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We experimentally demonstrate tunable dual-comb soliton rains in a polarization multiplexing fiber laser based on a single-
walled carbon nanotube. The repetition frequency difference of dual-comb pulses is about 39 Hz, with a maximum extinction
ratio of 29 dB. With suitable polarization states, one of the dual-comb pulses switches into soliton rain sequence with
chirped isolating soliton trains. The signal-to-noise ratio reaches 61 dB, which is 11 dB higher than that of the normal
dual-comb pulses. The intervals between chirped isolating solitons are distributed progressively, and the number of iso-
lating solitons can be flexibly tuned from 2 to 11 by adjusting polarization state or pump power. Our work will provide support
for further understanding of interaction dynamics of solitons and give a new route to the application of precision
measurement.
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1. Introduction

Passively mode-locked fiber lasers are considered to be a power-
ful tool for generating and studying complex soliton dynamics
due to their special nonlinear effects, especially in exploring
multi-soliton dynamics[1,2], such as synchronized multiwave-
length solitons caused by intracavity group delay modulation[3]

and gain-guided solitons under the action of the cavity pulse
peak clamping effect[4]. At the same time, under the action of
soliton shaping of dispersive waves, various multi-soliton forms
such as high-order harmonic mode-locked soliton states and
noise-like pulses appeared[5].
Dual-comb pulses with different repetition rates as one of

the multipulse states are widely used in high-precision distance
measurement[6], spectral monitoring[7], three-dimensional
measurement, and coded imaging[8]. The dual-comb light
source can be generated in both active and passive ways, such

as active mode-locking generation using acousto-optic modula-
tion or electro-optic modulation[9], or passive mode-locking
generation using saturable absorbers (SAs) to generate two sets
of optical frequency combs in the same resonator[10]. It can also
be generated by two mode-locked lasers[11]. Based on the com-
prehensive consideration of structure, cost, and function, in
recent years, single-cavity dual-comb mode-locked lasers have
received extensive attention due to their simple structure, strong
stability, low cost, and the ability to generate asynchronous
pulses with high common-mode noise suppression and strong
relative frequency stability[12]. Polarization multiplexing is
one of the main methods of generating single-cavity dual-
combs[13]. This refers to a pulse sequence with orthogonal
polarization states, for which the nonlinear effects in each
polarization state cannot compensate for the group velocity mis-
match caused by the birefringence effect of the optical fiber,
resulting in asynchronous pulses with different repetition
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frequencies. The multi-output of a polarization multiplexed
dual-comb fiber laser is two relatively stable asynchronous pulse
sequences, but it still has rich dynamic characteristics. It can be
applied to wireless transmission, coherent optical communica-
tion, and other fields[14,15].
The unique properties of the asynchronous pulse sequence in

the polarization-multiplexed dual-comb pulse laser provide
favorable conditions for the formation of multi-soliton pulses.
When the continuous-wave noise background reaches a certain
threshold, the soliton pulse will form and gather to the con-
densed phase to form a quasi-stable mode, called soliton rain[16].
Its formation is closely related to the coexistence of dissipative
solitons and quasi-continuous background in a laser cavity.
Since the soliton rain was observed in the anomalous dispersion
erbium-doped fiber (EDF) laser, its generation and change proc-
ess have gradually begun to be of concern[16,17]. The research on
soliton rain focused on the fiber laser cavities under different
gain mediums, locking modes, and dispersion working areas.
For example, the soliton rain under normal dispersion was
observed in a passively mode-locked Yb-doped fiber laser with
dual-filter based on an SA[18]. Net normal dispersion soliton rain
was observed in passively mode-locked Yb-doped fiber lasers
based on graphene oxide[19]. Soliton rain and its second-
harmonic and third-harmonic phenomena were observed in
a wavelength tunable nanotube mode-locked Tm-doped fiber
laser[20]. Trapezoidal envelope pulses and soliton rains were
observed in a mode-locked EDF laser with aMoS2 SA onmicro-
fiber[21]. By introducing a microfiber junction, the square-
wave-like pulse-emitting soliton rain was observed in an ultra-
long EDF laser[22]. In the passivelymode-locked EDF laser based
on a graphene SA, the generation and transformation of noise-
like pulses and soliton rain were observed[23]. Through nonlin-
ear multimode interference technology, the soliton rain with
isolated solitons and soliton bunches in a passively mode-locked
fiber laser was demonstrated experimentally and theoreti-
cally[24]. To the best of our knowledge, most of the characteriza-
tions of soliton rain are concentrated in the single-pulse state,
and the research on the characterization of soliton rain in the
dual-comb pulse state is still very rare.
In this work, the generation of soliton rains in the dual-comb

