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Abstract

We have demonstrated the dual-wavelength domain-wall pulse operation in an Er-doped mode-locked fiber laser based
on single-mode fiber (SMF)—graded index multimode fiber (GIMF)-SMF as the saturable absorber for the first time. The
domain-wall dark—bright pulse pairs exhibited two peaks, which were located at 1604.6 and 1606 nm. The pulse repetition
rate was maintained at 16.5 MHz throughout the dark—bright pulse pairs operation. Besides, dark—bright pulse pairs opera-
tion was demonstrated at a relative stability with the signal to noise ratio of 55.3 dB. Moreover, the dark—bright pulse pairs
could be converted into bright—dark pulse pairs by adjusting the polarization state, which has potential advantages for the

development of wavelength division multiplexing and optical fiber sensing technology.

1 Introduction

Soliton formation is a topic that has attracted an extensive
investigation in recent years due to its many potential appli-
cations, such as optical communications [1], ultra-precision
manufacturing [2], and bio-medicine [3]. To date, most of
the reported works on soliton mode-locked lasers are oper-
ating under the bright pulse regime [4-6]. Besides bright
pulses, the so-called dark solitons that are also solutions of
the nonlinear Schrodinger equation (NLSE) [7]. These soli-
tons are also further identified as solutions of the complex
Ginzburg-Landau equation (CGLE) [8]. Here, dark solitons
are referred to as a train of intensity dips in a continuous
wave (CW) background of the laser emission [9]. Comparing
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with bright solitons, dark pulses have better stability in the
presence of noise [10], being less influenced by intrapulse
stimulated Raman scattering (ISRS) [11], which is due to
the ISRS can cause a shift of dark solitons, the rate of the
shift is half the corresponding value for bright solitons if
the slow loss of contrast is neglected. These characteristics
make dark pulses having potential applications in optical
communications.

The formation of dark pulses can be classified into three
mechanisms, which are NLSE dark pulse [12], cubic—quintic
nonlinear Schrodinger equation (CQNLSE) dark pulse [13]
and domain-wall (DW) dark pulse [14], which can also be
called domain-wall solitons (DWSs) [15]. Especially for the
DWSs operated in both normal dispersion and anomalous
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dispersion cavity, they are usually based on two or more las-
ing at different wavelengths oscillating, which have attracted
intense interest in optical communication and optical signal
processing systems in the past recent years [16]. In 2015,
Z C Tiu et al. have demonstrated NLSE dark pulse [17],
switchable DW dark pulse and CQNLSE dark pulse based
on nonlinear polarization rotation (NPR) technique [13].
Furthermore, dark pulse generation has also been demon-
strated using different saturable absorbers (SAs), such as
black phosphorus and glycerin [18, 19]. In addition, due to
the interaction between solitons, there also exist bright—dark,
or dark-bright pulse pairs when they propagate together in
the medium, which has been theoretically demonstrated by
using the NLSE [20] and have been realized experimentally
in passively mode-locked fiber lasers based on nonlinear
amplifying loop mirror (NALM) [21] and NPR [22]. Sub-
sequently, in 2016, B Guo et al. used topological insulator:
Bi,Se; as an SA to obtain bright—dark soliton pairs in an
Er-doped fiber laser. They have demonstrated that bright
and dark soliton pairs are orthogonal polarizations [23]. In
2018, R W Zhao et al. observed for the first time three-wave-
length dark—bright pulse pair operation based on ReS, [24].
Recently, dual-wavelength bright—dark soliton pairs have
also been observed in a fiber laser based on ZrSe, [25]. In
view of the previous research on dark—bright or bright—dark
soliton pairs operation, most of them were realized by low-
dimensional materials-based SAs. But, in contrast with
material SAs, the GIMF SA possesses many advantages,
such as low cost, wide wavelength-tunable output [26], high
damage threshold [27], long-term stability, the capability
of controllable modulation depth [28]. More importantly,
if the length of GIMF is chosen to be hundreds of times
larger than the self-imaging period in GIMF, then a larger
interaction length can contribute to a higher level of non-
linear effect [29], which is beneficial to the formation of
stable domain-wall (a localized nonlinear structure) [30].
However, dark-bright or bright—dark soliton pairs opera-
tion in an Er-doped fiber laser based on SMF-GIMF-SMF
as the SA have not been reported [31]. Moreover, it is also
interesting to analyze the evolution and interconversion of
dark-bright or bright—dark soliton pairs in the GIMF mode-
locked fiber lasers.

