is used to adjust the nonlinear phaseshift effect. The GVD and
nonlinear coefficients of the C1060 fiber are ~21.9 ps2/km and ~0.0075 W–1m–1, re-
spectively. The laser pulse exports through 20% of the 2×1 coupler with a 20:80 ratio.
All pigtails were kept the original length as long as ~1 meter, so the total length of the
laser ring cavity is about 265 m, and the total dispersion of the cavity is approximately
+5.8 ps2, which is an ultra-large all-positive dispersion cavity. 

To synchronously observe the laser pulses characteristics, the output optical signals
are divided into two beams by a 2×1 coupler with a beam splitting ratio of 50:50, and
the waveform, pulse energy, spectrum of the laser pulses are tested by different testing
devices. The laser output was attenuated and measured by a high-speed photoelectric
detector (bandwidth is 3 GHz, the rise time is 130 ps) and digital oscilloscope (LeCroy,

Fig. 1. Structure of the proposed mode-locked fiber laser based on NOLM. 
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7300A, bandwidth is 3 GHz, the sampling rate is 20 GS/s) with the 3 dB coupler con-
nected. We used the spectrometer (Ocean Optics HR4000) to measure pulse spectrum,
used RF spectrum analyzer (GWINSTEK GSP-9330) to analyze the RF characteristics
of the pulses, and used optical fiber power meter (JW3216) to measure average output
power. 

3. Experiment results of different pulsed regimes

3.1. DSR mode-locking pulses

When the pump power is greater than 1.6 W, which is about the threshold power, a stable
square-wave DSR pulse could be achieved with the appropriate orientation of the PCs.
Stable DSR pulses at the pump power of 1.6 W are shown as in Fig. 2. The profile of
a single DSR pulse was measured and presented in Fig. 2a. The pulse has a typical rec-
tangular shape with a width of  2.54 ns. As shown in Fig. 2b, the corresponding output
spectrum has a single peak with a central wavelength of 1077.5 nm and a 3 dB spectral

Fig. 2. Output performances of DSR pulses from Yb-doped mode-locked fiber laser. (a) Single pulse
waveform; (b) spectrum; (c) pulse sequence diagram, inset: wider pulse trains; and (d) radio frequency
spectrum, inset: the scanning range of 50 MHz. 
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bandwidth of 2.1 nm. The pulse spectra show the typical near triangular shape spec-
trum of  DSR pulses. The spectrum indicates the giant chirp of the nanosecond pulses.
Figure 2c presents the corresponding pulse train with the pulse repetition period is
1.29 μs, which is determined by the cavity length of 265 m. The radio frequency spec-
trum is showed in Fig. 2d, it can be seen that the central frequency is ~774.4 kHz, which
is corresponding to the output pulse period in the cavity loop. It is further showed that
the laser operates at the fundamental repetition. The signal-to-noise ratio is up to ~60 dB,
which displays good stability of the laser pulse train. 

We fixed the PC and increased the pump power gradually to further observe the
operating state of the mode-locked fiber laser. The mode-locked pulse evolution with
the increase of pump power is shown in Fig. 3a. The pulse is a rectangular flat-top pulse

Fig. 3. Time domain waveform (a) and the corresponding spectrum (b) evolution diagram of the DSR mode
-locked pulse with different pump powers.
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continually broadens in pulse width, but weakly changes in amplitude. Several pulses
were shown in the figure as the increase of pump power from 1.6 to 3.52 W and the
pulse width increases gradually from 2.54 to 13.64 ns. It can be observed in Fig. 3b
that all the spectra are smooth and the spectral intensity increases obviously as the pump
power increases. 

It can be seen that the duration of the square-wave pulses broadens in a large range
of variation with no splitting of the pulse as the increase of pump power, while the peak
power of the pulses almost keeps constant. We measured the pulse and got a flat tem-
poral intensity trace by using the GRENOUILLE system (Swamp Optics). When the
power changes, the pulse does not split. On the other hand, the corresponding spectra
remain single peak structure with a slight blueshift of the central wavelength with the
increase of pump power, except for the small jitter of the spectra at 3.52 W. The spectral
3 dB bandwidth around 2.1 nm is increased slightly, which is due to more nonlinear
phase accumulations by the self-phase modulation effect. We tried to bend the single
-mode fiber slightly, then the pulse and spectrum have a weak shaking at the same time,
but the rectangular pulse did not split, and the mode-locked state of the rectangular
pulse is maintained unchanged. It is further confirmed that this rectangular pulse is un-
der the operation regime of DSR. This is different from the DS, which is generally
manifested as a narrower Gaussian-shaped profile and a wider M-shaped spectrum with
the spectral bandwidth up to several ten nanometers. In the DSR regime, most energy
stores near the central wavelength, which is forcing the spectrum into a narrower band-
width, while the DSR pulse normally has a rectangular shape in the time domain due
to the lower clamped peak power from more than 250 m cavity of the NOLM [25]. 