pulse based on polarization multiplexing is observed and
recorded in a single-walled carbon nanotube (SWNT) mode-
locked fiber laser. The laser cavity exhibits a dual-comb pulse
in the time domain while the small repetition frequency differ-
ence is shown in the frequency domain; it formed in a quasi-
stable fashion with both condensed phase solitons, drift solitons,
and background noise. This state can be achieved by adjust-
ing the polarization controller (PC). By adding an external
polarization beam splitter (PBS) and PC, it is confirmed that
the generation of the dual-comb pulse is indeed achieved from
polarization multiplexing, which results in the group velocity
difference caused by the birefringence in the cavity. We believe
that the discovery of dual-comb soliton rain provides a reference
value for the further study of soliton rain, and may also extend
the further understanding of multi-soliton dynamics.

2. Experiments

The experimental setup of an SWNT-based polarization multi-
plexing fiber laser is shown in Fig. 1(a). We used the SWNTs as
saturable absorbers to achieve passive mode locking. The total
cavity length is ∼21m, in which ∼8.5m EDF is used as the gain
medium, and ∼5m single-mode fiber (SMF) is added into the
cavity to adjust the intracavitary dispersion. The group velocity
dispersion coefficients of EDF are −17.6 ps �nm · km�−1, while
for SMF, they are 17 ps �nm · km�−1, and the total dispersion β2
in the cavity is −0.085 ps2. The laser is pumped by one 980 nm
laser diode via a hybrid combiner of WDM, OC, and PI-ISO.
The 10% output is extracted from the laser for measurement.
The PC1 in the cavity is used to adjust the polarization state
of the laser cavity. In addition, PC2 and a PBS are connected out-
side the cavity to study the polarization properties of two
orthogonal polarized beams. We measured the output spectra
and radio frequency (RF) with a spectrum analyzer (Anritsu,
MS9710C) and a frequency spectrograph (Keysight, N9020A),
respectively. The output pulse sequence is measured with a
13-GHz, 40-GS/s oscilloscope (Keysight, DSA91304A). In addi-
tion, we used an autocorrelator (APE, PulseCheck 150) to obtain
the pulse width.
We prepared the SWNT SA by the liquid phase exfoliation

method, where SWNT dispersion and polymer solution (poly-
vinyl alcohol, PVA) are mixed together. The characterization of
SA is performed by field emission scanning electron microscopy
(FESEM) [Fig. 1(b)] and Raman analysis [Fig. 1(c)], by dropping
SWNT solution on a silicon wafer. The results show that it has
good activity and integrity.

Fig. 1. (a) Schematic setup of an SWNT-based polarization multiplexing
fiber laser. WDM, wavelength division multiplexer; OC, optical coupler; PI-ISO,
polarization-insensitive isolator; PC, polarization controller; SWNT SA, single-
walled carbon nanotube saturable absorber; EDF, erbium-doped fiber; SMF,
single-mode fiber; PBS, polarization beam splitter; (b) FESEM analysis of
SWNT; and (c) Raman analysis of SWNT taken at 532 nm excitation.
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3. Results

When the pump current is adjusted to 80 mA, the laser achieves
a stable mode-locked state. We then adjust the polarization state
in the cavity and obtain a dual-comb pulse, as shown in Fig. 2.
Figure 2(a) shows that the central wavelength of the output pulse
is 1560 nm with 3 dB bandwidth of 4.03 nm. The fundamental
frequency of the output pulses measured in the RF spectrum is
near 9.89 MHz with a signal-to-noise ratio of about 50 dB, and
the frequency difference is 39 Hz, as shown in Fig. 2(b). From
Fig. 2(c), we can see that the two frequency components in
the RF domain are shown as two asynchronous pulse sequences
in the time domain, and the time period of two asynchronous
pulses is about 100 ns.
If the low-intensity wave in the laser cavity is not completely

