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Generation of h—Shaped pulse in
a mode—Locked erbium-doped
fiber laser
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Yiyan Xie, Santosh Kumar and Bingyuan Zhang*
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In this paper, the generation of h-shaped pulse is demonstrated in a nonlinear
polarization rotation mode-locked erbium-doped fiber laser (MLEDFL). The
length of the entire cavity is about 2506 m to enhance the nonlinear effect in the
cavity. The multi-pulse state is obtained firstly under the certain pump power
and polarization state. By further adjusting the polarization controller the
h-shaped pulse with sharp top and flat bottom is generated under the pump
power of ~100 mW. And the duration of pulse is tuned with a range of
54.63-470 ns. The width and intensity of pulse trailing part vary differently
during the process of increasing pulse width. The results indicate that the peak
power clamping effect and weak birefringence effect dominate in different
h-shaped pulse forming process.
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Introduction

Passively mode-locked fiber lasers (MLFLs) have attracted a lot of interest in the area
of academia and industry in recent decades, for instance, optical sensing [1, 2], materials
micromachining [3, 4] and biomedicine [5]. A strong nonlinear effect exists in MLFLs as a
result of the unique structure of the fiber core. And the complex dynamic processes occur
in fiber lasers under the action of nonlinear effects. Therefore, various pulse shapes will be
generated from passively MLFLs, for example bunched multi-solitons [6], rectangular-
wave pulses [7-9], step-like pulses [10, 11], chair-like pulses [12, 13], and h-shaped pulses
[14, 15].

In 1991, the square pulse was firstly observed by Richardson based on figure-eight
passively MLFLs [16]. The features of rectangular-wave pulses, however, have not been
fully investigated. Komarov et al. theoretically researched the dynamics of the rectangular-
wave pulses in an NPR fiber laser subsequently [17]. The mechanism for suppressing the
formation of additional pulses was established based on numerical simulation in a laser
resonator as pump power increased [18]. Since then, more and more researchers have
begun to study the rectangular-wave pulse in fiber lasers. Zhang realized the rectangular-
wave pulse with tuning range of 10-1710 ns by enhancing intracavity nonlinearity and
cavity length [8]. The results show that the stronger nonlinearity in the cavity has a
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positive impact on the pulse duration. Liu reported that the
multiwavelength square pulses were generated by utilizing a
NALM-based cavity filtering effect in a passively MLFL with
anomalous dispersion using a figure-eight structure [19]. The
results indicate that as pump power increases, the width of
rectangular-wave pulses broadens linearly, yet the peak power
remains practically constant.

In addition to rectangular-wave pulses, another h-shaped
pulse has also drawn a lot of interest in a unique structure with a
sharper peak on the leading edge and a longer flat-top bunch on
the trailing edge. In 2018, Luo found that the h-shaped pulses as
the pump source could realize high repetition gain-switching
[14]. In the same year, Zhao investigated the influences of weak
birefringence in the cavity on pulse characteristics [20]. In 2019,
Zheng demonstrated that nanoscale h-shaped pulses with pJ-
level pulse energy could be generated in the figure-of-9 fiber laser
[21]. The generation of h-shaped pulse was realized by Zhao by
employing an ultralong fiber laser resonator, revealing that by
increasing pump power or varying intra-cavity polarization state,
the h-shaped pulse could be generated with different orders of
state [15].
dimensional material SAs [22], nonlinear multimode
interference (NLMMI) [23, 24] mode-locked technology, the
mode-locked principle of NPR is based on the accumulation

harmonic mode-locking Compared to low-

of different nonlinear phase shifts in the cavity. And the strong
nonlinear effect is conducive to reducing the nonlinear
polarization switching threshold, which means that it is easy
to obtain h-type pulses at lower pump power.

In this work, the evolution of h-shaped pulse is demonstrated
in a passively MLEDFL based on NPR technique. By varying the
polarization, the h-shaped pulses can be switched from the multi-
pulse state under the fixed pump power. The pump power varies
from 100 mW to 350 mW, and the pulse width changes from
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FIGURE 1
Schematic diagram of the MLFL based on NPR technique.

