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A hybrid no-core fiber (NCF)–graded index multimode fiber (GIMF) structure is used as a saturable absorber (SA)
for mode-locked laser operation. Such an SA supports various types of soliton outputs. By changing the cavity
parameters, not only the spatiotemporal mode-locking states with a stable single pulse but also tightly and loosely
bound solitons are generated. Single 35.5 pJ solitons centered at 1568.5 nm have a 4 nm spectral full-width at
half-maximum and an 818 fs temporal duration. Tightly bound soliton pairs with continuously tunable wave-
length from 1567.48 nm to 1576.20 nm, featured with an ∼700 fs pulse train with a separation of 2.07 ps, have
been observed by stretching the NCF-GIMF structured device. Meanwhile, several different pulse separations
from 37.57 ps to 56.46 ps of loosely bound solitons have also been realized. The results provide help in under-
standing the nonlinear dynamics in fiber lasers. © 2018 Chinese Laser Press

https://doi.org/10.1364/PRJ.7.000061

1. INTRODUCTION

A bound soliton, also known as a soliton molecule or bound
state, is a fascinating phenomenon of soliton dynamics, while
multiple solitons are energy quantized and bounded together
due to the peak-power limiting effect of the laser cavity [1]
and the balance of repulsive and attractive forces between
solitons caused by nonlinear and dispersive effects [2]. The
bound soliton shows characteristics of a strong phase-locking
phenomenon between soliton pulses and the nearly fixed pulse
separation. Bound solitons with organized structures provide a
simple and direct method of extending the coding alphabet to
enlarge the data-carrying capacity of optical fiber [3]. As a
result, much attention has focused on the phenomenon of
bound solitons, as they may help in solving the upcoming
Internet traffic jam in optical communication systems.

The bound soliton was theoretically proposed based on the
model of the nonlinear Schrödinger equation and complex
Ginzburg–Landau equation in fiber lasers in the 1990s [4–6].
The phenomenon of bound solitons was first experimentally
reported in 2001 with the rise of optical fiber communication
applications [7]. With the gradual progress in novel saturable
absorbers (SAs) and new measuring equipment, the experimen-
tal parameters can be precisely controlled to realize various
types of bound solitons in fiber lasers [8]. Up to now, with
the alteration of cavity parameters, different bound solitons
including soliton pairs, soliton triplets, soliton quartets, etc.,

have been successively generated in mode-locked fiber
lasers [9]. Among them, the most common one in fiber lasers
is the bound soliton pair. It is a stable two-soliton bound state
with the same pulse width and intensity due to the balance of
forces by dissipation nature of fiber lasers [10–14]. The soliton
bound pairs can be classified into tightly and loosely bound
soliton pairs according to the different temporal separation
of the two pulses. For tightly bound soliton pairs, the time
separation and the corresponding spectrum modulation period
are fixed tightly and steadily. For loosely bound soliton pairs,
the soliton separation is found to be relatively not tight, and the
spectrum modulation period is also unstable.

It has been found that the laser gain medium with high gain
coefficient and short length is more favorable for the generation
of bound solitons at the fundamental repetition rate [15].
Moreover, the parameters of SA can directly and significantly
influence the formation of the stable and controllable bound
states. So far, a number of SAs have been reported for the gen-
eration of soliton pairs in mode-locked fiber lasers, including
polarization additive pulse mode locking (P-APM) [16], non-
linear polarization evolution (NPE) [17], single-wall carbon
nanotubes (CNTs) [18], semiconductor SA mirrors (SESAMs)
[19], graphene [20], topological insulators (e.g., Bi2Se3 [21]),
molybdenum disulphide (MoS2 [22]), and black phosphorus
(BP) [23]. Recently, Wang et al. [24,25] proposed a new type
of all-fiber SA based on the nonlinear multimode interference
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effect in graded index multimode fiber (GIMF). A light
intensity-dependent transmission can be obtained due to the
core diameter mismatch between the GIMF and the single-
mode fiber (SMF). Compared with material-based SAs, such
as the two-dimensional (2D) nanomaterial represented by
graphene [20–23,26], our artificial structure SAs have many
advantages, such as versatility and simplicity, ease of implemen-
tation, being independent of laser operation wavelength, the
high damage threshold of supporting high-power operation,
and especially the capability of tunable wavelength and con-
trollable modulation depth when being stretched. The GIMF
provides an abundance of novel and complex nonlinear phe-
nomena when ultrashort pulses are generated. Thus, the
GIMF-based SA provides an efficient approach for the evolu-
tion of bound solitons.