The performance characteristics of the DSR pulse with the increased launched pump
power are shown in Fig. 4. It can be seen that the pulse width and the average output
power are increased continuously with the increase of pump power. The width of the
pulse broadens from 2.45 to 13.35 ns with pump power increasing from 1.60 to 3.52 W.
Correspondingly, pulse energy can be expanded from 3.19 to 16.12 nJ. Thinking of the
output ratio of 80:20, there are more than 64 nJ of single pulse energy in the fiber cavity.

Fig. 4. Measured DSR pulse average output power ad pulse relation between pulse characteristics and
pump power.
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Here, we did not observe the Raman scattering in the output spectrum in Fig. 3b.
The corresponding peak power of the pulse is estimated to be ~1.2 W, while the peak
power of the pulse nearly remains a constant value. It is because that appropriate laser
design allows utilizing the peak power clamping effect induced by the reverse saturable
absorption of the NOLM for linear pulse duration tuning via increasing the pump power. 

3.2. Noise-like pulse mode locking

Due to the use of the PCs in the NOLM-based mode-locked fiber laser, the polarization
state of the propagating light could be changed with the rotation of the PC, and the
fiber cavity could act as a Lyot filter by combining the PC and the weak birefringence
of the fiber. The different output state can be switched by the PC, which is actually
attributed to the nonlinear phase-shift effect.

During the stable mode-locking of the DSR pulse at the pump power of 1.6 W, we
changed the orientation of the PC, but we did not find another kind of stable pulses.
When the pump power was increased to 1.90 W with an appropriate orientation of
the PCs, another stable pulse was realized as depicted in Fig. 5. The pulse profile shown
in Fig. 5a is different from the DSR pulse, the forefront edge of the pulse is in the same
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Fig. 5. Experimental observation of NLP laser operation with the pump power of 1.9 W. (a) Single pulse,
(b) spectrum, (c) pulse train, and (d) radio-frequency spectrum.
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sharp-rise state, but the back edge of the pulse decreases slowly, and the pulse shows
a narrower width of 1.94 ns. Figure 5b shows that the spectrum has the slow descent
edges with a central wavelength of 1074.0 nm. The 3 dB bandwidth is 3.81 nm. Both the
waveform profile and the spectrum of the pulse show that it operates in the NLP mode
-locking regime. Figure 5c shows pulse trains measured by an oscilloscope. The inter-
val of adjacent pulses is still 1.29 μs, in accordance with the cavity round-trip time.
We also measured the radio-frequency spectrum distribution with a resolution band-
width of 1 kHz as depicted in Fig. 5d. It can be seen that the basic repetition frequency
is still approximately 774.4 kHz remarkably and the SNR is about 50 dB, which means
that this is another stable mode-locking state from the NOLM-based fiber laser. 

To further confirm that the pulse is operated in the NLP regime, the envelope
evolution of a single pulse was measured with the increase of pump power and the
fixed PCs. The temporal and spectral evolution is presented in Fig. 6. As shown in
Fig. 6a, when the pump power increased from 1.90 to 2.88 W, the pulse width increased

Fig. 6. Time domain waveform (a) and the corresponding spectrum (b) evolution diagram of NLP with
different pump powers.