In this manuscript, to the best of our knowledge, we
have demonstrated the L-band dual-wavelength DW
dark—bright pulse pairs operation in a mode-locked fiber
laser based on SMF-GIMF-SMF for the first time. The
central wavelengths are 1604.6 and 1606 nm, respectively.
Besides, the dark—bright pulse pair has high stability, and
the SNR is 55.3 dB, which also confirm that dark solitons
have better stability in the presence of noise. At the same
time, we experimentally demonstrated that the strong cou-
pling between two different wavelength beams in the fiber
laser can result in the formation of DWSs. Moreover, the
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dark-bright pulse pairs could be converted into bright—dark
pulse pairs by carefully adjusting the polarization state. The
dark-bright or bright—dark pulse pair train can be generated
on two wavelengths, which is important for developing the
wavelength division multiplexing and optical fiber sensing
technology [32].

1.1 The characteristics of the GIMF-based SA

The GIMF-based SA consists of a segment GIMF
(62.5/125 pm) spliced at both ends to two standard SMFs,
as illustrated in Fig. 1. The saturable absorption effect results
from the nonlinear multimode interference (NL-MMI) in
the GIMF, which is the interference of excited modes in
a multimode optical fiber when single-mode light is cou-
pled to a multimode optical fiber which results in a periodic
interference pattern along the fiber. This is the so-called self-
imaging. It takes place when the input field is replicated
after traveling some distance in the direction of propaga-
tion in the GIMF. In the nonlinear regime where the peak
power is high, self-phase modulation (SPM) and cross-phase
modulation (XPM) effects both influence the propagation
constant of every mode and hence change the self-imaging
length of the light in the GIMF. Therefore, the self-imaging
length of the pulse wing is different from its peak [33]. For
the low-power light (the yellow line in Fig. 1), the light
beam expands and experiences a large loss owing to the core
diameter mismatch between GIMF and SMF. While for the
high-power light (the red line in Fig. 1), self-focusing effect
occurs and the light power coupled into the core of SMF is
maintained. Therefore, as long as we accurately control the
length of the multimode fiber, the high-power light in the
multimode fiber can be coupled to the next section of SMF
at low loss, while low-power light experiences large loss,
and the effect of SA can be achieved.

In order to determine the most appropriate length of
GIMF, the numerical simulation of the SMF-GIMF-SMF
SA was built by Rsoft. Figure 2a shows the mode distri-
bution of the SA along the propagation direction. The
periodic power fluctuation in Fig. 2b indicates that the
self-imaging points were formed in the propagation direc-
tion, and the peaks were the positions of the self-imaging
points. In addition, we also recorded the transverse light
field distribution of the SMF-GIMF-SMF when Z=0,

SMF1 GIMF SMF2

= T =

=» Higher power signal
Lower power signal

Fig. 1 Schematic structure of SMF-GIMF-SMF
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self-imaging period is about 0.39 cm. But, for the conveni-
ence of operation, the GIMF of 39 cm was adopted, which
is about ~100 times of self-imaging period.

Subsequently, we measured the saturable absorption of
the SMF-GIMF-SMF using a high peak power fiber laser
centered at 1550 nm. The data obtained from the experiment
were then fitted according to:

__ AT
TR (1)

sat

T=1-a«

where «a, is the non-saturable loss, AT and [, are the modu-
lation depth and saturation intensity, respectively. Figure 4
shows the nonlinear transmission curve of the GIMF SA,
indicating that the GIMF SA has the modulation depth of
7.7%, the corresponding non-saturable loss is 34.3%. Com-
pared with the reported SMF-GIMF-SMF [29, 34], we only
focused on the vector characteristics of the mode-locked
pulses based on the SMF-GIMF-SMF SA. In addition,
as far as I know, by increasing the input light power until
it is higher than the power threshold of reverse saturable
absorption effect of GIMF SA, the SA can be changed into
the reverse saturable absorption region, and the dissipative
soliton resonance (DSR) phenomenon occurs, which has
been reported [35]. But, limited by the peak power of our
fiber laser, as shown in Fig. 4, we did not observe the reverse
saturable absorption features, and the experiment did not
generate DSR. Through the above analysis, if we can con-
tinue to increase the input light power, the GIMF SA can be
changed into the reverse saturable absorption region.