In this paper, based on a net-anomalous-dispersion mode-
locked laser using an all-fiber SA, both stable tightly and loosely
bound soliton pairs with a fixed phase difference of π are real-
ized for the first time, to our knowledge. The no-core fiber
(NCF)-GIMF SA with flexible controllable peak wavelengths
and modulation depths makes great contributions to the gen-
eration of different types of bound solitons. The tunable central
wavelength operation from 1567.48 nm to 1576.20 nm in
tightly bound states is achieved by adjusting the stretching
length of the NCF-GIMF device. The loosely bound states
with gradually increased pulse separation from 37.57 ps to
56.46 ps are also obtained by slightly stretching the SA, cor-
responding to the decrease of spectral modulation period
and amplitude. These two tunable phenomena may be helpful
for the application of bound states in the field of high-capacity
soliton fiber communication systems. In addition, we observe
some abnormal states of bound soliton pairs that contain com-
plex and stable modulation periods in spectra for the first time.

2. PRINCIPLES OF BOUND SOLITONS

It is known that the fiber laser is a complex intracavity dissi-
pative system with a composite balance of nonlinearity,
dispersion, gain, and loss [27]. As the balance can withstand
only finite nonlinear phase shifts, the high-pumping light
makes the single pulse split into several pulses of lower peak
energy. These pulses interact with each other through repulsive
and attractive forces [8]. The attractive force is provided by
phase modulation, and the repulsive force is powered by soliton
interaction. Due to the interaction of these two forces, some
special stable soliton states appear, including harmonic mode
locking, pulse bunching, and bound solitons. Among them,
bound solitons are the most unusual states where certain indi-
vidual pulses are bounded together and keep constant time
separations and fixed phase differences, besides holding the
same spectral and temporal profiles.

There are three types [10] of strong soliton interactions:
direct, long-range, and global soliton interactions. The direct
soliton interaction happens when they are closely spaced. It con-
tains attractive and repulsive interaction, depending on the
phase difference between the adjacent solitons, and decreases
as the soliton separation increases. When the time separation
between solitons exceeds tens of times the time bandwidth
of the soliton itself, the direct soliton interaction can be ignored.

The long-range soliton interaction happens when the resonant
dispersive waves start operating. Note that the long-range inter-
action is not affected by the phase difference. The global type of
soliton interaction comes from the unstable continuous wave in
the cavity. To conclude, three types of soliton interactions have
different interaction ranges and strength operation conditions,
and they can coexist or exist alone. By adjusting various param-
eters of the fiber laser, the balance of three kinds of forces can be
established. Then the bound states of multiple solitons can be
established as well, and maintain a fixed phase relationship and
pulse separation. Whenever the equilibrium is established, there
will be a bound state with a certain phase difference and pulse
separation. In practice, the balance may be broken due to the
disturbance of the unavoidable environmental parameters.
However, when the equilibrium is re-established, there are
different types of bound states.

