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Abstract—We demonstrate bound solitons formation with high
fundamental repetition rate of 211.8 MHz from an all-fiber
linear-configuration mode-locked laser incorporating a
carbon-nanotube-based saturable absorber (CNT-SA) for the first
time. By adjusting the polarization state of laser cavity, bound
solitons exhibit a large change of pulse separation in a range of
3.5-73 times longer than the pulse width, while the phase
difference of the tightly bound solitons switches between +m/2.
Numerical simulations confirm the experimental observations
about the dependence of spectral profile of bound solitons on the
pulse separation and the phase difference.

Index Terms— Optical fiber lasers, Optical solitons, Optical
pulse generation.

[. INTRODUCTION

Passively mode-locked fiber lasers have emerged as one of
the best pulsed light sources for a broad range of
applications including frequency metrology, microscopy, and
micromachining [1]. In particular, fiber lasers with high
repetition rate play a key role in ultra-high speed optical
communication systems. Two techniques are involved in
producing high-repetition-rate pulse trains from passively
mode-locked fiber lasers: one is to increase the fundamental
repetition rate by shortening the laser cavity length; the other is
to achieve high-order harmonic repetition rate by introducing
multiple pulses with an equidistant distribution [2,3]. In order
to reduce the cavity length, the thin-film-type saturable
absorbers (SAs) by exploring carbon nanotubes, graphene, and
semiconductor saturable absorber mirrors (SESAMs) are
superior to the artificial SAs like the ones based on nonlinear
polarization rotation and nonlinear amplifying loop [4,5]. So
far, pulse trains with the highest fundamental repetition rate of
19.45 GHz have been produced from a 5-mm-long
mode-locked fiber laser incorporating a
carbon-nanotube-based saturable absorber (CNT-SA) [2]. In
order to further increase the repetition rate of pulse trains,
multiple pulses per cavity round trip towards harmonic
mode-locking based on bound-soliton mechanism is desirable
[31.

Bound solitons refer to multiple solitons that bind together as
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a stable unit due to a balance of repulsive and attractive forces
between solitons [6]. Studies of bound solitons have attracted
much research attention not only because of the benefit to
understand multiple pulses operation mechanisms but also the
potential for increasing telecommunication capacity in fiber
transmission line [7-10]. Bound solitons have been intensively
examined in most of mode-locked fiber lasers with relatively
long cavity length and low fundamental repetition rate around
tens of MHz [11-16]. In particular, it is of great interest to know
if similar features of bound solitons can be obtained with high
fundamental repetition rate in short-cavity mode-locked fiber
lasers.

In this work, we demonstrate bound solitons formation with
high fundamental repetition rate of 211.8 MHz from a
mode-locked fiber laser incorporating a CNT-SA for the first
time. The CNT-SA is fabricated by the optical deposition of a
CNT-film on fiber end with ring pattern, which not only
enables the laser to shorten the cavity length for achieving high
fundamental repetition rate, but also ensures the laser to endure
high intra-cavity power for bound solitons generation. Through
controlling of the intra-cavity polarization state, the pulse
separation of bound solitons is found to be largely tuned by
3.5-73 times longer than the pulse width, and the phase
difference of the tightly bound solitons switches between +m/2.
Numerical simulations are performed and confirm the
experimental observations.

II. EXPERIMENTAL SETUP

The experimental setup of an all-fiber linear-configuration
mode-locked laser incorporating a CNT-SA is shown in Fig. 1.
In order to shorten the laser cavity for high repetition rate, a
976-nm laser diode and a 980/1550-nm wavelength-division
multiplexing (WDM) is located outside the master oscillator. A
dielectric mirror (mirror-1) is included to couple the pump into
the laser cavity and extract 10% of the power at the emission
wavelength from the laser cavity. A 0.16-m-long erbium-doped
fiber (EDF: LIEKKI Er80) with a group velocity dispersion
(GVD) parameter £, of -0.02 ps®/m is used as the gain medium.
A single-mode-fiber (SMF)-based polarization controller (PC)
is incorporated to match the roundtrip state of polarization. An
isolator located at the output port blocks the deleterious
reflection from the end-facet of the port. The total length of the
fiber inside the master oscillator is ~0.49 m and the net £, is
managed to be -0.02 ps* for soliton shaping. In the experiment,
the CNTs are deposited on the end-facet of a physical contact
(FC) connector by optically-driven deposition method as



