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Oscillating soliton molecules induced by strong vector-mode coupling
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Soliton molecules, composed of closely spaced pulses with strong internal interactions, have been in-depth
studied in fiber lasers due to their fascinating evolution dynamics and potential applications in high-speed
optical communications. Here we demonstrate a type of oscillating soliton molecules in a mode-locked fiber
laser constituted by single-mode and polarization-maintaining fibers. Ascribing to the unequal coupling between
two orthogonal-polarized vector modes, the constituent pulses of soliton molecules possess different intensities
and further result in a dual-roundtrip and large-period oscillation. Numerical simulations reproduce the critical
experimental phenomena and show that two vector modes display diverse departing behavior in polarization-
maintaining fiber. This work sheds light on the role of strong birefringence on vector solitons, providing a
flexible nonlinear system to generate and study oscillating soliton molecules.
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I. INTRODUCTION

Solitons, as nondiffusive localized structures in nonlinear
systems, are extensively studied in the fields of fluid mechan-
ics [1], biology [2], plasma physics [3], and optics [4,5]. In
optical fibers, solitons result from the delicate balance be-
tween anomalous dispersion and the self-phase modulation
effect. A mode-locked fiber laser provides an ideal testbed
for exploring dissipative solitons that arise from the complex
interaction between Kerr nonlinearity, chromatic dispersion,
gain, and loss [6]. Attributed to the law of survival of the
strongest [7], mode-locked fiber lasers often emit a sin-
gle soliton at the weak pump state. With the increase of
pump strength, single-pulse operation evolves to a multi-
pulse state owing to the peak-power-limiting effect of the
cavity [8,9]. Under the complex interactions, these pulses
form various self-organized structures [10], such as harmonic
mode-locking [11], soliton rain [12,13], optical rogue wave
[14], and soliton molecules (SMs) [15,16].

The formation mechanism of SMs has been theoretically
revealed by solving the complex Ginzburg-Landau equations
[17,18]. Through strong coherent interaction of the trailing
fields, several solitons can form tightly bounded SMs in fibers
or fiber lasers [19–24]. In analogy to matter molecules, SMs
display intriguing properties, including vibrations, synthesis,
and collision [25]. The SMs are stable during propagation in
fibers, which is desirable for soliton communications [26].
Benefiting from the dispersive Fourier transform (DFT) tech-
nique that maps the pulses from the frequency domain to the
temporal domain [27,28], the transient evolution and internal
dynamics of SMs have been studied deeply in mode-locked
fiber lasers. The SMs can be classified based on their tra-
jectories in the phase space, composed of the separation and
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phase difference between two pulses. Generally, the phase-
locked SMs are represented by a fixed-point attractor in the
phase space [29–31]. Via adjusting the polarization angle
or saturation energy of the system to particular values, the
fixed-point attractor destabilizes and transforms into the limit
cycle by Hopf-type bifurcation, resulting in the oscillating
SMs [32–35].

It is well known that birefringence is inevitable in single-
mode fibers (SMFs), and the vector characteristics should
be considered during pulse propagation in fiber lasers.
Group-velocity-locked [36], polarization-locked [37], and
polarization-rotated [38] vector soliton molecules (VSMs)
have been found in SMF lasers. Compared with scalar SMs
[9], the coupling between two orthogonal-polarized compo-
nents of VSMs leads to more complex evolution dynamics,
which is mainly determined by the cavity birefringence and
mode-coupling strength [39,40]. The intracavity birefringence
was relatively weak in previous studies [41], leaving VSMs
less addressed in birefringence-managed fiber lasers con-
sisting of SMFs and polarization-maintaining fibers (PMFs).
Here, we demonstrate a type of oscillating soliton molecule
(OSM) with intriguing internal dynamics in a near-zero-
dispersion SMF-PMF laser. The OSMs consist of two pulses
with varying intensities that are directly visualized by the DFT
technique. Numerical simulation verifies the experimental ob-
servation, confirming that the strong coupling and departing
of two vector modes determine the dual-roundtrip and large-
period oscillations of SMs.