Frontiers in Physics

02

10.3389/fphy.2022.1034973

54.63 to 470 ns. The width and intensity of the pulse trailing part
change during the process of pulse width increase. The results
indicate that the peak power clamping effect and weak
birefringence effect dominate in different h-shaped pulse
forming processes. It may be helpful to further enhance
understanding the physical properties of the h-shaped pulses
which generate in MLFLs.

Experimental setup

The experimental schematic diagram of the passively MLFL
is shown in Figure 1. The length of the entire cavity is around
2506 m. The erbium-doped fiber (EDF, 4/125um) as gain
medium is pumped by a 980 nm laser diode (LD) through a
980/1550 nm wavelength division multiplexed (WDM) coupler.
The Er-doped fiber is low-gain fiber, so we use the length of 6 m
Er-doped fiber as the gain fiber. The cavity length of 2506m is to
increase the nonlinear effect in the cavity and reduce the
nonlinear polarization switching threshold, so as to achieve a
wide range h-shaped pulse output in time domain. The optical
coupler (OC) is used to extract 10% of the power from the cavity.

Two three-paddle type polarization controllers (PC1 and PC2)
are used to adjust the polarization state of the propagation light. In
addition, the polarization-dependent isolator (PD-ISO) is used to
ensure the unidirectional transmission in the ring cavity. A 2.5 km
long single mode fiber (SMF) is added to the cavity to prolong the
cavity length and enhance the cumulative nonlinearity. The
temporal pulse profile and output spectrum are monitored by
using a 1 GHz digital oscilloscope (Tektronix MDO3102) and an
optical spectrum analyzer with a scanning range of 600-1700 nm
(Yokogawa AQ6370), respectively. The net dispersion of the ring
cavity is calculated to be -53.87 ps’.

Results and analysis

In our experiment, with launched pump power fixed at
100 mW, three tight pulses emerge from the laser cavity by
altering the PCs properly. Figures 2A,B illustrate the temporal
profile of the pulse and optical spectrum, respectively. It can be
observed the temporal distance between adjacent pulses is not
equidistant and interval is large, showing that the interaction of
the pulse is weak. The whole output spectrum is broad with no
Kelly sideband features of conventional-soliton pulse. And the
central wavelength is located at 1573 nm with ~23nm 3 dB
spectral bandwidth.

Figures 3A,B illustrate the evolution of the number of
round-trip pulses and the output spectra with increasing
pump power, respectively, to further examine the behaviors
of multi-pulses in MLFL. The intensity of the output spectrum
enhances slightly with the increase of pump power. The
corresponding number of the round-trip pulses varies from
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The evolution of (A) the output spectra and (B) the temporal pulse profile with increasing pump powers.

6 to 11, during the pump power increases to 300 mW. The
temporal spacing between adjacent pulses is not equivalent,
but the shape and width of pulses are essentially uniform. This
is because gain competition between neighboring pulses and
experimental ambient noise may induce pulse intensity
inconsistency [25]. It is similar to the harmonic mode-
locked (HML) regime in that the excess energy in the
cavity is converted to build up the number of pulses. In
fact, the operation of multi-pulses in NPR MLFLs can be
attributed to weakly birefringent effects in optical fiber, gain
dynamics, and nonlinearity [20].

The h-shaped pulse is obtained at the pump power of
~100 mW by slightly adjusting the PC again. Figures 4A,B
show the output spectra and temporal profiles, respectively. It
can be observed that there are dual central bands in the
output spectrum. The first band has a central wavelength and
a 3dB spectral bandwidth of 1543.5nm and 3nm,
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respectively. The second band has a central wavelength
and a 3 dB spectral bandwidth of 1585nm and 28 nm,
respectively. The second segment has a wider spectrum
with a depression in the center. The birefringence-related
cavity-spectral-filtering (CSF) effect may be the reason why
two independent spectra bands appear [20]. According to
Ref. [26], there is a strong correlation between the time and
this
experiment, the intensity of the leading edge and the

spectral distribution of the J-shaped pulse. In
trailing edge of the h-shaped pulse is almost the same,
meaning that the same effect on the wider spectrum.
Although the ultra-long SMF cumulates the intracavity
nonlinearity, it also increases intracavity birefringence,
which changes the CFS effect related to the birefringence.
Figure 4C shows the corresponding pulse train at 100 mW of
pumping power, which corresponds to a repetition rate of
81.17 kHz. Meanwhile, the measured RF spectrum in the
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Output characteristics of the h-shaped pulse with ~100 mW pump power: (A) output spectra; (B) temporal profile; (C) pulse train (inset: a span

of 1 ms); (D) the RF spectrum (insert: RF spectrum in 10 MHz range).

range of 0-10 MHz confirms that the operation of mode-
locked has excellent stability.

