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Abstract: We report on the generation of orthogonally polarized bright-dark pulse pair in a passively
mode-locked fiber laser with a large-angle tilted fiber grating (LA-TFG). The unique polarization
properties of the LA-TFG, i.e. polarization-dependent loss and polarization-mode splitting, enable
dual-wavelength mode-locking operation. Besides dual-wavelength bright pulses with uniform
polarization at two different wavelengths, the bright—dark pulse pair has also been achieved. It is found
that the bright—dark pulse pair is formed due to the nonlinear couplings between lights with two
orthogonal polarizations and two different wavelengths. Furthermore, harmonic mode-locking of
bright—dark pulse pair has been observed. The obtained bright—dark pulse pair could find potential use
in secure communication system. It also paves the way to manipulate the generation of dark pulse in
terms of wavelength and polarization, using specially designed fiber grating for mode-locking.
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1. Introduction

In addition to having enormously broad impact as sources of ultrashort pulses [1],
mode-locked fiber lasers exhibit complex nonlinear dynamics [2, 3], and are powerful tools
for investigating the pulse evolutions in nonlinear systems. Two classes of pulses in fiber
lasers have been identified: bright pulse, which is a sharp increment of laser intensity beyond
a continuous laser background, and dark pulse, which is, in contrast, a deep intensity dip
below a continuous laser background with nonzero intensity. The dark pulses are less
sensitive to noise and fiber losses than the bright ones and hence are promising for robust
optical communication [4]. Since the dark soliton transmission was first theoretically
proposed in 1973 [5], the dark soliton formation and propagation in single-mode fibers (SMFs)
has been extensively investigated on both theory and experiment [6-10]. It has been
theoretically shown that both bright and dark solitons are solutions of the nonlinear
Schradinger equation (NLSE) [11], and can be supported in a fiber transmission line with
dispersion management [12]. Quiroga-Teixeiro et al. [13] theoretically investigated and
predicted the formation of a dark soliton in a mode-locked fiber laser by dissipative four-wave
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mixing.

To date, there have been many demonstrations of dark pulse generation. Dark soliton
formation, an intrinsic feature of the nonlinear light propagation in the normal dispersion
fibers with balance between the fiber dispersion and nonlinearity, was first experimentally
observed by Emplit et al. [14]. Relied on dissipative four-wave mixing method, the generation
of dark soliton train in a self-induced modulation instability laser was experimentally
demonstrated by Sylvestre et al. [15]. Then, Zhang et al. realized dark solitons in an
all-normal dispersion fiber ring laser using the nonlinear polarization rotation (NPR)
technique [16]. Taking advantage of the modulation instability induced in a fiber loop cavity,
the dark soliton fiber laser with repetition rates increased as high as 280 GHz has recently
been demonstrated [17].

Due to the interaction between the pulses, in addition to obtaining bright or dark pulses
in fiber lasers, bright-bright, dark-dark, or bright-dark soliton pairs, as stationary solutions of
coupled higher-order NLSE in fiber systems [18, 19], may coexist when they propagate
together in the medium [20]. Especially, bright-dark soliton pairs have potential applications
in secure communication system, in which the bright-dark soliton pair can be used to form
security codes [21]. The generation of bright—dark pulse pair in a figure-eight dispersion
managed (DM) passively mode-locked fiber laser with net anomalous cavity group velocity
dispersion (GVD) has recently been reported [22]. The nonlinear amplifying loop mirror
(NALM) is employed in this configuration to allow for passively mode-locked operation.
However, due to the absence of wavelength selection, the dark solitons were randomly formed
and uncontrolled.

In this Letter, we report the generation of bright-dark pulse pair in a passively
mode-locked fiber laser with an LA-TFG. The polarization-dependent LA-TFG can be
utilized as an in-fiber polarizer for mode-locking, and simultaneously as a two-wavelength
filter resulted from polarization-mode splitting. The obtained dual-wavelength bright pulses
have the same polarization at two different wavelengths, while the bright—dark pulse pair
formed due to the nonlinear coupling between the bright and dark pulses exhibit orthogonal
polarization at two different wavelengths. Using LA-TFG specially designed in terms of
wavelength and polarization for mode-locking paves the way to manipulate the generation of
dark pulse. The achieved bright-dark pulse pair has potential application value in secure
communication system.

