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Dissipative dark-bright vector solitons in fiber lasers
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We present detailed studies on dark-bright vector solitons formed in dispersion- and birefringence-managed
fiber lasers sustained by either incoherent or coherent cross-polarization coupling. We show that even under
strong influence of the gain bandwidth limitation, coupled dark-bright solitons can still be formed in a fiber laser.
Unique features of the dissipative dark-bright vector solitons are studied both numerically and experimentally,
and compared with those of the vector solitons formed in nonlinear Schrödinger equation systems.
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I. INTRODUCTION

Recently, we reported experimental observation of dark-
bright vector solitons in weakly birefringent cavity fiber lasers
and showed that the features of the observed dark-bright vec-
tor solitons could be well described by the coupled nonlinear
Schrödinger equations (NLSEs) [1,2]. Formation of dark-
bright vector solitons in single mode fibers was theoretically
extensively investigated previously; e.g., Christodoulides the-
oretically predicted formation of dark-bright vector solitons in
single mode fibers under coherent cross-polarization coupling
[3] and Lisak et al. investigated the dark-bright vector soliton
formation under incoherent cross-polarization coupling [4].
Theoretical studies have shown that cross-polarization mod-
ulation played a critical role in the dark-bright vector soliton
formation [3,4]. Different from the scalar soliton formation in
single mode fibers, where bright solitons can only be formed
in the anomalous dispersion regime, and dark solitons in the
normal fiber dispersion regime, the formation of dark-bright
vector solitons is independent of the sign of fiber dispersion.
However, it is a challenge to obtain experimentally dark-bright
vector solitons in the conventional single mode fibers. As
analyzed theoretically, in order for the dark-bright vector
solitons to be formed in a single mode fiber, both the fiber
dispersion and birefringence at the soliton frequencies have
to fulfill certain stringent requirements or relations [3–8]. It
is difficult for these requirements or relations to be fulfilled
by the conventional single mode fibers. Therefore, despite the
extensive theoretical studies on the topic, few experimental
observations on the type of vector solitons have been reported.
To overcome the difficulties, we have found an innovative
solution: Instead of propagating light in a piece of single
mode fiber we let light circulate in an appropriately designed
fiber ring laser. As the dynamics of light circulation in such
a fiber ring laser is mainly determined by the averaged fiber
parameters over the entire cavity [9], through cavity disper-
sion and birefringence management one could practically get
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access to any desired fiber dispersion and birefringence pa-
rameters. Consequently, we could experimentally successfully
demonstrate both the coherently and incoherently coupled
dark-bright vector solitons in single mode fibers.

Strictly speaking, the dynamics of light circulation in a
fiber laser cavity is physically different from that of light
propagation in a fiber transmission line. In a fiber laser cavity,
in addition to the nonlinear propagation in the single mode
cavity fibers, other effects, such as the laser gain and losses,
gain saturation, and gain bandwidth limitation also exist and
should be considered. These effects could unavoidably affect
the dynamics of the light propagation in the cavity fibers and
the properties of the formed solitons. What are the influences
of these effects on the dark-bright vector soliton formation?
It is known that under the existence of strong effective gain
bandwidth limitation, the equation that describes the light
circulation in a fiber laser cavity is no longer mathematically
equivalent to the NLSE. Solitons formed in such a fiber laser
are typical dissipative solitons [10,11]. Could dissipative dark-
bright vector solitons be formed and remain stable in such
a fiber laser? What are the characteristics of the dissipative
dark-bright vector solitons and how are they different from
those of the NLSE type of dark-bright vector solitons? All
these questions are so far not addressed.

To answer the above questions, we have investigated both
numerically and experimentally the dark-bright vector soliton
formation in single mode fiber lasers under different cavity
parameters and laser operation conditions. In this paper, we
present the detailed results of our studies.