Figure 5B shows the evolution of the h-shaped pulse at
different pump powers. The pulse width ranges from 94 to
292 ns as the pump power increases from 100 to 240 mW. As
the pump power increases, the peak power of the pulse does
not increase due to the clamping effect, but the gain is not
saturated so the pulse width can increase continuously. The
flat trailing portion broadens as pump power increases, while
the sharp spike of the pulse narrows slowly. This is similar to
the properties of dissipative soliton resonance (DSR) pulse in
fiber lasers [27, 28]. It is noteworthy that the repetition
frequency of the mode-locked pulse is 81kHz, it is not so
easy to induce amplified spontaneous emission (ASE) in the
pulse interval. So, the properties of trailing portion are just
caused by the peak power clamping (PPC) effect rather ASE.
The PPC effect contributes to the formation of h-shaped
pulses and inhibits pulse splitting by flattening the lengthy
trailing section [15]. Meanwhile, the PPC effect is associated
with the nonlinearity in the laser resonant cavity, which
implies the intensive nonlinearity can reduce the switching
threshold [29]. As seen in Figure 5A, the intensity of
corresponding output spectra increases slightly as the
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pump power increases, while the central wavelength
remains almost invariable, which is consistent with the
previously proven features of an h-shaped pulse [14, 20, 30,
21, 15]. As the pump power reaches 240 mW, the temporal
pulse profile becomes unstable. Then, we rotate the PCs
slightly, and the mode-locked pulse reappears again.
Figures 5C,D, respectively, display the output spectra and
temporal pulse profile. It is found that the central wavelength
of the optical spectrum has changed. The band has a central
wavelength of 1572 nm. The measured pulse duration widens
from 368 to 470 ns as the pump power changes from 260 to
340 mW. And the complete pulse profile is observed by
adjusting the vertical resolution of the oscilloscope. It can
be seen the amplitude of sharp peak is higher than previously
mentioned, the amplitude of trailing portion remains almost
invariant. Theoretically, rotating the PCs will change the local
birefringence of the fiber, resulting in a change in the amount
of intracavity birefringence and further impacting the
characteristics of the output pulse [20]. For the h-shape
pulse with higher amplitude of sharp peak, the PPC effect
plays a weak role in the formation of sharp peak, but it
contributes to inhibit pulse splitting by flattening the
lengthy trailing section. The energy of whole pulse is more
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concentrated on the peak of pulse instead of splitting into
pulses with the same power.

In order to further investigate the characteristics of the
h-shaped pulse, another h-shaped pulse is generated by
rotating the angle of the PCs. Figures 6A,B show the
output spectra and the corresponding temporal pulse
profile as increasing pump power respectively. The
corresponding pulse width ranges from 54.63 to 245.9 ns as
the pump power increases from 100 to 350 mW. The output
spectrums have changed, and the central wavelength reduced
from two to one, which can be attributed to the different
intensity of CSF effect caused by the angle of PCs. As can be
noticed, there are no-Signiant change with the amplitude of
the flat-top portion. According to Ref. [30], it could be found
that the sharp peak at the top of an h-shaped pulse might be
restrained by inserting a piece of unpumped doped-fiber into
the cavity. Similarly, this function can be realized by adjusting
the PC in this experiment. It may be helpful to further enhance
understanding the physical properties of the h-shaped pulses
in MLFLs.

Conclusion

In conclusion, the evolution of h-shaped pulses in an
ultralong  NPR MLEDFL is experimentally realized. The
2.5km long SMF is employed in the cavity to enhance the
nonlinear effect. By adjusting the polarization, the h-shaped
pulse can evolve from the multi-pulse state. And the duration
of pulse is tuned with a range of 54.63-470 ns. The width and
intensity of pulse trailing part vary differently during the process
of increasing pulse width. The results indicate that the peak
power clamping effect and weak birefringence effect dominate in
different h-shaped pulse forming process. The experimental
results may be helpful to investigate the output performances
of the h-shaped pulse in MLEDFLs.
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