2. Experiment setup and results

The schematic of the mode-locked erbium-doped fiber laser with an LA-TFG is shown
in Fig. 1. The laser consists of 1 m erbium-doped fiber (EDF) with nominal absorption
coefficient of ~80 dB/m at 1530 nm and normal dispersion p*=66.1 ps’km. The EDF is
pumped through a 980/1550 wavelength division multiplexing (WDM) from a grating
stabilized 975 nm laser diode (LD), which can provide up to 600 mW pump power. A
polarization-independent optical isolator is used to ensure single direction oscillation. An
LA-TFG is employed to induce polarization-dependent loss and polarization spectrum
filtering for both mode-locking and wavelength selection. Two in-fiber polarization
controllers (PCland PC2) are located before and after the LA-TFG. A 10:90 fiber coupler is
placed after the EDF to tap 10% of laser power out of the cavity. In order to achieve



mode-locking, a length of 150-m dispersion-shifted fiber (DSF) is incorporated into the cavity
to increase the nonlinear effect. The DSF has a dispersion coefficient of -5 ps¥/km. Thus, the
total cavity length is ~153.7 m, and the cavity net dispersion is ~-0.75 ps®. The pulse spectrum
and the output pulse train are investigated with an optical spectrum analyzer and an
oscilloscope, respectively.
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Figure 1 Schematic of mode-locked fiber laser with an LA-TFG.
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Figure 2 Measured transmission of the LA-TFG (a) from 1200 nm to 1700 nm range and (b)
from 1548 nm to 1572 nm range under different polarization excitation.

45°-tilted fiber grating has been proposed to be used as in-fiber polarizer for
mode-locking [23, 24]. LA-TFG, which is a type of tilted grating with tilted angle larger than
45°, has been employed previously as fiber sensors for strain, twist, loading, refractive index
(R1) and liquid level [25-29]. Our used LA-TFG was inscribed in H,-loaded standard telecom
fiber (SMF-28) by use of a frequency-doubled Ar* laser and the scanning mask technique. A
commercial amplitude mask (from Edmund Optics Ltd) with a period of 6.6 um was utilized
for the LA-TFG inscription. During the inscription process, the amplitude mask was tilted at
~73° to induce in-fiber fringes blazed at ~78°. The typical measured transmission spectrum of
an LA-TFG shows a series of dual-peak resonances in the wavelength range from 1200 nm to
1700 nm with a nearly even separation between adjacent resonances [30], as shown in Fig.
2(a). The zoomed one paired peaks at wavelength of 1554.9 nm and 1561 nm is shown in Fig.
2(b). When the light is polarized, either the equivalent fast- or the slow-axis mode can be fully
excited or eliminated. The blue dotted line indicates the fast-axis mode, while the dashed red
line shows the slow-axis mode. The full strength of the loss peak reached ~10 dB when it was
fully excited. The black solid curve illustrates excitation of the two modes with un-polarized
light. It can be seen that the fabricated LA-TFG features polarization-dependence and
polarization-mode splitting.



©
N—"

-10
1.0 20
-30
-40
-50

Intensity (dB)

-60

- K
1540 1550 1560 1570 1580 1590)
Wavelength (nm)

0.5+

Intensity (a.u.)

0.0+

1540 1550 1560 1570 1580 1590
Wavelength (nm)

3
2
1
0
1
3
2
1
0

-1
3
2
1
0

—~
O
~—

A

1
-10000 -5000 0 5000 10000
Time (ns)

Intensity (a.u.)

Figure 3 (a) Spectrum of dual-wavelength bright pulse (black solid line) and its
polarization-resolved spectra (red dashed and blue dotted lines) on linear scale (inset is on
logarithmic scale), (b) corresponding oscilloscope traces (red and blue lines).