II. EXPERIMENTAL SETUP AND RESULT

Figure 1(a) illustrates the configuration of the SMF-
PMF laser, comprising 3.8 m erbium-doped fiber (EDF),
0.9 m PMF, and 4.5 m SMF with dispersion pa-
rameters of −18.5 ps (nm km)−1, 17 ps (nm km)−1, and
17 ps (nm km)−1. The cavity length is 9.2 m, with a net
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FIG. 1. Experimental setup and observations of OSM in SMF-
PMF laser. (a) Configuration of the fiber laser. LD: laser diode;
WDM: wavelength division multiplexer; EDF: erbium-doped fiber;
OC: output coupler; PMF: polarization-maintaining fiber; PC:
polarization controller; PI-ISO: polarization-insensitive isolator;
CNT-SA: carbon nanotube saturable absorber; PBS: polarization
beam splitter; DCF: dispersion-compensating fiber. (b) Coupling
behavior of pulse from SMF to PMF. ux (uf ) and uy (us) are two
orthogonal-polarized components in SMF (PMF). θ is the angle
between the ux and uf components. (c) Optical spectra, (d) autocor-
relation traces, (e) retrieved FROG spectrograms and pulse profiles,
and (f) pulse trains. [Total: the solid black lines; ux components: the
dashed orange lines; uy components: the dotted blue lines.]

dispersion of −0.027 ps2. The laser diode (LD) pumps EDF
through a 980/1550 nm wavelength division multiplexer.
The polarization-insensitive isolator ensures the unidirec-
tional operation of the laser, and the carbon nanotube saturable
absorber (CNT-SA) initiates the passive mode-locking op-
eration. The laser beam is extracted by the optical coupler
with a splitting ratio of 9:1 and monitored by an optical
spectrum analyzer (Yokogawa, AQ6370), an autocorrelator
(Pulsecheck, USB-150), a radio frequency analyzer (Agi-
lent, E4440A), as well as a frequency-resolved optical gating
(FROG, Femto Easy, FS-600). The DFT measurement is im-
plemented by stretching the output pulses through a 5-km
dispersion-compensation fiber (DCF), giving a total disper-
sion of ∼ 750 ps/nm. The broadened pulses are detected
and recorded by a 5-GHz photodetector and a 4-GHz digital
oscilloscope (LeCroy, 740Zi-A), respectively. The spectral
resolution of the DFT system is estimated to be 0.83 nm.
Two orthogonal-polarized components of OSMs are resolved
by a polarization beam splitter (PBS) with a polarization
controller (PC2) and measured separately by the above
devices.

As shown in Fig. 1(b), the pulse in SMF can be split in
orthogonal-polarized ux and uy components. When the pulse
propagates from SMF to PMF, the angle between the ux and u f

components determines the coupling behavior of two vector
modes, and the ux and uy components of pulses evolve to fast
(u f ) and slow (us) components following equations in the inset
to Fig. 1(b). In the experiment, the polarization orientation can
be tuned with the in-line polarization controller (PC1).

The self-starting mode-locking state is first established at
the pump power of 15 mW. As shown in Appendix A, the
pulses display a broad and smooth spectrum, which is typical
for the stretched pulses in the near-zero dispersion regime
[42]. Without changing the pump power, OSM can be ob-
tained by slightly tuning the polarization controller before
the PMF [Figs. 1(c)–1(f)]. The spectrum of OSM displays
precise modulation with a period of 5.52 nm. Two orthogonal-
polarized components exhibit the same spectral modulation
period with a wavelength shift of ∼ 0.95 nm, which partially
compensates for the polarization mode dispersion induced
by the fiber birefringence [41]. In contrast to standard SMs
composed of two identical pulses [9,43], the OSM is com-
posed of two pulses with unequal intensity, as indicated by
the autocorrelation traces [Fig. 2(d)], where the secondary
peaks are less than half of the central peak. We further retrieve
the profiles of the OSM and its two components from the
FROG spectrograms [inset of Fig. 1(e)]. The unequal dual
pulses have a separation of 1.35 ps, which agrees with the
autocorrelation trace and spectral modulation. The pulse train
shown in Fig. 1(f) gives the pulse-pulse separation of 44.5 ns,
which is consistent with the 9.2-m cavity length and indicates
the stable mode-locking state.