II. NUMERICAL SIMULATIONS

We have numerically modeled the dark-bright vector soli-
ton formation in fiber lasers with different cavity parame-
ters and studied properties of the formed vector solitons.
In order to make the simulation results directly comparable
with the experimental observations, our simulations were
conducted based on a real experimental fiber laser configu-
ration. Specifically, we consider a fiber ring laser whose ring
cavity is made of 3-m Er-doped fiber (EDF) with normal
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Group-velocity dispersion (GVD) of 61.18 ps2/km, and dif-
ferent lengths of dispersion-compensating fiber (DCF) with
GVD of 5.1 ps2/km, and single mode fiber (SMF) with GVD
of −22.94 ps2/km. Both the SMF and DCF fibers are used
because through selecting appropriate DCF and SMF lengths,
the desired average cavity GVD as well as cavity length
can be obtained. We assume that the birefringence axes of
the fibers used in constructing the cavity are aligned with
each other. Moreover, we adopted a so-called pulse tracing
technique to simulate the laser operation [12]. Briefly, we
start the numerical simulations with a weak initial dark-bright
pulse pair and let them circulate in the fiber laser cavity. The
light propagation in the gain fiber is described by the coupled
extended Ginzburg-Landau equations (GLEs):
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where u and v are the normalized envelopes of the optical
fields along the two orthogonal polarization modes of the
fiber. 2β = 2π�n/λ is the wave-number difference between
the modes and 2δ = 2βλ/2πc is the inverse group velocity
difference. β2u and β2v are the second-order dispersion coef-
ficients along the two orthogonal axes, and γ represents the
nonlinearity of the fiber, g is the saturable gain coefficient
of the gain fiber, and �g is the gain bandwidth. For the light
propagation in the undoped fibers, g = 0. In our simulations,
the gain saturation is described by

g = g0 exp

[
−

∫
(|u|2 + |v|2)dt

Esat

]
, (2)

where g0 is the small signal gain coefficient and Esat is the
saturation energy. When the light meets the cavity output port,
10% of the light intensity is deducted from the light fields,
and the rest of the light is then reinjected into the cavity as
the input for the next round of cavity circulation. We used
the standard split-step method to solve the coupled extended
GLEs (1). The numerical calculations were made on a 400-ps
window and the periodic boundary condition was used. In
our simulations, whenever possible, we used the real fiber
parameters. We note that our simulation technique has auto-
matically considered the cavity dispersion and birefringence
management. In addition, the group velocity mismatching is
also included in the simulation. Using the same model and
numerical simulation technique we have previously success-
fully reproduced almost all soliton features experimentally
observed in fiber lasers, such as coherent energy exchange
between vector soliton components [13], noiselike pulse emis-
sion [14], soliton quantization effect [12], and soliton-period-
doubling route to chaos [15]. In the current simulations, we
are interested in the dark-bright vector soliton formation and

FIG. 1. Coherently coupled dark-bright solitary waves in the net
anomalous dispersion regime. The initial envelopes of the dark and
bright pulse field are u = 0.1 tanh(0.5t ) and v = 0.1sech(0.5t ); (a)
evolution of the dark pulse along the cavity round trips; (b) evolution
of the bright pulse along the cavity round trips; (c) the coupled dark-
bright pulses at the cavity round trip of 40 000.

their dynamics in fiber lasers, as well as the influences of
the effective gain bandwidth limitation on the properties of
the formed dark-bright vector solitons. To this end we have
focused our numerical studies on either the coherent cross-
polarization coupling (XPC) or incoherent XPC cases.

A. Coherent XPC case

We first considered fiber lasers with very weak net cavity
birefringence. When the net linear cavity birefringence is
sufficiently small, the coupling between the two orthogonal
polarization components of the laser emission is coherent. In
all of our simulations we have set the initial slowly varying
envelope of the dark and bright pulse fields as u = A tan h(Bt )
and v = C sec h(Bt ), where A, C, and B are arbitrary constants
and stand for the bright soliton strength, the dark soliton
depth, and the soliton pulse width, respectively. The initial
pulse widths of the dark and bright solitons are set equal.

For lasers with cavity dispersion in the anomalous dis-
persion regime, we used a set of the following parameters:
EDF fiber gain bandwidth: �g = 50 nm; small signal gain
coefficient: g0 = 100 km−1; gain saturation energy Esat =
1 pJ; EDF length: 3 m; DCF length: 2 m; SMF length:
9 m. The birefringence beat lengths of the cavity fibers are
50 km (EDF), 100 km (SMF), and 150 km (DCF), respec-
tively. Thus, the average fiber group velocity mismatch is
δave = 3.0139 × 10−5 ps/km, and the averaged fiber dis-
persions for the bright and dark solitons are β2u = β2v =
−0.91 ps2/km.