In the experiment, in addition to single-wavelength mode-locked pulses, the stable
dual-wavelength bright pulses with the fundamental repetition rate can be easily observed
through appropriately adjusting the PCs, when the pump power is increased to the
mode-locking threshold of about 178 mW. The optical spectrum of the dual-wavelength
mode-locked bright pulses at 180 mW pump power is shown in Fig. 3(a). The
dual-wavelength pulse simultaneously oscillates at 1554.8 and 1560.9 nm. The profile of
dual-wavelength mode-locking pulse exhibits rectangular shape on the oscilloscope trace, as
shown in Fig. 3(b). The pulse repetition rate is 1.32 MHz. To validate simultaneous
mode-locking at two wavelengths, a tunable filter with maximal 3-dB bandwidth of 0.95 nm
was utilized to separate the laser emissions. It is shown that rectangular pulse mode-locking
operation exists at each wavelength. The rectangular pulse generation is a result of the
accumulation of nonlinear effect and the clamp of peak power in the passively mode-locked
fiber laser [31]. Furthermore, to investigate the polarization characteristics of the
dual-wavelength bright pulse, another PC and a polarization beam splitter (PBS) at the output
end were used to monitor simultaneously the two orthogonal polarization components. We
found the spectral intensity of two wavelengths either increases or decreases synchronously
with PCs’ tuning. The polarization-resolved spectra at the two orthogonal axes on linear scale
(inset is on logarithmic scale) are shown in Fig. 3(a). The corresponding pulse trains are



shown in Fig. 3(b). The polarization-resolved spectra and pulse trains have the same shapes as
the ones before polarization resolution. These indicate that the polarization state is the same
with the two wavelengths.

Keeping the pump power unchanged and slightly adjusting the PCs, it was noticed that a
bright pulse together with a dark pulse could be generated in the fiber laser, which is called
bright—dark pulse pair. Fig. 4 shows the spectrum of bright-dark pulse pair. The pulse
spectrum contains the same two wavelengths as those of dual-wavelength bright pulse, which
resulted from polarization-mode splitting [27]. But there is evidently larger intensity
difference between the two wavelengths. The central wavelengths are 1554.8 nm and 1560.9
nm, and the spectral bandwidths are 1.3 nm and 1.4 nm respectively. Fig. 5(a) presents the
typical bright—dark pulse train with the fundamental repetition rate on oscilloscope. The depth
of the dark pulse is nearly equal to the intensity of the bright pulse in uniform CW
background. The bright—dark pulse pair is considerably stable if it has been attained in the
experiment. The relative temporal distance between bright and dark pulses could be changed
by carefully adjusting the PCs. It is noted that a type of dark soliton in an all-normal
dispersion fiber laser has been reported due to an optical domain formation effect, i.e. the
formation of the dark soliton is a result of the mutual nonlinear coupling between two
different wavelength laser beams [32-34]. Here, we believe the formation mechanism of the
bright—dark pulse is mode-locking with the nonlinear couplings between lights with two
orthogonal polarizations and two different wavelengths.
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Figure 4 Spectrum of bright-dark pulse pair (black solid line) and its polarization-resolved
spectra (red dashed and blue dotted lines) on linear scale (inset is on logarithmic scale).
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Figure 5 (a) Oscilloscope trace of the bright-dark pulse pair, (b) filtered oscilloscope traces of
bright pulse at 1554.8 nm (black curve) and dark pulse at 1560.9 nm (red curve).