filtered out, there will be a weak mode-locked state. In this state,
the soliton pulse and the quasi-continuous background will
coexist in the laser cavity, thus forming a unique multi-soliton
state called soliton rains. The soliton rain pulse contains three
field components, which are condensed phase, isolating solitons,
and noise background. As for the meaning of the name, the for-
mation process of soliton rain can be described as the following
quasi-stable cycle mode. The interaction between multiple sol-
itons will form a set of bound solitons, that is, condensed phase
solitons. The combined effect of the radiation generated by the
soliton and the CW mode in the cavity produces an inhomo-
geneous background. New solitons are generated from the back-
ground noise and converge on the condensed phase solitons.
When the PC is adjusted to the appropriate position, the output
characteristics of soliton rain are shown in Fig. 3. We can see
obvious Kelly sidebands generated by the dispersive waves radi-
ated by the solitons on both sides of the central wavelength, as
shown in Fig. 3(a). The central wavelength of the output spec-
trum is 1560.6 nm with a 3 dB spectral bandwidth of 5.1 nm.
The time information displayed on the oscilloscope is shown

in Fig. 3(b). It can be seen that there are two asynchronous pulse

sequences in the captured temporal information, and the time
interval between asynchronous pulses Δt1 is 30 ns. On one of
the pulse sequences, we can observe the soliton rain state and
its three field components, which interact in the laser cavity
and achieve dynamic balance. The time interval between the
condensed phase solitons (pulse period) Δt2 is 100 ns, corre-
sponding to the length of the laser cavity. Figures 3(c) and
3(d) show the temporal information enlarged view of the soli-
ton rain. It is not difficult to find from the enlarged diagram,
in the direction away from the condensed phase, that the tem-
poral interval between the isolating solitons gradually becomes
smaller when they are further from the condensed phase, indi-
cating that the isolating solitons are chirped soliton trains. This
can be expressed by radiative waves and repulsive force between
solitons. On the one hand, a small amplitude radiative wave of
the sideband in the output spectrum can affect the separation
between isolating solitons, where the separation is proportional
to radiation[25–27]. On the other hand, the condensed phase
drives the chirped soliton pulse forward, and the trailing pulses
experience more gain than the leading pulses with the effect of
gain relaxation dynamics. From Fig. 3(d), we can clearly see the
quantitative characteristics of solitons. There are five isolated
solitons in front of the condensed phase.
Because of the birefringence effect in the laser cavity, there is

a group velocity difference between the mode-locked pulses in
different polarization directions, which will cause the repetition
frequency difference between the pulses. Corresponding to the
asynchronous pulse on the oscilloscope, two similar frequency
components can be observed on the frequency spectrum by
properly adjusting the PC in the cavity. The RF spectrum and
autocorrelation information in the soliton rain state are shown
in Fig. 4. As shown in Fig. 4(a), the two frequency components
are located at 9.892887 and 9.892942MHz, respectively, with the

Fig. 2. Dual-comb state output information. (a) Output spectrum information;
(b) RF spectrum with the resolution bandwidth of 1 Hz; (c) temporal
information.

Fig. 3. Output characteristics of soliton rain. (a) Output spectrum information;
(b) temporal information; (c), (d) detailed description of soliton rain pulse.
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resolution bandwidth of 1 Hz, which corresponds to the cavity
length. The repetition frequency difference is 55 Hz. The signal-
to-noise ratios of the two frequencies are ∼61 and ∼58 dB,
respectively. Compared with that of Fig. 2(b), the signal-to-noise
ratio of the dual-comb pulse in the soliton rain state is signifi-
cantly enhanced, at ∼21 and ∼8 dB, respectively. The improve-
ment of signal-to-noise ratio indicates that the laser operates
close to the range of soliton rain, where the noise background
is partially compressed. The output power of the laser cavity
is 466 μW. Because of the insufficient saturation of EDF and
intracavity loss (such as loss from hybrid device, SA, and fusion
spliced loss), the output laser power is low and limits their prac-
tical application. But the dual-pump structure and fiber ampli-
fier can enhance output power to cover the demand for precision
measurement. In order to facilitate the measurement of pulse
width, we connected a homemade EDF amplifier at the output
end of the laser cavity. Figure 4(b) shows the autocorrelation
trace of the output pulse, which is fitted by the sech2 function.
It can be seen that the full width at half-maximum (FWHM) of
the pulse profile is 1.00 ps.
We speculate that the different states caused by the different