A typical result obtained under the laser parameters is
shown in Fig. 1. After an initial pulse shaping process, a
dark-bright pulse pair is formed in the fiber laser. The pulse
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pairs propagate stably with the cavity round trips, suggesting
that they are a kind of solitary wave of the laser. We note that
the dark solitary pulse in Fig. 1 is embedded in a train of cw
background pulses and always has zero minimum intensity.
Such a dark soliton is also known as a black soliton. Ac-
cording to [3], black-white vector solitons can be formed in a
weakly birefringent fiber under coherent XPC. The numerical
result shows that under appropriate laser cavity and operation
conditions, under coherent XPC stable black-white vector
solitons could be formed even in a fiber laser, despite the fact
that light circulation in a fiber laser cavity is not exactly the
same as that of light propagation in a SMF.

In the current simulation, we used an effective gain band-
width of 50 nm, which is far broader than the spectral
bandwidths of the formed solitons. When the gain bandwidth
is far larger than the soliton spectral bandwidth, one could
effectively neglect the gain-bandwidth-limitation effect. As
in the steady-state operation of a laser, the saturated gain is
always balanced by the cavity losses; in this case the extended
GLE describing the fiber laser operation could mathematically
be reduced to the NLSE [16]. Therefore, it is expected that
solitons formed in such a fiber laser would mimic the NLSE
soliton dynamics. To check this, we also numerically simu-
lated the dark-bright vector soliton formation in coherently
coupled NLSEs without considering the cavity dispersion-
and birefringence-management and gain saturation under the
same fiber parameters and compared the results. They exhibit
similar features, such as the formation of a stable dark-bright
vector state is critically dependent on the appropriate selection
of the initial dark-bright pulse parameters. In the net anoma-
lous cavity dispersion regime, modulation instability (MI)
always occurred on the cw component [17]. Therefore, the cw
background intensity became strongly modulated, as shown in
Fig. 1. However, we note that due to the cavity boundary con-
dition, the MI induced intensity modulation always evolves to
a stable periodic pulse pattern on top of a weak cw background
in a laser cavity. Depending on the cw background strength,
the repetition rate and pulse intensity of the periodic pulse pat-
tern vary, but the occurrence of MI would neither prevent the
black-white vector soliton formation nor destroy it, as shown
in Fig. 1 by the dash-circled part. This is very different from
the dark-bright vector soliton formation in SMFs where the
occurrence of MI eventually destroys the formed dark-bright
vector solitons [18]. A challenge for the experimental study
on dark solitons is to detect their existence. Unlike the bright
solitons, which are intensity peaks that can be easily detected
even with a slow detector, a dark soliton is an intensity dip
embedded in a cw intensity background. If a dark soliton is
too weak or has a too narrow pulse width, it is difficult to
detect its existence even with a high-speed detection system.
An interesting feature uncovered by the numerical simulation
is that associated with the narrow dark soliton formation as
shown in the dashed circle in Fig. 1(c), the peaks of the
MI pulses also form a dark pulse envelope due to the XPC,
indicated in the thick line in Fig. 1(c). The dark pulse envelope
is much broader than the formed dark soliton. Obviously, the
formation of such a dark pulse peak envelope would greatly
facilitate the detection of the narrow dark soliton formed in an
experiment.

FIG. 2. Same as in Fig. 1, except the small signal gain coefficient
is changed to g0 = 150 km−1 and laser gain bandwidth is changed to
20 nm.

To study the influence of the gain bandwidth limitation on
the dark-bright vector soliton formation, we then set the gain
bandwidth �g = 20 nm and the small signal gain coefficient
g0 = 150 km−1; the result obtained is shown in Fig. 2. Stable
coherently coupled dark-bright solitons can still be formed
in such a fiber laser. However, compared with the results
obtained under negligible gain bandwidth, we numerically
identified that the formation of the dark-bright vector solitons
is more robust. At a fixed gain and saturation energy, inde-
pendent of the initial pulse parameter selections, the same
dark-bright vector soliton is always automatically obtained,
which is a typical feature of the dissipative solitons [19,20].

