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We simulate pulse shaping of bright—dark vector soliton pair in an optical fiber system. Through changing input
pulse parameters (amplitude ratio, projection angle, time delay, and phase difference), different kinds of pulse shapes and
spectra can be generated. For input bright—dark vector soliton pair with the same central wavelength, “2 4 17- and “2 4 2"-
type pseudo-high-order bright—dark vector soliton pairs are achieved. While for the case of different central wavelengths,
bright—dark vector soliton pairs with multiple pulse peaks/dips are demonstrated with appropriate pulse parameter setting.
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1. Introduction

Optical soliton is a kind of localized nonlinear wave in
nonlinear optical systems, and it can propagate along long dis-
tances without pulse shape distortion. Optical solitons have
been widely studied theoretically and experimentally. In the-
ory, soliton solutions can be obtained by solving nonlinear
Schrodinger equation (NLSE) and Ginzburg-Landau equa-
tion (GLE).['l When the amplitude modulations (including
gain, loss, spectral filtering, and saturable absorption) in GLE
are negligible, GLE can be approximated with NLSE. While
in experiments, optical solitons can be achieved in passively
mode-locked solid-state and fiber lasers. Especially, soli-
tons in ultrafast fiber laser field have been attracting much at-
tention, because of the unique characteristics (including dis-
persion, nonlinearity, gain, and loss) offered by single-mode
and multi-mode fibers. Currently, many researches are fo-
cused on optical solitons in single-mode fiber lasers, be-
cause of their compactness, stability, ease of maintenance,
and so on. Until now, different kinds of optical solitons
that exist in fiber lasers have been theoretically solved and
experimentally demonstrated, such as traditional soliton, [2.3]
dispersion-managed soliton,!*3! self-similariton,®’] dissipa-
tive solion,®?! dual-wavelength domain wall soliton,[!"! and
so on.["""1% They can be generated by appropriate design of
intra-cavity parameters. Also, multi-state solitons can be emit-
ted in bidirectional mode-locked fiber lasers.['5] As the de-
velopment of detection techniques, soliton dynamics can be
explored with time-stretch dispersive Fourier transform (TS-
DFT) technique,!'®!! which reveals the transient dynamics

of soliton evolution and building processes.
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In reality, single-mode-fiber is anisotropic even with cir-
cular symmetry, because of material imperfections and exter-
nal environmental disturbance (such as stress and heat flow).
So scalar approximation is not applicable and coupled NLSEs
and GLEs should be considered for solving.!?’! In this sit-
uation, various vector solitons could be generated, such as
polarization/phase-locked vector soliton (PLVS),!?!-2*! group-
velocity-locked vector soliton (GVLVS),[?*27 polarization

),[28’29] and so on, depending

rotation vector soliton (PRVS
on the strength of intra-cavity linear birefringence and cross-
phase modulation (XPM). Also, we can classify the vector
solitons according to their pulse waveforms, such as bright—
bright vector soliton, bright—dark vector soliton and dark—dark
vector soliton. Bright soliton has a temporal intensity peak,
while dark soliton has a temporal intensity dip with continuous
light background. Vector solitons have potential applications
in optical communications and optical data processing.3%-3!]
In previous works, many different kinds of vector soli-
tons have already been observed in mode-locked fiber lasers.
For example, coherently and incoherently coupled bright—dark
vector solitons in single-mode fiber lasers were experimentally

32331 Simulation about generating pseudo-high-order

shown. [
polarization-locked vector soliton was reported.**! Manipu-
lation of polarization- and group-velocity-locked dark vector
solions was also theoretically simulated.!®>! However, there
are few reports about the pulse shaping of bright—dark vec-
tor soliton pair. In this paper, we simulate the pulse shaping
of bright—dark vector solion pair in a polarization insensitive
optical fiber system. Through changing input pulse parame-

ters, different kinds of pulse shapes and optical spectra in or-
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thogonal polarization directions can be generated. Our sim-
ulation result further explore the vector properties of optical
soliton, and can provide beneficial conduct for latter experi-
ments about pulse shaping of bright—dark vector soliton pair
at different wavelengths.

2. Simulation

Figure 1 is the depiction of our theoretical model. It is a
polarization-insensitive optical fiber system. “A; /A change”
section is used for changing amplitude ratio of orthogonal
modes and it can be adjusted by fiber amplifier or fiber at-
tenuator; “AT change” section is for changing time delay be-
tween orthogonal modes and it can be changed with optical
fiber time delay line; SMF is single-mode-fiber; PC (polariza-
tion controller) is for changing linear fiber birefringence; Col
(collimator) is employed for collimating laser beam; PBS (po-
larization beam splitter) can separate orthogonally polarized
electric fields and can also be rotated to change projection an-
gle between the polarization direction and the projection axes.
Bright—dark vector soliton pair passes through different stages
one by one in order, and finally detected by photo-detector af-
ter passing through or being reflected by the PBS. Angrizontal
and Ayeriical Stand for the amplitude projection along horizon-
tal and vertical polarization directions.