establishment times of asynchronous pulses may be the main
reason for the formation of dual-comb soliton rain. Because
the polarization-dependent gain in the gain fiber will lead to
the difference in the establishment time of each soliton[28], we
know that the soliton rain pulse is formed in themetastable state,
when one of the two asynchronous pulses achieves stable mode
locking and the other is in the metastable state. Under the action
of background noise, drift solitons will be generated near the
metastable solitons according to their energy distribution, thus
forming the soliton rain pattern, which may lead to the forma-
tion of a unique dual-comb soliton rain pulse.
In order to study the type and generation mechanism of two

frequency components, we connect a PBS at the output end of
the laser cavity. A PC also needs to be added in front of the PBS
to eliminate energy coupling of polarized light. Because of the
different transmittances of the polarization splitter to different
polarization directions in the same beam, the light emitted by
the laser will be separated into two linearly polarized beams with
a polarization direction of 90° after passing through the PBS.
This corresponds to an asynchronous pulse with slightly differ-
ent relative velocities in the time domain. The information
observed on the spectrometer and frequency spectrum after

the PBS are shown in Fig. 5. Figure 5(a) records the spectral
shapes of the direct output and the two polarized beams. The
central wavelengths are shifted after polarization splitting, but
they have similar shapes. The center wavelengths of port 1
and port 2 are 1559.8 and 1561.1 nm, respectively, with a differ-
ence of ∼1.3 nm. Both have soliton sidebands near 1555 and
1565 nm. We can observe that after polarization splitting, the
3 dB spectral bandwidth is less than 5.1 nm compared with the
direct output. While adjusting the PC at suitable state, we can
see a significant change in the height difference between the
two frequency components in the RF spectrum. Figures 5(b)–
5(d) show the relative changes of two frequency components
of port 1 and port 2. The height differences of the two frequency
components in the seed source, port 1, and port 2 are 4, 12, and
29 dB. The corresponding extinction ratios of port 1 and port 2
are 16 and 25 dB. This also proves that the two frequency com-
ponents are indeed generated by polarization multiplexing
effect.
Figure 6 records the asynchronous pulse sequence and pulse

width information of the two polarized components. The tem-
poral trains of the asynchronous pulse sequence are shown in
Figs. 6(a)–6(c). The time intervals between the condensed phase
solitons are 100 ns, and the time interval of the two asynchro-
nous pulses is 30 ns. It can be seen that the relative intensity of
the isolated solitons and the two asynchronous pulses has obvi-
ously changed. After the PBS, the intensity ratios of two asyn-
chronous pulse sequences of the seed source, port 1, and port
2 are 2.37, 2.89, and 5.04, respectively. At the same time, the
energy of the isolating soliton has also changed under different
polarization states, but the numbers of isolating solitons at port 1
and port 2 are both five, which is the same as that of the seed
source. Figures 6(d)–6(f) record the autocorrelation trace of
the seed source and two polarized beams and their sech2 fitting
results. From the autocorrelation trace, we can see that the pulse
widths of the two polarized beams are 1.34 and 1.01 ps, respec-
tively. Compared with the direct output pulse, the width
becomes slightly widened due to the dispersion broadening
effect of external single optical fibers.

Fig. 4. RF and autocorrelation information in dual-comb mode-locking state.
(a) RF spectrum of the dual-comb ultrashort pulses; (b) autocorrelation trace
of output pulse and sech2 fitting.

Fig. 5. (a) Spectral information of seed source and polarized light, and
(b)–(d) RF spectra of seed source and polarized light.
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To select a soliton count inside a molecule, Kokhanovskiy
et al. introduced a 5-nm spectral filter and two independently
pumped active mediums to an all-polarization-maintaining
figure-of-eight fiber laser. The number of coherent solitons is
adjustable between two and six. This method could effectively
eliminate the polarization effects on environmental perturba-
tions and has only two freedoms, which conveniently achieves
tuning[29]. Similar to this adjustability, we experimentally veri-
fied the influence of different pump powers and polarization
angles on the number of isolating solitons. When the pump cur-
rent is increased to 85 mA, the number of isolating solitons

separated from the condensed phase solitons is three, as shown
in Fig. 7(a). When the pump current is further increased to
95.4 mA, we captured 5, 7, and 11 isolating solitons, as shown
in Figs. 7(b)–7(d). This shows that the change of pump current is
positively correlated with the change of isolating soliton. At the
same time, when we adjust the states of PC1, the number of
isolating solitons is also varied.
The three-paddle PC utilizes the principle of tension-induced

birefringence to produce three separate wave plates (fiber-optic
delays); the phase delay of each paddle can be described as