For lasers in the net normal cavity dispersion regime, we
used the following parameters: EDF gain bandwidth: �g =
50 nm, small signal gain coefficient: g0 = 400 km−1; EDF
length: 3 m; DCF length: 5 m; SMF length: 8 m. Thus, the
average GVD at the bright and dark soliton frequency is
β2u = β2v = 1.6 ps2/km. We have kept the same net average
group velocity mismatching δave = 3.0139 × 10−5 ps/km.

The result obtained in the case is shown in Fig. 3. In the
normal dispersion regime, there is no MI effect. Hence, the cw
has a stable background. Again, with appropriate initial pulse
parameter selection, stable coherently coupled dark-bright
solitons are formed in the laser, showing that the dark-bright
vector soliton formation is independent of the sign of the
laser cavity dispersion. However, different from the case of
the dark-bright vector soliton formation in the net anomalous
dispersion regime, in addition to the initial dark-bright pulse
pair, two extra dark-bright vector solitons are also formed.
To explain this, we note that the formation of dark solitons
has no dark pulse intensity threshold in the normal dispersion
fibers [18]. Any small intensity dip on a cw background
could evolve into one or multiple dark solitons under strong
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FIG. 3. Coherently coupled dark-bright solitons in the net nor-
mal dispersion regime. The initial optical fields are set as u =
0.1 tanh(0.5t ) and v = 0.1sech(0.5t ); (a) evolution of dark solitons;
(b) evolution of bright solitons; (c) coupled dark-bright soliton at the
simulation round trip of 10 000.

light intensity. As the initial pulses used are not the stable
dark-bright vector soliton, they would certainly experience
nonlinear pulse shaping and generate new solitons. However,
interestingly, associated with each of the newly formed dark
solitons, a bright soliton is also formed and copropagates
with the dark solitons. The result suggests that formation of
the coupled dark-bright vector solitons could be an intrinsic
feature of the fiber lasers under coherent XPC. The two
counterpropagating dark and bright solitons are symmetric.
They have the same pulse width and peak intensity, which
is the typical characteristic of the vector solitons formed. To
study the influence of the gain bandwidth limitation on the
dark-bright solitons in the dispersion regime, we further set
the laser gain bandwidth to 20 nm and the gain coefficient to
g0 = 400 km−1. The result is displayed in Fig. 4. As expected,
except that the dark soliton depth is enhanced and the forma-
tion of the dark-bright vector soliton becomes more robust,
no other obvious difference could be numerically detected
from those of the dark-bright vector solitons formed under the
negligible gain-bandwidth-limitation case.

B. Incoherent XPC case

When the net linear cavity birefringence is sufficiently
large, the laser oscillations along the two orthogonal polariza-
tion directions will have different frequencies. Consequently,
the coupling between them is incoherent. To simulate fiber
laser operation under incoherent XPC in the anomalous dis-
persion regime, we used the following set of parameters: EDF
fiber gain bandwidth: �g = 20 nm; small signal gain coef-
ficient: g0 = 150 km−1; gain saturation energy Esat = 1 pJ;
EDF: 3 m; SMF: 9 m; DCF: 2 m. The beat lengths of the fibers

FIG. 4. The same as in Fig. 3, except the laser gain bandwidth
changed to 20 nm.

are 10 m (EDF), 20 m (SMF), and 30 m (DCF), respectively.
Thus, the average group velocity mismatch is 0.14 ps/km, the
averaged GVDs for the bright and dark solitons are β2v =
−0.91 ps2/km, and β2u = −0.91 ps2/km, respectively.