In addition, in order to verify that the SMF-GIMF-SMF
has filtering effect. The intensity distributions of different
incident wavelengths (1350, 1450, 1550 and 1650 nm) in
the transmission direction of GIMF were simulated when
the length of GIMF was fixed. As shown in Fig. 5, when
the wavelength of the incident light changes from 1350
to 1650 nm, the self-imaging period gradually decreases,
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Fig.4 The nonlinear transmission curve of SMF-GIMF-SMF
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Fig.5 The intensity distribution of different incident wavelength in
GIMF transmission direction

making the position of the self-imaging point different.
Therefore, the light energy incident from the GIMF to the
SMF is also different, and the coupling ratio changes. In
other words, when a broadband source passes through a
fixed-length SMF-GIMF-SMF structure, only most of the
specific wavelengths of light will be transmitted, and other
wavelengths of light will suffer different losses. So, adding
the SMF-GIMF-SMF structure in the fiber laser can achieve
good filtering effect. Furthermore, as shown in Fig. 6, the
transmission spectrum of the SMF-GIMF-SMF in a spectral

Intensity (dBm)
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Wavelength (nm)

1300

Fig.6 Transmission spectrum of the SMF-GIMF-SMF
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range from 1250 to 1640 nm was tested by an optical spec-
trum analyzer (OSA) and a broadband light source, which
also confirmed that the structure has an obvious filter effect.

2 Experimental setup

Figure 7 shows the schematic diagram of the proposed
mode-locked Er-doped fiber laser with a ring cavity con-
figuration based on the SMF-GIMF-SMF device. The
976 nm pump laser diode (LD) with a maximum power of
637 mW is coupled into the laser cavity via a 980/1550 nm
wavelength division multiplexer (WDM). A 3 m Er-doped
fiber (EDF) (Nufern, SM-ESF-7/125) is used as the gain
medium, which is then connected to the SMF-GIMF-SMF
device and subsequently to the polarization controller
(PC)1 and a polarization insensitive isolator (PI-ISO). The
SMF-GIMF-SMF device acts as the mode-locker of the
system. The PC1 employed to optimize the mode-locking
operation as well as the intracavity birefringence, and the
PI-ISO ensures the unidirectional propagation of the laser
in the cavity. Subsequently the 10% portion of a 90:10 fused
coupler provides the laser output while the 90% portion is
engaged to feedback into the cavity. Outside the cavity, a
polarization beam splitter (PBS) is applied to separate
the orthogonal polarized dark—bright pulse pair. The PC2
located before the external PBS is used to balance the linear
polarization change caused by the lead fibers used outside
of the cavity and find two Eigen linear polarization states
of the laser emission. The total length of the entire cav-
ity is 12.3 m; thus, the round-trip dispersion of the whole
cavity is — 0.03 ps? (including 3 m EDF with dispersion of
—46.25 ps/nm/km and 8.9 m SMF with dispersion of 18 ps/
nm/km). The laser performance is observed using an OSA
(Yokogawa, AQ6370D) with 0.02 nm resolution, 1 GHz
digital oscilloscope (Tektronix, TDS 5104B) together with
a 5 GHz photon detector (Thorlabs DETOSCFC/M).

Fig.7 Schematic of the Er-
doped fiber (EDF) ring laser.
WDM wavelength division

multiplexer, EDF erbium-doped Horizontal

fiber, GIMF grade index mul- e

timode fiber, PC polarization

controller, PI-ISO polarization-

independent isolator, OC optical 7o s ipd PBS
coupler, PBS polarization beam ‘ﬂal

splitter

3 Experimental results and discussion
3.1 Generation of dual-wavelength DWSs

In our experiment, the dependence of output power on the
pump power for the fiber laser was firstly studied, as shown
in Fig. 8. When the pump power is below the mode-lock-
ing threshold of 120 mW, only CW operation happens. As
long as the pump power can be increased above the mode-
locking threshold, the dark—bright pulse pairs emission can
be observed. But limited by the maximum pump power of
637 mW, the maximum output power of the mode-locked
fiber laser is 18.5 mW. The low efficiency may be caused by
the large loss of connection and transmission in the cavity.
In future research, the parameters of the resonator will be
further optimized, which are expected to improve the laser
efficiency.