SMF Aborigontal

(O ggp o
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| [ ar ! 288 o

change change
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Fig. 1. Picture of theoretical model.

Firstly, the temporal pulse amplitudes A;(¢) and A, (¢) of
incident bright—dark vector solion pair in orthogonal polariza-
tion directions can be expressed as
1.763(t — AT /2)

T

X exp (iZZCt>, 1)

1.763(t + AT /2)]

Ai(r) = Ajsech [

I

X exp <i <27rct + A(p> ) . 2)
A2

In Eqgs. (1) and (2), we make the assumption that horizontal

Az(l‘) = Ajtanh I:

mode is black soliton with “tanh”-type pulse shape, and ver-
tical mode is bright soliton with “sech”-type pulse shape. A;
and A, are amplitudes in vertical and horizontal polarization
directions; ¢ is time parameter; AT stands for time delay be-
tween orthogonal modes; 77 and 75 are pulse widths for verti-
cal and horizontal mode; c is light velocity in a vacuum; A¢
is phase difference between orthogonal modes and it includes

two parts: one is the phase difference of incident orthogo-
nal polarization modes, the other is the linear birefringence-
induced phase difference imposed in the optical fiber system;
A1 and A, are central wavelengths of orthogonal modes. We
assume the projection angle is 0, then the projected ampli-
tudes along horizontal and vertical polarization directions can
be calculated according to

Ahorizontal = A1 (t) cos 6 +A2([) sin 6, 3)
Avertical = A1 (t) sin@ —A; (I) cos 6. @)

In the latter simulation, we let 7} = 7> = 5 ps and sim-
ulate the temporal pulse shapes and optical spectra of output
horizontal and vertical polarization modes, through changing
amplitude ratio, projection angle, time delay and phase differ-
ence for orthogonal modes. The simulation results include two
parts: the first is considering orthogonal modes with the same
central wavelength, and the second one considers those with
different central wavelengths.

2.1. A; = A, = 1064 nm

In this section, we assume A; = A, = 1064 nm. The 1064-
nm central wavelength is selected because it can be generated
in Yb-doped mode-locked fiber laser experimentally. Firstly,
we consider the case when input amplitude ratio of bright—
dark soliton pair is changed, and the corresponding simulation
result is shown in Fig. 2. Here, we simulate the changes of
output pulse shapes and optical spectra when amplitude ra-
tio (A2/A1) is decreased from 3/1 to 1/3. Other variables are
set as: 6 = 0°, AT =0 ps, and A¢ = 7/2. The phase dif-
ference is fixed at /2, which is the typical characteristic of
PLVS with +r/2 phase difference in ytterbium fiber laser.
The output pulse shapes in orthogonal polarization directions
(see Figs. 2(a)-2(e)) shows the same tendency with amplitude
ratio. While for optical spectra in Figs. 2(f)-2(j), both hor-
izontal and vertical polarization modes have the same 3-dB
bandwidth with different peak intensities. And the peak inten-
sity is still different even though with the same input amplitude
for orthogonal polarization modes. In all the simulated optical
spectra, the optical spectrum resolution is ~ 0.15 nm.

Then, we consider the change of projection angle 6.
Other variables are: A| = Ay = 1, AT =3 ps, and Ap = 7/2.
In Figs. 3(a)-3(e), we can see that as 0 increases from 15°
to 70°, the peak/dip pulse shape in horizontal/vertical direc-
tion will gradually evolve into dip/peak pulse shape. Besides,
“2+42”-type pseudo-high-order bright—dark vector soliton pair
occurs when 0 = 44.5°. We call it “pseudo-high-order” rather
than “high-order” because the phase of amplitude projection
along two principle axes of PBS is not locked. It should be
noted that the pulse shapes in orthogonal polarization direc-

tions will coincide with each other when 6 = 45° because of
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symmetry projection. Besides, there is only one peak or dip
in one polarization direction when AT = 0 ps. The peak/dip
of bright/dark soliton is not equal to one/zero because of en-
ergy transfer between horizontal mode and vertical mode. For
output optical spectra in Figs. 3(f)-3(j), both orthogonal polar-
ization modes have different 3-dB bandwidth and slight peak
intensity difference. Horizontal mode has narrower/broader
bandwidth when 6 is smaller/larger than 45°, but the critical
point is different for optical spectrum peak intensity.