The double soliton bound states are the most common in
the bound states of multiple solitons. In general, according to
the phase difference of the two solitons, the soliton bound pairs
can be divided into four types, including 0, −π∕2,�π∕2, and π.
In the literature, soliton pairs with 0 phase difference are called
in-phase soliton pairs, while those with π are called out-of-phase
soliton pairs. The common feature of the in-phase and out-
of-phase soliton pairs is the same axisymmetric spectrum. The
spectral center of the in-phase soliton pairs is the minimum,
whereas that of the out-of-phase soliton pairs is the maximum.
The common characteristic of the −π∕2 and the �π∕2 phase-
difference soliton pairs is that the center of the spectrum is the
minimum, while the two peaks are in the middle of the spec-
trum. The −π∕2 phase-difference soliton pairs have a feature
that the right peak is larger than the left peak in their spectrum.
By comparison, the �π∕2 phase-difference soliton pairs have a
feature that the left peak is larger than the right peak. Thus, the
phase difference can be easily calculated and identified from the
spectra and the separation of the pulses.

It has been proved that modulation periods depend on the
time separations of the pulses. Such pulse separations increase
as the phase difference increases. The phase difference is pro-
portional to the pump power and the cavity length. A higher
pump power leads to a higher peak pulse power and a longer
cavity length and can accumulate a stronger nonlinear effect.
Both the excessive power and the nonlinear effect [22] lead
to the appearance and aggravation of the pulse-splitting phe-
nomenon. There are usually two ways to produce pulse split-
ting when keeping the pump power constant and the cavity
length fixed [28]. One is to increase the saturable peak power
or decrease the modulation depth of the SA and the other is to
increase pulse duration by increasing cavity dispersion. Our
tuning method belongs to the former one. By stretching the
SA structure of the NCF-GIMF, a smaller modulation depth
of SA leads to a wider pulse separation [20], which then leads to
a smaller spectral modulation period and lower modulation
amplitude.

3. EXPERIMENTAL RESULTS

A. Experimental Setup
In order to intensively study the propagation characteristics of
the solitons, an all-fiber laser system based on an NCF-GIMF SA
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in the negative dispersion regime is fabricated. As shown in
Fig. 1(a), the 1480 nm forward-pumping light enters the fiber
ring cavity via a wavelength division multiplexer (WDM). The
1480 nm polarization-independent isolator PI-ISO (1480 nm)
is installed to protect the pumping source. The ring cavity
consists of a WDM, a section of erbium-doped fiber (EDF),
a 90:10 optical coupler (OC) with 10% output, a polarization
controller (PC), the NCF-GIMF device attached to a stretcher
with a precision of larger than 10 μm, and a 1550 nm PI-ISO.
The total length of the ring cavity is ∼13 m, including an SMF
of ∼10 m and a section of EDF of ∼3 m, with overall net
anomalous dispersion. The PI-ISO (1550 nm) is used to ensure
the unidirectional operation of the ring cavity. The PC is
included to finely adjust the birefringence and optimize the
mode-locking operation. The output pulses can be simultane-
ously analyzed via a 50:50 OC by an optical spectrum
analyzer (OSA) (Yokogawa, AQ6370D) with 0.02 nm resolu-
tion, a 1 GHz digital photodetector oscilloscope (Tektronix,
TDS5104B), a 9 kHz–3.2 GHz radio frequency (RF) spec-
trum analyzer (Siglent, SSA3032X), a 5 GHz photodetector
(Thorlabs, DET08CFC/M), and a second-harmonic autocor-
relator (APE, PulseCheck 150).

The SA is fabricated by sequentially fusing splicing of an
SMF, an NCF of ∼181 μm, a GIMF of ∼27.5 cm, and an
SMF, as shown in the inset in Fig. 1(a). The lengths of
SIMF and GIMF are not intentionally chosen. The biggest ad-
vantage of the NCF-GIMF device is that there is no need to
control the lengths of the NCF and GIMF. The SA effect of the
NCF-GIMF results from the nonlinear multimode interference