described in our previous works [17]. The deposited CNT-film
has a ring pattern which enhances the thermal damage
threshold of the CNT-deposited connector end. Such
CNT-deposited connector end has a modulation depth of 2.6%,
a nonsaturable absorption of 16.3%, and a saturation fluence of
47.2 wl/em?®. It is mated to a highly reflective mirror (mirror-2)
to serve as a reflective CNT-SA. The spectral and temporal
profiles of output pulse train are recorded by an optical spectral
analyzer (Ando AQ6317B) with a resolution of 0.01 nm and an
autocorrelator (Alnair HAC-200) with a resolution of 25 fs,

fundamental repetition rate, indicating that a stable
mode-locking is obtained. Once the laser is mode-locked with a
single pulse output per round trip, the spectral bandwidth and
the pulse width are almost unchanged when the polarization
state of laser is adjusted by the PC. The unchanged temporal
and spectral profiles of the output pulse reveal that the
intra-cavity polarization state plays a minor role in
mode-locking of a laser incorporated with a CNT-SA.
Two-pulse operation per round trip is observed when the
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Fig. 1. Experimental setup of an all-fiber linear-configuration mode-locked
laser: wavelength division multiplexing (WDM); erbium-doped fiber (EDF);
polarization controller (PC); carbon-nanotube-based saturable absorber
(CNT-SA).

III. EXPERIMENTAL RESULTS

In the experiment, the self-started mode-locking of laser
occurs under a pump power of 96 mW. Fig. 2(a) shows the
corresponding output optical spectrum. The center wavelength
of the spectrum locates at 1563.3 nm and the 3-dB bandwidth is
~4.4 nm. As the frequency offset of Kelly-sidebands that are
originated from the phase-matching resonance between soliton
and dispersive wave is inversely proportional to net cavity
dispersion, the developed linear-cavity mode-locked fiber laser
with short cavity length and small net cavity dispersion here
shows weak Kelly-sidebands superimposed on the obtained
spectrum [18]. The output pulse train is depicted in the inset of
Fig. 2(a). The pulse period is measured to be ~4.7 ns which
equals to one cavity round trip time. The output pulse width is
measured to be around 680 fs with sech’-pulse shape fitting
from the autocorrelation trace shown in Fig. 2(b). The
time-bandwidth product is calculated to be around 0.368,
indicating that the output pulses are nearly transformed-limited.
The RF spectrum of output pulse train is given in the inset of
Fig. 2(b), showing a fundamental repetition rate of 211.8 MHz.
The RF spectrum with a frequency span of 500 kHz and a
resolution of 200 Hz shows an extinction ratio of 83 dB at the
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Fig. 2. Output characteristics of the mode-locked fiber laser (a) spectral
profile with the inset showing optical pulse train; (b) the temporal profile with
the inset showing the RF spectrum with a fundamental repetition rate of 211.8
MHz.

pump power exceeds 160 mW. Such pulse splitting occurring
at a high pump power can be explained by soliton-area theorem
[18]. By further increasing the pump power to the maximum
value of 240 mW with an output power of ~3 mW, bound
solitons with various pulse separations are observed by
adjusting the PC. Fig. 3 shows three different states of bound
solitons under the pump power of 240 mW. Different from the
optical spectrum of single soliton shown in Fig. 2(a), the
spectrum of bound solitons has a fringe modulation as given in
Fig. 3(a). The spectral modulation period referring to the
separation between two adjacent dips is estimated to be ~3.3
nm. An asymmetrical spectral profile with a second maximum
peak on the left side (i.e. blueshift) of the first maximum peak
indicates that the phase difference between the bound solitons
is -1/2 [13]. In the autocorrelation trace depicted in Fig. 3(b),
three peaks show an intensity ratio around 1:2:1 by the
cross-correlation calculation, revealing that two pulses with
similar intensity and pulse width propagate close to each other.
The output pulse width and the pulse separation are estimated
to be 710 fs and 2.5 ps, respectively. As the pulse separation is
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Fig. 3. Experimental results of bound solitons with various pulse separations:
(a) and (b) 2.5 ps; (¢) and (d) 3.5 ps; (e) and (f) 52 ps. (a), (c), and (e) plot the
normalized spectral profiles; (b), (d), and (f) show the normalized temporal
profiles. The inset of () shows the enlarged spectral profile at peak location.