After that, we simulate the pulse shapes and optical spec-
tra when time delay AT is changed from 1 ps to 10 ps. Others

are: Aj =A, =1, 6 =10°, and A@ = 7 /2. The corresponding
simulation results are demonstrated in Figs. 4 and 5. In Fig. 4,
the time separation of bright and dark solitons increases be-
cause the increasing AT value. Besides, the dark soliton in
vertical polarization is gray soliton or black soliton, depend-
ing on AT. For optical spectra in Fig. 5, the peak intensity of
orthogonal polarization modes is almost unchanged, accom-
panied with intensity difference ~ 3 dB. The centering wave-
length is 1064 nm and 3-dB bandwidth is smaller than 1 nm for
both polarization modes, but the bandwidth is larger compared
with Fig. 3.
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Fig. 2. Simulated output pulse shapes [(a)-(e)] and optical spectra [(f)—(j)] in orthogonal polarization directions when input amplitude ratio (A3 /A;) is

set as: 3/1,2/1, 1/1, 1/2, and 1/3. Others are: 6 = 0°, AT =0 ps, and Ap = /2.
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Fig. 3. Simulated output pulse shapes [(a)—(e)] and optical spectra [(f)—(j)] in orthogonal polarization directions when projection angle 6 is set as: 15°,
30°, 44.5°, 60°, and 75°. Others are: A} = A, =1, AT =3 ps, and Ap = /2.
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Fig. 4. Simulated output pulse shapes [(a)—(j)] in orthogonal polarization directions when time delay AT increases from 1 ps to 10 ps (1-ps time interval).

Others are: A}y =A; =1, 0 = 10°, and Ap = /2.
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Fig. 5. Simulated output optical spectra [(a)—(j)] in orthogonal polarization directions when time delay AT increases from 1 ps to 10 ps (1-ps time

interval). Others are the same as those in Fig. 4.

At last, we consider the influence of the phase difference
A¢@ on the output pulse properties. Figure 6 shows the simu-
lation result when A is increased from O to w. From pulse
shapes of Figs. 6(a)-6(e), we can see that the peak intensity
of horizontal bright soliton decreases with the increased Ag.
While for the vertical dark soliton, the dip intensity is almost
unchanged, and another peak appears when A@ reaches to
3w /4, which means that the “1 4+ 2”-type pseudo-high-order

bright—dark vector soliton pair can be generated with appro-
priate A@ value. Besides, the vertical dark soliton is always
black soliton with all A@ values. Figures 6(f)-6(j) are the
corresponding optical spectra, and the figures show that the
peak intensities of horizontal/vertical polarization modes have
slight increase with the increased A¢, and meanwhile, the peak

intensity differences increase from 1.6 dB to 4.0 dB.
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Fig. 6. Simulated output pulse shapes [(a)—(e)] and optical spectra [(f)—(j)] in orthogonal polarization directions when A is set as 0, /4, w/2, 31/4,

and 7. Others are: Ay =A; =1, 0 =10°, and AT =5 ps.

2.2. Ay = 1063 nm, A, = 1065 nm

In this section, we simulate the output pulse shapes and
optical spectra when A; # A,, which is the characteristic of
GVLVS. Because for GVLVS, the two orthogonal polarization
modes will shift their central wavelengths, combining with
self-phase modulation (SPM) and XPM to compensate linear
intra-cavity fiber birefringence. In later simulations, we set
A1 = 1063 nm and A; = 1065 nm, and the simulation proce-
dure is similar to the former case when A; = A,. Firstly, the

amplitude ratio (A3 /A;) of incident pulses is decreased from
3/1 to 1/3, and others are set as: 8 = 0°, AT =0 ps, and
A@ = 0. The simulation result is shown in Fig. 7. We can
see that both pulse shape and optical spectrum amplitudes of
orthogonal polarization modes have the same tendency with
A;/A; change. For output optical spectra, the horizontal mode
with red color always has only one peak, while vertical mode
always has two peaks, which is different from the case when
A=
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Fig. 7. Simulated output pulse shapes [(a)—(e)] and optical spectra [(f)—(j)] in orthogonal polarization directions when amplitude ratio (A2 /A}) is set as:

3/1,2/1, 1/1, 1/2, and 1/3. Others are: 8 = 0°, AT =0 ps, and A¢p = 0.
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Then, we change projection angle 6 and simulate the
pulse shaping properties for incident group-velocity-locked
bright—dark vector soliton pair. Figure 8 shows the corre-
sponding simulation result when 6 is increased from 15° to
75°, and other parameters are fixed at: A; =A; =1, AT =0 ps,
and A@ = 0. In Figs. 8(a)-8(e), it shows that both orthogonal
modes have only one peak/dip with multiple side pulse oscil-
lations when 6 = 15°. When 6 = 40°, side pulse oscillations
become obvious and the main peak/dip is undistinguishable,
chirp-like pulses appear in horizontal and vertical polariza-
tion directions. And the orthogonal polarization modes will
have the same temporal oscilloscope and the pedestal value

is equal to 0.5 when 6 = 45°. For output optical spectra in
Figs. 8(f)-8(j), both orthogonal modes have two peaks orien-
tated at 1063 nm and 1067 nm. The red-shift of 1065 nm to
1067 nm may attribute to the energy transfer through ampli-
tude projection along the two PBS axes. When 0 is smaller
than 45°, the horizontal mode has higher/lower peak intensity
at 1063 nm/1067 nm wavelength position compared with verti-
cal mode, and the result will become contrary when 6 is larger
than 45°. The orthogonal polarization modes have the same
peak intensity at the above-mentioned two wavelengths when