effect (NL-MMI). The introduction of NCF is used to expand
the light and increase the mode field diameter at the entrance of
the GIMF, which can improve the performances of switching
and intensity discrimination, benefiting from the suppression
of power leakage into the radiation and cladding modes.
Compared with the SIMF [24], the NCF with larger NA and
equivalent core diameter has superiority for expanding the
mode diameter. Also, the introduction of NCF removes the
strict limit on the length of GIMF, making the SA device fea-
sible in the experiment and providing a more flexible means of
making an SA based on NL-MMI. Hence, there is essentially
no limit on the length of GIMF. The transmission spectrum of
the NCF-GIMF device in a spectral range from 1430 nm to
1630 nm is measured by use of an OSA and a broadband light
source (BBS Amonics), as shown in Fig. 1(a). The device shows
a relatively flat absorption curve with the loss of less than 2.5 dB
within the measurement range. The nonlinear saturable absorp-
tion curve at different stretching lengths is shown in Fig. 1(b).
It can be seen in Fig. 1(c) that the device exhibits typical
characteristics of saturable absorption, in which the transmis-
sion increases with the rise of pulse fluence. The modulation
depth, saturation intensity, and nonlinear loss of the SA are
measured as 4.57%, 1.92 μJ∕cm2, and ∼69.71%, respectively.
Obviously, such an SA can be used in the fiber laser for
producing stable mode-locked pulse trains.

B. Conventional Solitons
First, the conventional solitons are generated at the pump
power of 70 mW by appropriately adjusting the PC, and
the corresponding output results are displayed in Fig. 2. The
clearly Kelly spectral sidebands can be observed in Fig. 2(a),
which certifies its anomalous dispersion cavity. The center
wavelength is fixed at 1568.4 nm with a 3 dB bandwidth of
∼4 nm. Note that the basement optical spectrum is asymmet-
ric, which results from the oscillating at the edge of the gain
range. As shown in Fig. 2(b), assuming a sech2 pulse profile,
the autocorrelation trace indicates a pulse width of ∼818 fs
within a 4 ps range. Thus, the time-bandwidth product (TBP)
is calculated to be ∼0.338, which is slightly larger than that of a
standard transform-limited pulse, indicating a small chirp of the
pulses. In Figs. 2(c) and 2(d), the oscilloscope pulse train and
radio frequency (RF) spectrum are provided, respectively. The
pulse period is ∼60.09 ns in accordance with the repetition rate
of ∼16.64 MHz, which demonstrates that the pulse operates
at the fundamental frequency state. From Fig. 2(d), the first
RF peak is located at 16.64 MHz and the signal-to-noise ratio
(SNR) with 10 Hz resolution bandwidth (RBW) and 500 kHz
span is up to ∼74 dB, which indicates the high stability of
operation. The maximum average output power at the funda-
mental frequency is measured to be ∼591.5 μW, correspond-
ing to the single pulse energy of ∼35.55 pJ. Being superior to
the other SA materials, the SiO2 of MMI can support the
higher threshold of optical-power-induced thermal damage at
room temperature and contribute to long-term reliability of
the mode-locked fiber laser. To evaluate the stability, the system
is tested over 24 h, and the mode-locked operation is stable
in the output spectrum, pulse width, output power, and rep-
etition rate.

Fig. 1. (a) Schematic diagram of the experimental setup. Red arrow
represents the direction of laser transmission, and the small diagram
shows the SA structure; (b) transmission spectrum of the NCF-GIMF
device; (c) nonlinear saturable absorption curve of the NCF-GIMF
device.
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C. Tightly Bound Solitons with Tunable Wavelengths
In the anomalous dispersion regime, the natural balance between
the nonlinear effect and dispersion can contribute to formation of
an optical soliton. However, when the intra-cavity pulse energy
exceeds the threshold value, excessive nonlinearity will result in
the breakup phenomenon of the solitons, which further leads to
the appearance of an additional soliton pulse [25].