Through the DFT technique, we record the real-time evolu-
tion of spectra and field autocorrelation (FAC) traces of OSMs
as a function of roundtrips (RTs). As shown in Fig. 2(a), the
spectra and energy oscillate continuously with a period of 29
RTs. However, the spectral and temporal separations remain
constant during the oscillation [Fig. 2(b)]. Two orthogonal-
polarized components show a similar evolution pattern with
the fixed temporal separations, as shown in Figs. 2(c)–2(f).
The large-period oscillations consist of the dual-roundtrip os-
cillations in which the pulse intensity changes significantly
in the temporal and spectral domain per two RTs. From the
energy evolutions in Figs. 2(d) and 2(f), two components
oscillate synchronously to each other for the large oscilla-
tion period of 29 RTs. However, the ux and uy components
oscillate inversely during the small-period oscillation, and we
infer an energy exchange between the ux and uy components
per RT. The average spectra and FAC traces (upper panel of
Fig. 2) over 600–700 RTs are consistent with the observa-
tion of Fig. 1 and further prove the reliability of the DFT
technique.

III. SIMULATION AND DISCUSSION

Based on the known propagation model that takes into
account the action of each component [8], we simulate the for-
mation and evolution behaviors of OSM in the fiber laser from
a weak noise pulse. In SMF and PMF, the pulse propagation is
described by the complex Ginzburg-Landau equations [44,45]
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FIG. 2. Real-time evolution of OSMs over 600–700 roundtrips. Spectra and FAC traces of (a), (b) total pulse, (c), (d) ux component, and
(e), (f) uy component. Upper panels show the averaged spectra and FAC traces. Right panels of (b), (d), and (f) show the evolution of the
normalized energy.

and is solved by the symmetrical split-step Fourier method
[46]:
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Here, ux and uy are slowly varying pulse envelopes prop-
agating along the fast and slow axes of the fiber. z represents
propagation distance, and t is the retard time. β = π/Lb, and
δ = λ/2cLb correspond to wave-number and inverse group
velocity between two orthogonal-polarized components. Lb =
λ/Bm is the beat length, and Bm is the fiber birefringence. β2,
γ , and l are the group-velocity dispersion, cubic refractive
nonlinearity, and loss of fibers, respectively. �g represents the
full width at half maximum of the gain spectrum of EDF. g
indicates the saturable gain, in which g0 is the small signal
gain coefficient and Es is the gain saturation energy. TR rep-
resents the time window of the simulation. Formula 4 shows
the transfer function of the CNT-SA, where αns is the non-
saturable absorption component, αs is the modulation depth,
P represents the instantaneous pulse power, and Ps represents
the saturable power. When the pulse propagates to the CNT-
SA, the optical fields are multiplied by the corresponding
transfer function at the cavity position of 8.7 m. Based on the

experimental setup, the simulation parameters are set as λ =
1560 nm, c = 3 × 108 m/s, �g = 40 nm, l = 0.02 dB/km,
and Bm = 0.9 × 10−6. For the EDF, β2 = 23.6 ps2/km and
γ = 3 W−1 km−1. For the SMF, β2 = −21.6 ps2/km, and
γ = 1 W−1 km−1. The PMF parameters are consistent with
the SMF, except for Bm of 3.8 × 10−4. g0 = 3.93 m−1, αns =
0.51, αs = 8%, and Ps = 15 W.

The polarization orientation of the pulse before the PMF
determines the operation state of the laser. For the saturation
energy of 11.4 pJ, the fiber laser outputs a typical stretched
pulse for θ of 0 or 0.5 π , which is consistent with the results
in Appendix A. When θ is 0.3 π , we obtain the OSM from
a noise pulse after 200 RTs. Without loss of generality, the
pulses of two adjacent RTs (664th and 665th) are extracted
for analysis [Figs. 3(a) and 3(b)]. The simulated spectra of
OSMs exhibit a modulation of 5.67 nm, comparable with
the experimental observation of 5.52 nm. To compensate for
the birefringence-induced walk-off effect, the spectra of two
orthogonal-polarized components shift in opposite directions
in accord with Fig. 1(c). The autocorrelation traces have tri-
peak structures [Figs. 3(c) and 3(d)], where the secondary
peaks are less than half of the central peak, indicating that the
OSM is composed of two unequal pulses. The pulse profiles
in Figs. 3(e) and 3(f) further support our conclusion that the
weak spectral modulation corresponds to the unequal pulses
in the OSM. It is worth noting that the spectra and pulse
profiles of two orthogonal-polarized components flip in two
adjacent RTs, accompanied by the energy redistribution at the
connection point of SMF and PMF.