Figure 5 shows the obtained numerical result. Compar-
ing with Fig. 1, although the same initial pulse parameters
were used, due to the incoherent XPC and the large cavity

FIG. 5. Incoherently coupled dark-bright solitons in the net
anomalous dispersion regime. Initial optical fields along the two
axes: u = 0.1 tanh(0.5t ) and v = 0.1sech(0.5t ); (a) evolution of dark
solitons; (b) evolution of bright solitons; (c) coupled dark-bright
soliton at simulation round trip of 40 000.
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FIG. 6. Incoherently coupled dark-bright solitons in the net nor-
mal dispersion regime. (a) Evolution of dark solitons; (b) evolution
of bright solitons; (c) coupled dark-bright soliton at simulation round
trip of 10 000.

birefringence, the formed dark soliton depth did not reach
zero intensity. Moreover, the pulse peak modulation of the MI
pulses is no longer symmetric with respect to the bright soli-
tons. Based on extensive numerical simulations we confirmed
that, similar to the incoherently coupled NLSE systems [4],
as far as the dispersion condition (2/3)β2u < β2v is fulfilled,
dissipative dark-bright vector solitons could always be formed
in the dispersion regime, while if the disperison condition is
not fulfilled, no stable dissipative dark-bright vector solitons
could be formed.

To check the incoherently coupled dark-bright vector soli-
ton formation in the net normal dispersion regime, we first
used the following parameters: EDF gain bandwidth �g =
50 nm; small signal gain coefficient g0 = 400 km−1; satura-
tion energy Es = 10 pJ; EDF: 3 m; SMF: 8 m, DCF: 5 m.
To also take into account the different GVDs of the dark and
bright solitons under the incoherent coupling, we deliberately
set the dispersion coefficient of the SMF for the dark and
bright soliton as −22.94 and −24.22 ps2/km, respectively.
This results in the average fiber dispersion for the dark and
bright solitons being β2u = 1.6 and β2v = 0.96 ps2/km. We
have set the beat length of the fibers as 6 m (EDF), 12 m
(SMF), and 18 m (DCF), respectively, which then makes the
averaged group velocity mismatch 0.28 ps/km.

Figure 6 shows the result obtained. Multiple pairs of dark-
bright solitons are simultaneous formed. Due to the large fiber
birefringence, the group velocity mismatch becomes obvious;
as a result, the formed dark-bright vector solitons have differ-
ent pulse widths and pulse heights. As mentioned above, when
the gain-bandwidth-limitation effect is negligible, in a steady
state the formed solitons in a fiber laser mimic the NLSE
soliton features. A typical feature of the incoherently coupled
NLSE type dark-bright vector solitons is that a stronger bright

FIG. 7. The same as in Fig. 6, except the laser gain bandwidth is
changed to 20 nm.

soliton is always coupled to a deeper dark soliton. We call it
an “attractive feature” of the coupled dark-bright solitons. As
can be seen in Fig. 6, the numerical result clearly reflects the
feature. Here it is worth making a comparison with the result
shown in Fig. 3. In both cases multiple coupled dark-bright
solitons can be simultaneously formed in a fiber laser. While
under the coherent XPC the newly formed dark-bright vector
solitons always exhibit the same pulse width and height; under
incoherent XPC, the newly formed dark-bright vector solitons
could have different pulse widths and energies, which makes
the dark-bright vector solitons formed under the two XPC
cases distinguishable.

To identify properties of the dissipative dark-bright vector
solitons formed under incoherent XPC, we then set the gain
bandwidth to 20 nm and repeated the simulation. The result
is displayed in Fig. 7. Despite the fact that the formed dark-
bright vector solitons still have different pulse widths and
pulse heights, it can be seen that under the gain bandwidth
limitation, a stronger bright soliton could also couple to a
weaker dark soliton, demonstrating that the incoherently cou-
pled dissipative dark-bright vector solitons no longer possess
the “attractive property.” Moreover, as shown in Fig. 7, in the
case a dark soliton could even exist alone, without coupling to
a bright soliton.

III. EXPERIMENTAL OBSERVATIONS

To check the numerical simulations, we further constructed
fiber lasers with comparable net average cavity dispersions
and birefringence to investigate the dark-bright vector soliton
formation and their features. All the fiber lasers have the
same cavity structure as shown in Fig. 8, and the same 3-m
Er-doped fiber with normal GVD of 61.18 ps2/km as the gain
fiber. The other cavity fibers used are SMF with a GVD
of −22.94 ps2/km and DCF with a GVD of 5.1 ps2/km.
Through appropriately selecting the lengths of the SMF and
DCF we managed to get the desired average fiber GVD,
birefringence, and the cavity length. The fiber lasers are
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FIG. 8. A schematic of the Er-doped fiber (EDF) ring laser. SMF:
Single mode fiber. DCF: Dispersion-compensating fiber. WDM:
Wavelength division multiplexer. PC: Polarization controller. ISO:
Isolator. OC: Output coupler. OSC: Oscilloscope.