Figure 9a presents the typical dark—bright pulse pairs
operation at the pumping power of 415 mW. The output
power of the pulse train is 10.9 mW, and the interval of
the pulse train is 60.6 ns, corresponding to the fundamental
cavity frequency of 16.5 MHz. Limited by the bandwidth of
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Fig.8 The laser output power versus the pump power
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oscilloscope, the pulse width of the bright and dark pulse
could not be accurately measured, but the depth of the dark
pulse is nearly equal to the intensity of the bright pulse in
uniform CW background. This phenomenon attributed to
the gain of the cavity and the nonlinear effect [36, 37]. Due
to the net cavity dispersion of the fiber laser is — 0.03 ps?,
the mechanism of the dark—bright pulse train generated by
the fiber laser can be explained by the DWSs theory, two
lasing beams originated from two Eigen operation states of
fiber lasers are coupled incoherently with each other [38].
That is, due to the existence of fiber birefringence, fiber can
support two orthogonal degenerate modes. If the laser cavity
does not include a polarization dependent device, the effect
of cross-coupling between the two orthogonal polarization
light components will induce the formation of stable local-
ized nonlinear structures [19]. In addition, since the GIMF
SA has a high level of nonlinear effect, which also promotes
cross-coupling of the two orthogonal polarization compo-
nents [29]. The dual-wavelength spectrum shown in Fig. 9b
also confirms this theory, which features of 1604.6 and
1606 nm center wavelength. The generation of dual-wave-
length is attributed to the fact that the SMF-GIMF-SMF
not only acts as a SA, but also as a filter, which has been
simulated, and experimentally demonstrated in various types
of fiber lasers [39, 40]. However, it can be seen from Fig. 6
that the bandwidth of the SMF-GIMF-SMF is larger than
the spacing of dual-wavelength, which is due to the bire-
fringence induced filtering effect also plays a role in the
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formation mechanism of dual-wavelength, which has been
confirmed in previous works [41]. In addition, the measured
radio frequency (RF) spectrum in Fig. 9c shows that the sig-
nal to noise ratio (SNR) is 55.3 dB, suggesting relative sta-
bility of the mode-locking operation. And, more importantly,
the inset in Fig. 9c shows the RF spectrum in a 400 MHz
span, which indicates even though there are two operating
wavelengths in the cavity, only a single frequency compo-
nent is observed, which confirms a typical DWS operation
whereby the mutual coupling of two wavelengths generates
a single frequency component [16]. Meanwhile, when the
pump power was 415 mW, a long-term stability examination
of the Er-doped mode-locked fiber laser under the laboratory
condition has been conducted. Figure 10 shows the measure-
ment results over 48 h. It can be seen from the figure that
the relative output power fluctuation is estimated to be less
than 5%.

To further investigate polarization characteristics of the
dark—bright pulse pairs, a fiber pigtailed external cavity
PBS was utilized, so that the two orthogonal principal-
polarization components of the output pulses could be
measured simultaneously. From Fig. 11a and c, it clearly
shows that along two polarization axes, the laser emits
different pulse trains, and the average power is 5.1 and
5.7 mW, respectively. Each of the two pulse trains owns
the same period of 60.6 ns, corresponding to the funda-
mental cavity frequency. And the corresponding optical
spectra are shown in Fig. 11b and d. We can see that the
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Fig. 10 Power stability of the mode-locked pulses for 48 h

laser emissions along the two orthogonal polarization
directions have obvious different central wavelengths of
1604.6 and 1606 nm, showing that the coupling between
the two polarization components is incoherent [42].
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To give more insight into the dual-wavelength DWSs, we
further increased the pumping power with fixed PCs setting.
The optical spectra under different pump powers are shown
in Fig. 12. The optical spectrum is still dual-wavelength,
but the intensity increases gradually, which is similar to the
previous report [43].

3.2 Evolution of dual-wavelength DWSs

At a fixed pump power of 415 mW, the pulse durations and
the interval between two domain walls could be changed
with the variation of the polarization state. Since the total
output is the combination of two domain walls, the output
pulse shape can also be tuned [29]. As shown in Figs. 13-14,
different types of dual-wavelength DWSs operation are
observed. Figure 13 shows another type of dark—bright pulse
pairs, the pulse width of the bright pulse is in the order of ns,
and the two orthogonal polarization components have differ-
ent central wavelengths of 1603.4 and 1606 nm, respectively.
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Fig. 11 Separation of the output pulses by PBS. a horizontal port. ¢ vertical port. b and d are pulse spectra: the blue line spectrum is measured
without PBS; the red and the green lines are the horizontal and vertical port of two orthogonal polarization components resolved with PBS

@ Springer



190 Page8of11

M. Liu et al.

)

A
W
Intensity (dBm

1
(=)
=

'
~
W

1602 1603 1604 1605 1606 1607 1608
Wavelength (nm)

Fig. 12 Spectral distribution of dark—bright pulse pairs under differ-
ent pump power

In Fig. 14, by further carefully adjusting the PC set-
tings at the same pumping power of 415 mW, another
kind of dual-wavelength DWSs, namely bright—dark
pulse pairs are obtained through the incoherent coupling
between the orthogonal polarization components. Same
as the dark—bright pulse train, the adjacent pulse interval
is 60.6 ns, corresponding to the fundamental repetition
rate of 16.5 MHz. However, due to the evolution of the

mode-locking state, the optical spectrum has also changed.
The central wavelengths of the two orthogonal polariza-
tion components are 1604.8 and 1605.9 nm, respectively.