a

b
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gradually from 1.94 to 3.76 ns. But from 2.88 to 3.52 W of the pump power, the pulse
was split into two sub-pulses with narrower pulse width. When we tried to adjust
the PCs slightly at the pump power above 2.88 W, the two sub-pulses could be com-
bined into one unstable near flat-top pulse with a slowly decreasing back edge, which
is similar to the characteristics of the rectangular NLP [28, 30], which is not further
studied in this paper. During the evolutionary process at different pump power, the
shape of the pulses can be kept almost the original spike shape, and the peak intensity
of all pulses, which is a little higher than the DSR pulse, remains unchanged. Figure 6b
gives the corresponding output pulse spectrum with different pump power. The spec-
trum shows a heterogeneous trapezoidal shape and has the typical characteristics dif-
ferent from the DSR pulse spectrum. With the increase of pump power, the spectrum
intensity increases gradually. And the position of the central wavelength of the pulse
keeps at about 1076.6 nm. There is no obvious change in the spectrum under single
and multi-sub-pulse operation. As the pump power increases, the spectral bandwidth
is increased slightly, which is larger than those square-wave DSR pulses. Generally, when
the NOLM is adjusted to a low-value power that can modulate the pulse, due to the highly
nonlinear effect, the NLP easily tends to split into multiple narrower NLP at the fun-
damental repetition rate of the laser cavity, that is the repulsive phenomenon against
the resonance of dissipative solitons under the different modulation of  NOLM [30].
Therefore, we believed that this pulse is operating in the NLP regime.

Comparatively, the switchable performance of mode-locked pulse in a fiber laser cav-
ity is related to the saturable absorption parameters of the NOLM, especially the switch-
ing power. The orientation state of the PCs has a significant influence on the parameters
of NOLM. Tuning the PC in the experiment, corresponding to increase the switching
power, would switch the fiber laser to operate at the NLP regime. Here, higher pump
power is required to exceed the switching power to obtain reverse saturable absorption
for clamping the peak power.

It seems unreasonable that the pulse width increases with the increase of pump power
which is different from the mode-locking principle of the laser. In fact, pulses that can
exist at large net cavity GVD rely on the dissipative processes and, therefore, can be con-
sidered as dissipative solitons (DSs). The gain and loss coexist in the dissipative system
and play an essential role in the formation of DSs. Typically, the time-bandwidth prod-
uct of the DS is larger than the theoretical value due to the large normal dispersion
around 1 μm in the fiber cavity. It has been demonstrated that both the DSR pulse
and NLP, appear as a single pulse on the oscilloscope. It has also been shown that
they consist of a large number of ultra-short sub-pulses with certain clamped peak pow-
ers [24], which arise from the localized background noises or dispersive waves around
the outermost pulses from an intrinsic NOLM-mode-locking mechanism when the re-
verse saturable absorption is enhanced. The ultrashort sub-pulses could split weaker
sub-pulses when their peak powers grow beyond their maximums, after accumulating
sufficient nonlinear effect in the cavity, which leads the pulses width to broaden as the
growth of the pump power. Obviously, the wave packet would appear as a rectangular
shape when these ultrashort sub-pulses share the same clamped peak power, which
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named the DSR pulse. While in the NLP regime, the accumulated nonlinear effect makes
the switching power higher, the newly generated sub-pulses are easily tended to be
shaped into pulses with lower peak powers. The weak sub-pulses may display in the
back edge of the pulse. The sub-pulses have a weaken cohesion and form quasi-stable
state with a fluctuating internal structure.

DSR pulse is known as a competitive high energy pulse for obtaining high peak
power via linear chirp compression due to little higher-order group velocity dispersion of
DSR pulse. But the NLP has the higher peak power pulse energy, and a broader spectrum,
so the NLP can be applied in low-coherence spectral reflectometry, micromachining,
and efficient supercontinuum generation as mentioned above.

4. Conclusion

In conclusion, we have reported on the generation of DSR and NLP in NOLM mode
-locked Yb-doped fiber laser. The cavity configuration of the proposed fiber laser pro-
duced two distinctive types of pulses at the same cavity. Two types of pulses operation
at different pump power have been observed experimentally. DSR pulse has a central
wavelength of 1077.5 nm with a 3 dB bandwidth of 2.1 nm, while the NLP has a central
wavelength of 1074 nm with a 3 dB bandwidth of 3.81 nm. Both types of pulse have the
same pulse periods of 1.29 μs, that is the fundamental repetition frequency of 774.4 kHz,
due to one fiber laser cavity. The orientation of the PC has great influence on the switch-
ing of different mode-locking regimes. The obtained results improve the understandind
of the evolutionary process of DSR pulses and NLPs in the mode-locked fiber laser
with NOLM. 
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