pumped by a 1480-nm SMF Raman laser that has a max-
imum output power of ∼5 W. A polarization-independent
isolator is inserted in the cavity to force the unidirectional
light circulation. An intracavity polarization controller (PC) is
used to fine-tune the linear cavity birefringence. A wavelength
division multiplexer (WDM) is used to couple the pump light
into the cavity, and a 10% fiber coupler is used to output the
light. All the components used in the cavity are pigtailed with
the DCF. No real or artificial saturable absorbers are inserted
in the cavity.

When constructing the fiber cavities, special care has been
taken to ensure that the net cavity birefringence is sufficiently
small, so the laser can simultaneously oscillate in its two
orthogonal linear polarization modes, and through carefully
adjusting the intracavity PC, the net birefringence of the cavity
can be varied over a small range across the zero cavity bire-
fringence point. Experimentally, this is judged by monitoring
the optical spectra of laser emissions along the two orthogonal
polarization directions. As the intracavity PC orientation is
tuned, they could be tuned overlapping and then separating.

We first focused on laser operation under the coherent XPC
in the anomalous dispersion regime. For this purpose, we used
a 9-m single mode fiber and a 2-m DCF to complete the
ring cavity. The final cavity length is 14 m, and the averaged
net cavity GVD is about β2 = −0.91 ps2/km. In order to
have coherent XPC, the net linear cavity birefringence must
be sufficiently small. Experimentally this is very challenging
to achieve. Nevertheless, through appropriately selecting the
fibers and the intracavity components, and carefully tuning
the intracavity PC, a state as shown in Fig. 9 could be
obtained. Figure 9(a) shows the polarization resolved laser
emission along the two orthogonal polarization directions of
the cavity. The cavity round-trip time of our fiber laser is
about 70 ns. Based on Fig. 9(a), obviously multiple coupled
dark-bright pulse pairs are simultaneously formed in the laser.
In particular, all the pulse pairs exhibit the same pulse heights,
indicating that they could have the same pulse parameters.
The soliton nature of the pulses is confirmed by their optical
spectra, as shown in Fig. 9(b). Both the Kelly sidebands
and the coherent energy exchange sidebands coexist on the
spectra, indicating that the dark and bright pulses are solitons
and they are coherently coupled [14]. In our experiment the
coherently coupled dark-bright soliton operation state is very

FIG. 9. (a) Coherently coupled dark-bright solitons formed in
the net anomalous cavity dispersion regime. Horizontal axis (upper
trace), vertical axis (lower trace); (b) corresponding optical spectra
of the solitons; (c) autocorrelation trace for the bright solitons.

difficult to achieve. At a fixed pump strength, in order to
observe the state, in addition to tuning the net cavity bire-
fringence as small as possible, one has also to control the
average cavity dispersion to an appropriate small value. Based
on the autocorrelation measurement on the bright solitons
shown in Fig. 9(c), the solitons should have a pulse width of
about 880 fs if a sech2 shape is assumed. We note that under
coherent XPC, only the black-white vector solitons could be
formed, and the formed solitons would have the same pulse
parameters. In our experiment, the electronic detection system
used only has a bandwidth of 33 GHz; theoretically it could
not detect the existence of the dark solitons. However, the dark
solitons were clearly observable in our experiment, as shown
in Fig. 9. Based on our numerical simulations, we attribute it
to the existence of the dark envelope formed on the MI pulses.
Therefore, the experimental result is well supportive to the
numerical simulations.