Taking the importance of a fixed-phase relationship for
forming bound states into consideration, we carefully adjust
the PC under the same pump power of 70 mW. The single
soliton finally splits into two pulses and then evolves into
the stable tightly bound soliton pairs. The average output
power drops to 390 μW instantaneously due to pulse splitting.
It can be clearly seen in Fig. 3(a) that the spectrum exhibits a

regular and evident modulation of high contrast accompanied
by the Kelly sidebands, which results from the interference
fringes of the two closely spaced solitons. The spectral modu-
lation has a symmetric structure with a central dip at the
wavelength of 1573.72 nm and a spatial period of ∼3.78 nm.
The corresponding autocorrelation trace is illustrated in
Fig. 3(b). There are three peaks exhibiting the same pulse du-
ration of 662 fs, fitted by a sech2 profile. It also shows a con-
stant pulse time separation of ∼2.07 ps, which matches the
spectral modulation period (calculated from the Fourier trans-
form). The height ratio of 1:2:1 and the same width of the three
peaks in Fig. 3(b) indicate that the two bound solitons have
identical intensity, pulse duration, and a constant separation.
Here, the inter-pulse separation is calculated to be ∼3.13 times

Fig. 2. Conventional mode-locked single soliton outputs. (a) Optical spectrum; (b) autocorrelation trace; (c) pulse train; (d) RF spectrum.

Fig. 3. Output of stable tight soliton pairs. (a) Optical spectrum; (b) autocorrelation trace; (c) pulse train; (d) RF spectrum.
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the pulse width, demonstrating that the solitons in the bound
state are strongly interacting with each other. The optical
spectrum shown in Fig. 3(a) combined with the optical auto-
correlation trace in Fig. 3(b) proves that the phase difference
between the two mode-locked solitons is around π, and the
bound state is tightly bound soliton pairs. Such tightly bound
solitons are impossible to be exhibited by our oscilloscope due
to the bandwidth limitation of the oscilloscope and the photo-
detector. Both Figs. 3(c) and 3(d) illustrate the corresponding
pulse train and RF spectrum. The 16.63 MHz repetition rate of
the output pulse train and over 74 dB SNR at the fundamental
frequency state confirm the high mode-locking stability and
low pulse energy fluctuation of our fiber laser. In addition,
the long-term stability of tightly bound soliton pairs has
also been assessed over several hours without any introduced
perturbation.

The MMI self-imaging phenomenon enables the SMF-
GIMF-SMF structure as an all-fiber bandpass filter, which can
provide essential wavelength selection in ultra-short-pulse fiber
lasers [29,30]. Considering the transmission peak is inversely
proportional to the length of GIMF, the bandpass wavelength
of the filter can be tuned by changing the GIMF length. In the
state of tightly bound pairs, there is a strong phase-locking
phenomenon between the two soliton pulses, and the time sep-
aration is nearly fixed, which leads to a steady spatial modula-
tion period. Thus, its existence is robust and not easily affected
by external disturbances within a certain range. It is called a
super-soliton [31], which can be treated as an independent unit
to form other soliton states, including stretching, compressing,
and tuning.

We successfully realize the wavelength tunable operation in
the state of tightly bound soliton pairs. By stretching the
NCF-GIMF device from 0 μm to ∼40 μm, the wavelength of
the central dip is tuned in a range of 8.72 nm from 1567.48 nm
to 1576.20 nm. During the tuning process, only the length of
the NCF-GIMF device is adjusted, and a mechanical displace-
ment platform is used to accurately control the stretching
length of the SA for each tuning operation. By changing the
stretching length, the wavelength can be switched back and
forth, while the modulation periods of the spectra remain close
to ∼3.7 nm. Figure 4 gives the summary of the spectra with
central wavelengths of 1567.48 nm, 1573.60 nm, 1573.72 nm,
1574.64 nm, 1575.79 nm, and 1576.20 nm, respectively, and
it can be clearly seen that the spectra maintain the fixed-phase
difference of π. The corresponding autocorrelation trace shows
no significant variation compared with that shown in Fig. 3(b),
and the tightly bound soliton pairs at different wavelengths
have similar characteristics. Thus, continuous wavelength
tunability of the bound soliton fiber laser is experimentally
obtained through exploiting an NCF-GIMF device both as
the SA and the intra-cavity filter simultaneously. It should also
be noted that the influence of continuous light in the cavity on
the Kelly sideband results in slight distortion of the spectral
profile during the tuning process.