The dynamic evolutions of the OSMs along the cavity at
adjacent RTs are depicted in Fig. 4. Taking the 664th RT
as an example [Fig. 4(a)], the OSM consists of two unequal
pulses, in which the weaker one is in front of the stronger
pulse at the initial state. In the PMF the stronger pulse splits
in two parts in a “Y” manner while the weaker pulse couples
to the stronger one, resulting in the OSM that the weaker pulse
lies behind the stronger pulse. The pulse profiles are replotted
in Figs. 4(a) and 4(b) for a clear demonstration. In the next

023508-3



LI, MAO, GAO, HE, DU, ZENG, AND ZHAO PHYSICAL REVIEW A 107, 023508 (2023)

FIG. 3. Simulation results of OSMs at 664th and 665th RTs. (a),
(b) Optical spectra. (c), (d) Autocorrelation traces. (e), (f) Pulse
profiles. [Total: the solid black lines; ux components: the dashed
orange lines; uy components: the dotted blue lines.]

RT, two pulses evolve similarly along the cavity, while their
positions are opposite in the temporal domain.

Figures 4(c)–4(f) show the evolutions of two orthogonal-
polarized components of OSMs. In the 664th RT, the ux

component is divided in two similar parts at the connection
point of SMF and PMF. Meanwhile, the uy component, con-
sisting of two similar pulses, merges in a single pulse. The
evolutions of two components in the 665th RT are opposite
[Figs. 4(d) and 4(f)]. Considering the mode-coupling equation
in Fig. 1(b), two orthogonal-polarized components in SMF
couple energy unequally to the slow and fast axes of PMF

FIG. 4. Temporal evolutions of OSMs vs cavity position at 664th
and 665th RTs. (a), (b) Total pulse and corresponding pulse profiles
at 5.8 m, 6.25 m, and 6.7 m in the cavity; (c), (d) ux component; (e),
(f) uy component.

FIG. 5. Spectral evolutions of OSMs vs cavity position at 664th
and 665th RTs. (a), (d) Total pulse; (b), (e) ux component; (c), (f) uy

component.

for θ of 0.3 π . Due to the strong birefringence of PMF, two
components propagate upward and downward in the temporal
domain. At the output terminal of PMF, the u f and us compo-
nents separately transform to ux and uy components in SMF,
forming an OSM with the reversed pulse profile. With the
assistance of the saturable absorption effect, two components
evolve to the quasi-self-consistent state in the next circulation.

The spectral evolutions of OSMs are shown in Fig. 5. In the
664th RT [Fig. 5(a)], the OSM first passes through 0.5 m SMF
and then enters 3.8 m EDF. The spectral intensity increases
almost linearly in the front part while increasing slowly in the
rear due to the saturable amplification property of the gain
medium. Then the OSM is extracted by the 90:10 coupler
and enters the 0.9-m-long PMF. Eventually, influenced by the
nonsaturable loss of the CNT-SA, the OSM is sharpened and
the spectral intensity decreases significantly. The evolution of
the ux (uy) component at the 664th RT is similar to the uy (ux )
component at the 665th RT. The spectral modulation depths
change at the connection point of the SMF and PMF, which
agrees with the temporal evolution shown in Fig. 4.

We further simulate the evolution of the OSMs and its two
components over 100 RTs as illustrated in the three panels
of Fig. 6. All of them display a large oscillation period of
27 RTs, compared to the experimental value of 29 RTs. The
evolutions of the ux and uy components are similar to that of
OSM, with small-period oscillations occurring per two RTs.
In the temporal domain, two unequal pulses propagate in
the cavity, accompanied by an obvious periodic oscillation.
Two components exhibit a fusiform energy oscillation with a
period of 27 RTs [right panels of Figs. 6(d) and 6(f)]. The
averaged spectra and pulse profiles are plotted on the upper
panels of Figs. 6(a)–6(f), matching the experimental results.
Since the weaker pulse appears alternatively on the right and
left sides of the stronger pulse, the averaged pulse profiles can
be regarded as the appearance probability of two pulses. Our
results indicate that the weaker pulses appear with the same
probability on both sides. The corresponding autocorrelation
traces are given in Appendix B, which also match the experi-
mental results in Fig. 2.