Depending on the net cavity birefringence, incoherently
coupled dark-bright vector solitons can also be formed in
the same fiber laser. At a large net cavity birefringence,
initially the polarization domain walls can be observed. As
the net cavity birefringence is decreased or the pump power
is increased, the domain walls split, and eventually multi-
ple coupled dark-bright solitons are formed in the cavity as
shown in Fig. 10(a). Multiple pairs of dark-bright solitons are
always initially formed within one cavity round trip. Figure
10(b) shows the corresponding polarization resolved optical
spectra of the laser emission. The laser emission along the
two orthogonal polarization directions obviously has different
wavelengths. We note that the dark-bright vector solitons
cannot be obtained in all incoherent XPC situations . If the net
average cavity GVD is too large, where only the polarization
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FIG. 10. (a) Incoherently coupled dark-bright solitons in the net
anomalous cavity dispersion regime. Horizontal axis (upper trace),
vertical axis (lower trace); (b) corresponding optical spectra; (c)
single pair of dark-bright solitons propagating in the cavity; (d)
autocorrelation trace for the bright solitons.

domains can be obtained, or the condition (2/3)β2u < β2v

is not fulfilled, no dark-bright solitons could be obtained.
Obviously, the dark-bright vector solitons have different pulse
widths and pulse energies, which are clearly different from
those shown in Fig. 9(a). Through careful control of the
laser operation conditions, single dark-bright vector soliton
operation can also be obtained, as depicted in Fig. 10(c). The
corresponding autocorrelation trace, shown in Fig. 10(d), has
a FWHM autocorrelation trace width of ∼1.5 ps, assuming the
pulse has a sech2 shape; its width is estimated to be 980 fs.

To verify the dark-bright vector soliton formation and their
properties in the net normal dispersion regime, we constructed
a fiber laser with an 8-m SMF and a 5-m DCF. The fiber
laser has a cavity length of 16 m, corresponding to a cavity
round-trip time of 80 ns. The estimated net average GVD of
the cavity is β2 = 1.6 ps2/km. Through carefully tuning the
intracavity PC paddles, multiple dark-bright vector solitons
were obtained. A typical dark-bright vector soliton emission
state is shown in Fig. 11. Figure 11(a) is the polarization
resolved laser emissions. Figure 11(b) is the corresponding
polarization resolved optical spectra. Similar to Fig. 10(a),
each bright soliton is coupled to a dark soliton, and the
solitons exhibit different pulse widths and pulse energies. In
particular, a weak bright soliton could couple to a deeper
dark soliton, indicating that the dark-bright solitons are not
only incoherently coupled but also dissipative. Extensive ex-
perimental studies have shown that only under some special
laser operation conditions, e.g., strong pumping and relatively
larger average cavity dispersion, the incoherently coupled
dark-bright solitons exhibited the attractive feature. Generally,
they do not exhibit the feature, indicating that they are dissi-
pative dark-bright vector solitons.

Figure 12 further shows another state observed in the fiber
laser. The observed dark-bright vector solitons not only do
not have the attractive feature, but also a scalar dark soliton
coexists with multiple incoherently coupled dark-bright vec-
tor solitons in the cavity, which further confirms that they are
dissipative dark-bright vector solitons.

FIG. 11. (a) Incoherently coupled dark-bright solitons measured
in the net normal cavity dispersion regime. Horizontal axis (upper
trace), vertical axis (lower trace); (b) the corresponding optical
spectra.

IV. CONCLUSION

In conclusion, we have studied both numerically and exper-
imentally the dark-bright vector soliton formation in a single
mode fiber laser operating in different parameter regimes. We
have numerically shown that as a result of the XPC, stable
dark-bright vector solitons can even be formed in a fiber
laser independent of the sign of the net cavity dispersion.
Specifically, we have studied the features of the formed dark-
bright vector solitons under the coherent and incoherent XPC,
and shown that under the coherent XPC black-white vector
solitons were formed, while under the incoherent XPC dark-
bright vector solitons with different soliton pulse parameters
were formed. We also numerically investigated the influence
of effective gain bandwidth on the formed dark-bright vector

FIG. 12. A state of the laser where a scalar dark soliton coexists
with multiple incoherently coupled dark-bright vector solitons in the
net normal cavity dispersion regime. Horizontal axis (upper trace);
vertical axis (lower trace).
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solitons and confirmed that if the effective gain bandwidth
is negligible, the formed dark-bright vector solitons mimic
the features of the NLSE solitons. Otherwise, the formed
dissipative dark-bright vector solitons no longer possess the
attraction feature. Our numerical results are well confirmed
by the experimental investigations. Our research shows that
a vector cavity SMF laser is an excellent experimental test-
bed both for the NLSE and GLE types of vector soliton
study.
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