The variation of the corresponding central wavelength shifts
of the central dip with the stretching length of the NCF-GIMF
device is also shown in Fig. 5, where it can be found that there
is a linear positive correlation between the stretching length of

the SA and the central wavelength of tightly bound soliton
pairs. The linear fitting coefficient R2 is up to ∼0.98.

D. Tunable Spatial Modulation Period and Soliton
Separation of Loose Soliton Pairs
As mentioned above, the soliton property renders the conven-
tional solitons with unique new features of interaction, which
leads to formation of stable bound solitons. The bound solitons
are vulnerable to the change in laser cavity parameters, e.g.,
dispersion, nonlinearity, gain, and loss. By properly adjusting
the PC, a tuning of the loss and the intra-cavity birefringence
can be achieved [32], and the transformation of different bound
soliton states can be easily obtained. Thus, with further appro-
priate adjustment of the PC, the output pulses are transformed
from tight soliton pairs to loose soliton pairs at the same pump-
ing power of ∼70 mW. Depending on the precise NCF-GIMF

Fig. 4. Tunable wavelength spectra in tight soliton pairs.

Fig. 5. Relationship between the stretched length of the SA and
wavelength.
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device conditions, the loosely bound solitons with various spec-
tral modulation periods are realized. For example, as depicted in
Fig. 6(a), an optical spectrumwith stable interference fringes has
a high-contrast modulation period of 0.236 nm with an ampli-
tude of ∼16 dB. The pulse separation in Fig. 6(b), measured
to be ∼37.57 ps, is 43 times the pulse duration of 883 fs. Thus,
the state can be verified as the loosely bound solitons. The
formation of the bound solitons is attributed to the balance
of internal attraction and repulsion between the soliton pairs in-
troduced by the soliton-continuum interaction process [16],
which is a periodical function with a series of equilibrium points.
Similarly, in our experiment, the stretching of the NCF-
GIMF device results in slight perturbation on the transmission
peak and modulation depth of the device; such perturbation
eventually evolves into another new balance. Figures 6(a)–6(h)
illustrate the characteristics of the loosely bound solitons
with various pulse separations at different stretching lengths
in a range of ∼10 μm. The pulse separation is tuned from
37.57 ps to 56.46 ps, and the corresponding spatial modulation

period shrinks from 0.236 nm to 0.145 nm. The pulse separa-
tion of these two bound states is larger than 40 times the soliton
pulse durations, indicating that these pulses are all loosely
bound. Moreover, the modulation amplitude decreases from
14.51 dBm to 9.29 dBm. During the tuning operation, both
the pulse width and intensity ratio of autocorrelation traces re-
tain relative stability. The slight shift in the central wavelength
is consistent with the changes of tunable tight soliton pairs de-
scribed in the previous section. The identical intensity of the two
peaks at the central wavelength in optical spectra demonstrates
the fixed π phase difference of two pulses, as shown in the insets
in Figs. 6(a), 6(c), 6(e), and 6(g).

Table 1 presents a more detailed description of the evolution
of the loosely bound solitons. The intensity ratio of autocor-
relation traces quickly grows with further increase of pulse
separation. It can be seen in Table 1 that the pulse separation
is reversely related to the spectral modulation period, which can
be verified by Fourier transform, and can also be deduced from
the following formula:

Fig. 6. Autocorrelation traces with different spectral modulation periods. The profiles in red are optical spectra with details in enlarged scale in the
corner. The profiles in blue are autocorrelation traces with pulse width in the corner, corresponding to the panels on the left.
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Δλ � C
Δτ

, (1)

where Δλ is the absolute wavelength difference between the
two peaks, and C represents the light speed in vacuum. Δτ
refers to the time separation of the two pulses. Equation (1)
indicates that an inverse relation between the pulse separation
and the modulation period exists.