ϕ �radians� = 2π2aNd2

λD
:

Here, the phase delay is related to the number of winding
turns N , fiber cladding diameter d, winding diameter D, and
wavelength. In our experiment, the loop configuration of the
PC includes 2-4-2 turns, the diameter of the fiber cladding is
125 μm, and the diameter of the circle is 35 mm. In order to dis-
play the polarization angle and phase more intuitively, we listed
one of the ways to change the PC when the number of isolating
solitons changed from five to nine, as shown in Table 1. When
paddle 2 is constant and the angles between paddle 1 and paddle
3 are 0°, 27°, 60°, and 106°, the number of isolating solitons
changed to five, six, eight, and nine, respectively. Here, we set
it as 0° when the three paddles are closest to the experimental
platform. The fiber winding tensions of paddles are measured
as 15g, 14g, and 14g using a tensiometer.
When the pump current is 90 mA, the total angle of the PC

is 0°, and we record five isolating solitons. When the angle is
adjusted to 27°, there are six isolating solitons. Meanwhile, the
number of isolating solitons of eight and nine corresponds to
the polarization angle of 60° and 106°, obtained by rotating it
clockwise. Figures 7(e)–7(h) display the number of isolating sol-
itons at the mentioned four different polarization angles, which
is five, six, eight, and nine, respectively. The experimental results
demonstrate that the numbers of isolating solitons are flexible.
In order to monitor the stable state of soliton rain, we record the
maintenance of soliton rain under the polarization states plotted
in Fig. 7. They could be maintained for at least 30 min
before the PC needs to be reset again. As shown in Fig. 8, it
can be seen that the soliton rain remains relatively stable in half
an hour, with the number of isolating solitons being four and

Fig. 7. Change in the number of isolating solitons under different pump cur-
rents and different PC angles. (a)–(d) Different pump currents; (e)–(h) differ-
ent PC angles.

Table 1. Polarization Angle Corresponding to the Number of Different Isolating
Solitons.

Number of
Isolating Solitons

Rotating Angle
of Paddle 1

Rotating Angle
of Paddle 2

Rotating Angle
of Paddle 3

5 0° 0° 0°

6 0° 0° 27°

8 0° 0° 60°

9 0° 0° 106°

Fig. 6. Time domain and autocorrelation information of seed source and two
polarization directions. (a), (b), (c) Asynchronous pulse sequence; (d), (e),
(f) autocorrelation trace and sech2 fitting.
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nine. The convenient selection of the isolating soliton count in
soliton rain will extend the application of dual-comb fiber lasers,
in fields such as optical fiber sensing, ranging, radar detection,
and coded imaging. But we should give sufficient attention to the
drift of polarization states of PCs in practical application, par-
ticularly precise measurement. Intelligent control of mode-
locked fiber lasers with machine learning and electrical PCs
may be an effective way to address these issues.

4. Discussion

In summary, we observed the soliton rain phenomenon in the
dual-comb pulse, which is based on the polarization multiplex-
ing mechanism in the carbon nanotube mode-locked EDF laser.
Under the different pump powers, we obtained the dual-comb
pulse and the dual-comb soliton rain pulse. The repetition fre-
quency difference is 39 and 55 Hz, respectively. Compared with
the signal-to-noise ratio of the normal dual-comb pulse 50 dB,
the dual-comb soliton rain pulse shows more stable character-
istics, and the signal-to-noise ratio reaches 61 dB. At the same
time, by adjusting the polarization angle and the pump current,
we realized the number change of isolating solitons from two
to eleven, and confirmed its tunability. Our experiments have
confirmed that the formation of asynchronous pulses is under
the mechanism of the polarization multiplexing. For the com-
plex multi-soliton dynamics, especially the dynamics of soliton
rain, the discovery of dual-comb soliton rain will possibly
require more extensive study.
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