around 3.5 times longer than the pulse width, the two pulses are
bounded tightly [11]. By changing the polarization state of PC,
the pulse separation is tuned correspondingly. Fig. 3(c) shows a
modulation period of spectrum of ~2.3 nm and the
corresponding autocorrelation trace showing a pulse separation
of ~3.5 ps is plotted in Fig. 3(d). An asymmetrical spectral
profile with a second maximum peak on the right side (i.e.
redshift) of the first maximum peak indicates that the phase
difference between the bound solitons is around m/2 [13]. The
obtained results show that the state of bound solitons is
relatively sensitive to the intra-cavity state of polarization.
Although there is no polarizer adopted in the laser cavity, the
inevitable existence of certain polarization dependent losses in

the fiber components could lead to slight change of overall gain.

Such variation of overall gain can influence the cavity
nonlinearity which alters soliton interaction and results in a
change of pulse separation [6].

A state of bound solitons with the largest pulse separation is
obtained when the polarization state of PC is carefully adjusted.
Fig. 3(e) plots the output optical spectrum with an almost
symmetrical profile and a modulation period of ~0.15 nm. The
corresponding autocorrelation trace showing a pulse separation
of ~52 ps is given in Fig. 3(f). Since the pulse separation is
extended to 73 times longer than pulse width (far greater than 5
times pulse width), the two pulses are bounded loosely. As the
modulation period is very close to the spectrum resolution, it is
difficult to exactly figure out the peak of the spectrum as well as
the phase difference of the loosely bound solitons. Compared
with the previous reports on loosely bound solitons with large
pulse separation, no obvious sharp Kelly-sidebands as well as
strong continuous-wave (cw) components are superimposed on
the optical spectra obtained in this work [10]. By measuring the
RF spectra of these states of bound solitons, almost the same
signal-to-noise ratio (greater than 70 dB with a frequency span
of 500 kHz and a resolution of 200 Hz) has been found at the
fundamental repetition rate of 211.8 MHz. It is worth
mentioning that the obtained bound solitons have higher
fundamental repetition rate than current reports on bound
solitons formation in all-fiber mode-locked lasers [11-16].

By tuning the polarization state of laser cavity, bound
solitons exhibit a large change of pulse separation in a range of
2.5-52 ps which is about 3.5-73 times longer than the pulse
width. Previous reports show that pulse separation of bound

solitons is observed typically less than 20 ps [8,11-13,15,19,20].

On the contrary, the widely spaced bound solitons are
experimentally obtained with their tightly bound solitons
unmentioned [10,14,21]. For the first time to our knowledge,
we demonstrate bound solitons generation with a widely
tunable range of pulse separation from 1.55-pm mode-locked
fiber lasers by adjusting only polarization state. In the
experiment, tightly bound solitons are easier to be observed
than loosely bound solitons when the polarization state is
adjusted. The tuning of pulse separation is not continuous while
undergoes some lapping which is consistent with the current
reports [6,11,13,20]. In order to figure out the dependence of
spectral profile of bound solitons on the pulse separation and

the phase difference as well as to understand the physical
mechanism that determines the pulse separation, numerical
simulation is further conducted.

IV. SIMULATION AND DISCUSSIONS

Numerical simulation of a Fabry—Pérot mode-locked fiber
laser is performed based on the modified nonlinear Schrédinger
equation (NLSE). The cavity layout is similar to our
experimental setup as shown in Fig. 1. The effects of
group-velocity dispersion, Kerr effect, gain saturation, finite
amplification bandwidth, and saturable absorption are
considered. A piece of EDF is connected to a piece of SMF,
followed by a fast SA. 10% power is exacted from the cavity by
output coupler (OC). One round trip refers to passing the
elements of EDF, SMF, SA, SMF, EDF, and OC in sequence.
The individual elements are separately described similar to
[22]. Parameters of all the elements used in the simulations are
given in Table 1. In the simplified model, an initial signal is set
by a sum of two weak arbitrary pulses with certain pulse
separation and phase difference. Change of polarization state is
represented by different initial conditions [6]. The modified
NLSE is solved with a standard split-step Fourier algorithm.