It should also be noted that the modulation amplitude of
the spectrum decreases with the increase in pulse separation.
The periodic modulation waveform in the spectrum is realized
by the interaction between two solitons. The relatively small
separation between solitons contributes to the interaction,
which directly enlarges the modulation amplitude.

During the tuning process, by appropriately adjusting the
PC, we also observe some distinctive states of soliton pairs.
As shown in Figs. 7(a)–7(c), the optical spectrum with a
clear modulation period has a complex internal interference
structure. The modulation period varies from 0.282 nm to
0.263 nm and then to 0.255 nm. The pulse separations in
Figs. 7(d)–7(f ), measured to be 56.47 ps, 62 ps, and 64.26 ps,
respectively, are ∼70 times their corresponding pulse durations
of 814 fs, 880 fs, and 927 fs. This proves that the states are still
loosely bound solitons, and the huge pulse separations reflect
that the bound state is going to disintegrate. The three-peak

autocorrelation traces have an ∼1:3.5:1 intensity ratio, indicat-
ing a certain intensity difference in the two solitons. Also, the
complex modulation outlines in the spectrum can be changed
by slightly stretching the NCF-GIMF. As shown in
Figs. 7(a)–7(c), there are in turn 3, 5, and 4 small peaks in
the modulation period, which shows remarkable regularity.
This phenomenon is due to the long-range soliton interactions
of bound solitons [33]. With a relatively large soliton separa-
tion, the direct soliton interaction is too weak to play a role, and
the long-range soliton interaction is produced when the reso-
nant dispersive waves start working. Thus, the soliton pairs can
exhibit relative oscillations. As the strength of dispersive waves
in a fiber laser can be controlled only by slightly adjusting the
pump power, or changing the linear cavity phase delay bias
[10], the waveform in the spectrum of long-range soliton pairs
can be readily in control.

4. CONCLUSION

In summary, we experimentally observed tightly and loosely
bound soliton pairs of soliton molecules with π phase difference
of the spectrum in an Er-doped net anomalous dispersion ring
fiber laser by using the NCF-GIMF structured SA. By modest
stretching manipulation, we realized tunable soliton pairs from
1567.48 nm to 1576.20 nm. By slightly adjusting the PC,

Table 1. Detailed Characteristics of Loosely Bound Solitons Corresponding to Fig. 6a

F. N. M. P. C. W. P. S. I. R. M. A. P. W.

Figures 6(a) and 6(b) 0.236 nm 1568 nm 37.57 ps 1:1.84:1 14.51 dBm 883 fs
Figures 6(c) and 6(d) 0.187 nm 1569 nm 45.63 ps 1:1.83:1 14.15 dBm 928 fs
Figures 6(e) and 6(f ) 0.177 nm 1569 nm 46.14 ps 1:1.82:1 12.22 dBm 896 fs
Figures 6(g) and 6(h) 0.145 nm 1570 nm 56.46 ps 1:1.78:1 9.29 dBm 889 fs

aF. N., figure number corresponding to detailed characteristics; M. P., modulation period; C. W., central wavelength; P. S., pulse–pulse separation; I. R., intensity
ratio of autocorrelation traces; M. A., modulation amplitude; P. W., pulse width.

Fig. 7. (a)–(c) Different spectra of quasi-bound pairs; (d)–(f ) corresponding autocorrelation traces.
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loose soliton pairs can be obtained. We also have found that the
two bound pulse separation is inversely proportional to both
the spectral modulation period and the modulation amplitude.
Also, we realized a controllable spectrum waveform of long-
range bound soliton pairs. The results obtained might provide
some inspiration for the study of the application of bound states
in optical telecommunication systems.
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