The tunable filter was utilized to separate the laser emissions at different wavelengths.
When the operation wavelength of the filter was tuned to around 1554.8 nm, only the
bright-pulse train appeared on the oscilloscope. Relatively, only the dark-pulse train was
observed with the filter adjusted to around 1560.9 nm. Fig. 5(b) displays the filtered bright
pulse train at 1554.8 nm and filtered dark pulse train at 1560.9 nm on oscilloscope. Based on
this experimental observation, we reckon that the bright—dark pulse pair is combined by two
laser beams with different wavebands. The waveband at shorter wavelength corresponds to
bright pulse and the waveband at longer wavelength corresponds to dark pulse. The formation
and stable propagation of bright—dark pulse pair in the fiber laser is very complicated, mainly due to
the nonlinear couplings between lights with two orthogonal polarizations and two different
wavelengths [35-37]. The nonlinear couplings include the coupling between two different wavelengths,
the coupling between the two orthogonal polarization components of the same beam, and the various
combinations of them. In order to understand the real physics behind the observed phenomena, it is
necessary to separate the effects first. The further experimental and theoretical are needed. Although
the bright and dark pulses are located at different wavelengths, they are bunched together as a
unit and propagated stably in the laser cavity, which can be regarded as a group velocity
locked pulse pair. Similar to [38, 39], where Guo et al. reported the formation of the
bright—dark soliton pair favored by the high nonlinear effect of TI: Bi,Ses, we think the cross
coupling effect attributes to the bright and dark orthogonal pulse at two wavelength supported
by LA-TFBG. Note that the operation wavelengths of the bright—dark pulses may be altered
by adjusting the settings of intra-cavity PCs.
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Figure 6 Polarization-resolved oscilloscope traces of the bright-dark pulse pair at two
orthogonal axes.

In order to further study the polarization characteristics of the bright—dark pulse pair, the
external cavity combiner of PC and PBS was used to observe simultaneously laser emission at
two orthogonal polarization axes. By adjusting the external cavity PC to align one of the
linear polarization axes of the bright—dark pulses to the vertical or horizontal axis of the PBS,
the two orthogonal polarization modes of the pulses can be separated. The
polarization-resolved spectra are shown in Fig. 4 (red dashed and blue dotted lines). The
corresponding polarization-resolved oscilloscope traces at each port of the PBS are shown in
Fig. 6. It is seen that bright and dark pulses with orthogonal polarization states are completely
isolated in time domain. While in spectral domain, dark pulse at the longer wavelength has a



strong spectral component with the same polarization at shorter wavelength. We consider it is
CW background. Vice versa, bright pulse at the shorter wavelength has a spectral component
with the same polarization at longer wavelength. Therefore, we can conclude that the bright
and dark pulses within the pulse pair are linearly polarized light with orthogonal electrical
vector vibration directions.

—~
QD
L
°
e
S
—~
O
~
o
=

Intensity (a.u.)
Intensity (a.u.)

T T T T T 0.04 |
-2000  -1000 0 1000 2000 2000  -1000 0 1000 2000
Time (ns) Time (ns)

Figure 7 (a) Oscilloscope traces of 2™ harmonic mode-locking of bright-dark pulse pair, (b)
its polarization-resolved oscilloscope traces.

When the pump power was increased to 246 mW, the harmonic mode-locking of
bright-dark pulse pair could also be obtained by tuning the PCs. Fig. 7(a) shows oscilloscope
traces of the 2" harmonic of bright-dark pulse pair. By further increasing the pump power, 4th
or higher order harmonic mode-locking of bright-dark can be attained. Similar to the bright
pulse, the harmonic mode-locking of bright-dark pulse pair may be resulted from the
interaction between bright-dark pulse pair. Using polarization-resolution method, the
harmonic mode-locking of bright-dark pulse pair can also be separated into bright and dark
pulses along orthogonal polarization axes, as shown in Fig. 7(b).

3. Conclusions

In conclusion, bright—dark pulse pair with orthogonal polarization has been obtained in a
passively mode-locked fiber laser with an LA-TFG. The LA-TFG is employed as
polarization-dependent element for mode-locking and two-wavelength filtering induced by
polarization-mode splitting. Different from dual-wavelength bright pulses with uniform
polarization at two different wavelengths, the bright—dark pulses formed due to the nonlinear
coupling between the bright and dark pulses exhibit orthogonal polarization at two different
wavebands. Furthermore, harmonic mode-locking of the bright-dark pulse pair has been
observed. These pave the way to manipulate the generation of dark pulse in terms of
wavelength and polarization with designed LA-TFG, and could find important applications in
secure communication system.
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