0 = 45° because of the projection symmetry.
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Fig. 8. Simulated output pulse shapes [(a)—(e)] and optical spectra [(f)—(j)] in orthogonal polarization directions when projection angle 6 is set as: 15°,
30°, 40°, 60°, and 75°. Others are: A} =Ay = 1, AT =0 ps, and Ap = 0.
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Fig. 9. Simulated output pulse shapes [(a)—(j)] in orthogonal polarization directions when time delay AT increases from 1 ps to 10 ps (1-ps time interval).

Others are: A}y =A; =1, 0 = 10°, and Ap = 0.
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After that, the time delay AT is changed while with other
variables fixed at appropriate values. AT increases from 1 ps
to 10 ps while others are set as: A} =A; =1, 6 = 10°, and
A@ = 0. The simulation results are demonstrated in Fig. 9 and
Fig. 10. In Fig. 9, we can see the horizontal mode is always
bright soliton pulse with multiple side peaks across the whole
temporal pulse shape. The peak intensity increases when AT
is increased from 1 ps to 4 ps, and will have slight oscilla-

tion in latter 6 ps. For vertical mode, the dark soliton pulse

is always black soliton, and as the increase of the time delay,
chirp-like oscillated multiple-pulses appear at the pulse trail-
ing edge and they become obvious when AT is larger than 2 ps.
Figure 10 is the corresponding simulated output optical spec-
tra. It shows that both orthogonal modes have two wavelength
bands at 1063 nm and red-shifted 1067 nm, which is similar to
the case with angle changes. Besides, the peak intensity of the
horizontal mode is always higher/lower than the vertical mode
at 1063 nm/1067 nm with different time delay values.
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Fig. 10. Simulated output optical spectra [(a)-(j)] in orthogonal polarization directions when time delay AT increases from 1 ps to 10 ps (1-ps

time interval). Others are the same as those in Fig. 9.
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Fig. 11. Simulated output pulse shapes [(a)—(e)] and optical spectra [(f)—(j)] in orthogonal polarization directions when Ag is set as 0, 7 /4,

/2,37 /4, and m. Others are: A =A; =1, 6 = 10°, and AT =5 ps.

At last, we simulate the pulse shaping through changing
phase difference A@. Figure 11 is the simulation result when
A¢@ is changed from O to 7, and other variables are set as:
A=Ay =1,0=10° and AT =5 ps. In Figs. 11(a)-11(e),

we can see that horizontal polarization mode is always bright
soliton with multiple side peaks, while vertical polarization
mode is always black soliton with chirp-like oscillated pulses

at pulse trailing edge position. Figures 11(f)-11(j) are the
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corresponding optical spectra, which show that the horizon-
tal mode has higher/lower peak intensity at 1063 nm/1067 nm
compared with the vertical mode, and the wavelength splits at
1067-nm position for both orthogonal polarization modes.

It should be noted that the simulation results in Figs. 9,
10, and 11 are different. For pulse shapes in Fig. 9, the vertical
dark soliton has side pulse oscillations at pulse leading edge
when AT is not larger than 3 ps, while in Figs. 11(a)-11(e),
the vertical dark soliton always has smooth pulse leading edge
with different A@ values. For optical spectra in Fig. 10, both
orthogonal modes have multiple side peaks at 1067 nm and
the number of peaks decreases with increased AT. While in
Figs. 11(f)-11(j), the number of side peaks at 1067-nm posi-
tion is almost unchanged.

3. Conclusion

We simulated the pulse shaping of bright—dark vector
soliton pair at 1-um wavelength region. Through changing
input pulse pair parameters, various kinds of pulse shapes
and optical spectra can be generated. When the orthogonal
modes have the same central wavelength, “2+2”- and “14-2"-
type pseudo-high-order polarization-locked bright—dark vec-
tor soliton pairs can be generated. While for different central
wavelengths, group-velocity-locked bright—dark vector soliton
pairs with chirp-like oscillated pulses at pulse trailing edge po-
sition can be generated. Our simulations can provide benefi-
cial conduct for experiments about pulse shaping of bright—
dark vector soliton pair with different wavelengths.
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