3.3 Evolution analysis of dark-bright pulse pairs
operation

As can be seen from the above experimental results, due to the
evolution of the mode-locking state, the optical spectrum has
also changed. The outputs can achieve changes in wavelength
interval. And the dual-wavelength intervals under different
mode-locking states are different, which results from the cav-
ity filtering effect.

Here, we introduce some equations in order to illustrate the
basic principles of the SMF-GIMF-SMF structure as a filter
with tunable ability. The functional filter effect of the GIMF-
based SA originates from the optical interaction between the
various modes. The transmission intensity / of a sandwiched-
structure SMF-MMF-SMF device with the MMF length of L
can be written as followed [44, 45]:

n n—1 n zﬂ(ni_nA)L
1= izzlli + Z Z 2\/;chos<+> 2)

i=1 j=j+1
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where /; and n; mean the intensity distribution and the corre-
sponding refractive index of the ith-order modes, /; and n; are
the intensity distribution and the corresponding refractive
index of the jth-order modes, L is the length of the GIMF, A
means the operating wavelength. The constructive interfer-
ence condition of phase matching for two different modes
can be given as followed:

(ni - nj)L = mi,;. ?3)

The periodic interference pattern of this all-fiber filter
originates from the superposition of all interference terms
of the various modes. However, the different modes propa-
gating along the GIMF is susceptible to the birefringence
intensity induced by changing the polarization state in the
intracavity, which can introduce an additional phase shift
and change the spectral interval. In addition, due to the bire-
fringence induced filtering effect also plays a role in the
formation mechanism of dual-wavelength, which can result
in the spacing of dual-wavelength being smaller than the
bandwidth of SMF-GIMF-SMF [41].

As can be seen from the above introduction, the
SMF-GIMF-SMF not only acts as a SA, but also as a filter,
which together with the birefringence induced filtering effect
is conducive to the generation of dual-wavelength spectrum.
The shape and interval of the dual-wavelength spectrum can
be changed by changing the polarization state. In addition,
due to the existence of fiber birefringence, fiber can support
two orthogonal degenerate modes. Cross-coupling between
the two orthogonal polarization light components induces
the formation of stable localized nonlinear structures which
separate proximal domains of the two orthogonal polariza-
tion states of the optical field [42]. Thus, the incoherently
coupled DWSs can be obtained by combining the above
two effects. The two orthogonal polarization components
corresponding to different wavelength distribution. More
importantly, since the total output is the combination of
two domain walls, the change of dual-wavelength spec-
trum will make the output pulse shape tunable under the
action of SMF-GIMF-SMF filter. Therefore, dark—bright
and bright—dark pulse pairs with different spectral structures
can be obtained.

4 Conclusion

In conclusion, to the best of our knowledge, we report the
experimental observation of the dual-wavelength DWSs
phenomenon in an Er-doped mode-locked fiber laser based
on SMF-GIMF-SMF SA for the first time. The laser cavity
had a compact, simple and all-fiber configuration without
any special devices. We firstly demonstrated the generation
of dual-wavelength dark-bright pulse pairs experimentally,

which were located at 1604.6 and 1606 nm. Besides, the
pulse repetition rate was maintained at 16.5 MHz, and
the SNR was 55.3 dB. The pulse pairs can be separated
into different pulse trains along two polarization axes,
which correspond to different wavelengths with orthog-
onal polarization. In other words, the strong coupling
between two different wavelength beams in the fiber laser
can result in the formation of DWSs. Besides, the evolu-
tion of dark—bright pulse pairs was studied. By adjusting
the polarization controllers carefully, we can achieve the
interconversion of dark—bright pulse pairs and bright—dark
pulse pairs and the tunableness of wavelength interval in
our fiber laser. We hope the propagation and evolution
mechanism of the dark—bright pulse pair will be well dis-
cussed through simulations in the future research.
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