The pulse profiles of OSMs over 27 RTs are extracted to
reveal the underlying mechanism of the large-period oscilla-
tion. In each RT, the weaker pulse flips from one side of the
stronger pulse to the other, resulting in the dual-roundtrip os-
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FIG. 6. Simulated evolution of OSMs over 600–700 RTs. Spectra and pulse profiles of (a), (b) total pulse, (c), (d) ux component, and (e), (f)
uy component. Upper panels show the averaged spectra and pulse profiles. Right panels of (b), (d), and (f) show the evolution of the normalized
energy.

cillation [Fig. 7(a)]. The peak ratios indicate the ratio of peak
intensity between the weaker and stronger pulses. The blue
and orange curves represent peak ratios of the weaker pulses
on the upper and lower sides with respect to the stronger

FIG. 7. Simulated evolution of OSMs over 652–679 RTs. Pulse
profiles and peak ratios (blue squares and orange circles) between
stronger pulse and weaker pulse of (a), (b) total pulse, (c), (d) ux

component, and (e), (f) uy component.

pulse. Interestingly, the peak ratios change significantly per
RT and display the opposite evolution trends, as shown in
Fig. 7(b). However, the separation between two pulses is
almost invariant with vibrations of less than 0.02 ps. The saw-
toothlike peak ratios not only demonstrate the dual-roundtrip
oscillation of the OSM but also verify the persistent variation
of pulse intensity induced by strong vector-mode coupling.
The two orthogonal-polarized components show similar evo-
lution trends as the total pulse. However, the weaker pulses of
the two components are at inverse positions of adjacent RTs
[Figs. 7(c)–7(f)]. The OSM and two components recover at
the 679th RT with the same property as the initial state and
enter the next circulation.

Based on the above results, the formation of OSM can be
understood as follows. According to vector-mode coupling
theory, the intensities of two orthogonal-polarized compo-
nents depend on the pulse polarization states before the
PMF, which are unequal in most cases. Attributed to the
birefringence-induced walk-off effect, two components con-
tinuously depart and couple in the PMF, resulting in the
dual-roundtrip oscillation that the weaker pulse jumps back
and forth around the stronger pulse. Besides, the OSM and its
two components evolve back to the same state over the large-
period oscillation. The period of such oscillation changes
with the coupling angle, differing from Hopf-type bifurcation-
induced oscillation that depends on the pump power.

IV. CONCLUSION

We demonstrate a type of OSMs with intriguing inter-
nal dynamics in a near-zero-dispersion SMF-PMF laser. Two
constituent pulses of OSMs possess different intensities, and
the weaker pulse jumps back and forth around the stronger
one. Attributed to the unequal coupling and walk-off effect
of PMF, the stronger pulse splits into two pulses for one
orthogonal-polarized component, while two weaker pulses
merge in a stronger pulse for the other orthogonal-polarized
component inside the cavity. Real-time spectral results show
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FIG. 8. Experimental results of the stretched pulse: (a) optical
spectrum, (b) autocorrelation trace, (c) pulse train, and (d) radio-
frequency spectrum.

that such unequal vector-mode coupling determines the dual-
roundtrip oscillation and the large-period oscillation. Our
results provide a practical approach to generate controllable
OSMs with the assistance of PMF.
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APPENDIX A: STRETCHED PULSE

In the near-zero dispersion of the SMF-PMF laser, we first
obtain a stretched pulse by adjusting the PC, as shown in
Fig. 8. The output pulse displays the characteristic broadband

FIG. 9. Autocorrelation traces of OSM over 600–700 RTs: (a)
total pulse, (b) ux component, and (c) uy component.

spectrum with a duration of 220 fs. Based on the pulse train
and the radio-frequency spectrum, we verify that the fiber
laser delivers stable single-pulse mode-locking.

APPENDIX B: AUTOCORRELATION TRACE
OF OSM IN FIG. 6

Figure 9 shows the autocorrelation traces of OSM, which is
similar to the experimental results [Figs. 2(b), 2(d), and 2(f)].
Apart from the large-period oscillation of 27 RTs, there is a
small-period oscillation where the intensity of pulses changes
significantly per two RTs.
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