TABLEI
SIMULATION PARAMETERS

Symbol Quantity Data
Leqr length of EDF 0.16 m

B> ear GVD parameter of EDF -20 psz/km
i~ nonlinear parameter of EDF 1.06 W'km!
2 small signal gain 20

P gain saturation power 40 mW

Q, gain bandwidth 10 THz

Ly length of SMF 0.33m

B2 smf GVD parameter of SMF =22 psz/km
Tomf nonlinear parameter of SMF 2 W'km™

a modulation depth 2.6%

Qs non-saturable loss 16.3 %

Lot saturation intensity 10 MW/cm?

Fig. 4(a) shows the evolution of two pulses with an initial
pulse separation of 1.5 ps and a phase difference of -m/2. In the
evolution, two pulses are gradually built up and repel each
other until their separation becomes fixed at 2.4 ps. The
steady-state pulses have identical peak power with a pulse
width of ~520 fs. The corresponding spectrum is given in Fig.
4(b) in which the modulation period is about ~3.4 nm. Such
bound solitons with a phase difference of -m/2 have an
asymmetrical spectrum with a blueshift. Although it is difficult
to estimate precisely the parameters from the real laser cavity,
one can find the general agreement with the experimental
observations about the dependence of spectral profile of bound
solitons on the pulse separation and the phase difference. When
we set the initial pulse separation between 1.5-2.4 ps with a
phase difference of -m/2, the steady-state bound-state pulses
show a minimum pulse separation of ~2.4 ps. The working
mechanism of such tightly bound solitons is believed to be the
direct soliton interaction at the overlapping wings [6]. The
cross phase modulation-induced repulsive force between the
two solitons can be balanced by the cross amplitude
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Fig. 4. Simulation results of bound solitons with various pulse separations: (a)
and (b) 2.4 ps; (c) and (d) 3.6 ps, (e) and (f) 20 ps. (a), (c) and (¢) show the
evolution of two pulses; (b), (d), and(f) plot the normalized spectral profiles.
The inset of (f) shows the enlarged spectral profile at the peak location.
modulation-induced attractive force, which leads to a minimum
and fixed pulse separation. For initial pulse separation larger
than 5 times the pulse width, the evolution of two pulses against
round trip shows that the relative pulse separation remains
constant as shown in Fig. 4(c). The redshift of spectrum is
observed in Fig. 4(d) when the phase difference is set to be /2.
The largely loosely bound solitons are simulated with a pulse
separation of about 38 times longer than the pulse width and
phase difference of w. The pulse evolution is shown in Fig. 4(e)
and the corresponding spectrum is plotted in Fig. 4(f) showing
a symmetrical profile with a modulation period of ~0.41 nm.
The unchanged pulse separation in the evolution indicates that
except sharing the cavity gain, the two solitons have very weak
direct interaction. On the other hand, other effects including
acoustical wave and dispersive wave always exist in fiber lasers
incurred by strong electrical field of mode-locked pulses and
periodical perturbations respectively. Such effects can induce
long-range interaction between pulses and trap pulses in
loosely bound solitons [10,11,13].

V. CONCLUSION

We demonstrate bound solitons formation with high
fundamental repetition rate of 211.8 MHz from an all-fiber
linear-configuration mode-locked laser incorporating a
carbon-nanotube-based saturable absorber for the first time. By
adjusting the intra-cavity polarization state, the pulse
separation between the bound solitons exhibits a large change
in a range of 3.5-73 times longer than the pulse width, while the
phase difference of the tightly bound solitons switches between
+n/2. Numerical simulations confirm our experimental
observations about the dependence of spectral profile of bound
solitons on the pulse separation and the phase difference.
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