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Abstract: We report the first experimental observation, to the best of our knowledge,
of soliton molecules in a robust all polarization-maintaining (PM) mode-locked fiber laser
with a nonreciprocal phase bias that results in a low self-starting threshold and stable
mode locking. Through elaborately tuning the waveplate in the cavity, calibrating the laser
pulse from conventional soliton to soliton molecules is implemented, and versatile soliton
molecules including harmonic soliton pairs, tightly or loosely bound soliton quartets, multi-
pulse bound solitons are achieved and manipulated at different pump powers. Theoretical
investigations are established to elucidate the soliton molecules spectral characteristics with
various phase differences and time separations in the cavity that elicit good concurrence
with achieved experimental results. The achieved results both rich the nonlinear dynamics
in fiber lasers and pave the potential applications for this excellent architecture fiber laser.

Index Terms: Soliton molecules, mode-locking, fiber laser.

1. Introduction

As a hot research focus, soliton molecules (SMs) have attracted great interest over the past
few years, that illuminate to comprehend the interaction mechanism among the soliton pulses in
the cavity, and have potential applications in the fields of optical information storage [1], optical
telecommunication systems with high capacity [2], and optical signal processing [3]. Thanks to the
first theoretical prediction of SMs by the models of the coupled Ginzburg-Landau equation and non-
linear Schrédinger equation in fiber lasers [4]. Heretofore, various SMs have been experimentally
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Fig. 1. Schematic of the mode-locking fiber laser configuration with a biased NALM: (a) experimental
setup, (b) round-trip transmission curve with a 27/3 nonreciprocal phase bias (red solid curve) and no
phase bias (black dashed curve).

exemplified in soliton [5], stretched-pulse [6], self-similar [7], and gain-guided [8], spatiotemporal
mode-locking [9], and nonlinear multimode interference effect [10]. According to the operation
conditions, the soliton interactions in SMs formation mayhap categorized into three types [11]:
direct, localized, and global soliton-soliton interactions. Three different perturbations of third-order
dispersion (dispersive wave generation), the periodic nature of the cavity (Kelly sidebands), and
the random birefringence of the resonator were experimentally evidenced during the bound state
formation in a ring fiber laser [9]. Generally, the aforementioned soliton interactions can coexist
in the cavity, therefore numerous interesting SMs mayhap formed by complex soliton-soliton
interactions in fiber lasers.

Recently, all PM nonlinear amplifying loop mirror (NALM) mode-locking fiber lasers with various
nonreciprocal phase biases are of great interest [13]-[16]. Compared with the mode-locking
techniques of real SAs, NPR, and NOLM, potential advantages are discribed in this type all PM fiber
laser, such as good self-starting ability, excellent environmental stability, and lower intrinsic noise.
W. Hansel et al. [14] demonstrated a novel architecture of fiber laser with nonreciprocal phase
bias, that mayhap used to generate femtosecond pulses with different wavelengths. Up to 700 MHz
fundamental repetition rate self-starting Yb3*-doped fiber laser with a phase biased NALM was
demonstrated [15], that facilitates good environmental stability and lower intensity/phase noise.
A 44.6 fs mode-locked non-PM Er3*-doped fiber (EDF) laser have been reported by W. Gao
et al. [16], employed the shortest pulse duration. However, only the basic output characteristics
of mode-locking laser are reported in this architecture, the fascinating nonlinear phenomenon of
SMs, harmonics mode-locking (HML) is not observed.

In this letter, to the best of our knowledge, we report the first experimental observation of various
SMs in an all PM mode-locked fiber laser based on a phase biased NALM. By finely adjusting the
waveplate inside the cavity, manipulation of the laser pulses from conventional soliton to various
SMs has been realized. Output characteristics of multiple SMs are measured and compared under
different operation conditions in detail. Moreover, the spectral characteristics of soliton molecules
with various phase differences and time separations are theoretically analyzed, and the calculative
results are consistent with the experiment.

2. Experimental Setup and Operation Principle

The experimental schematic of the mode-locked fiber laser is shown in Fig. 1(a). A 976 nm pump
laser is launched into a high-gain 0.8 m PM-EDF (PM-ESF-7/125, Nufern) through a PM fiber
980/1550 nm wavelength-division multiplexer (WDM), that can simultaneously work in fast and
slow axis, and the absorption coefficient of gain fiber is 24 dB/m. In order to improve the stability
and coupling efficiency, two fiber collimators and a polarizing beam splitter (PBS) are integrated as
a device. As the key part of mode-locking laser, a A/6 waveplate and a Faraday rotator (FR) are
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Fig. 2. The output characteristics of the mode-locking fiber laser: (a) output optical spectra; (b) output
pulses train; (c) RF spectra; (d) intensity AC trace; and (e) stability of output power at 26.4 mW.

combined together which serves the non-reciprocal phase bias of 2/3 in the roundtrip. An optical
spectrum analyzer (OSA, AQ6370D, Yokogawa) with a tunable resolution of 0.02 to 2 nm is used for
spectrum measurement. A radio frequency (RF) signal analyzer (N9030B, Agilent) with a bandwidth
of 3 Hz - 50 GHz is used to monitor the RF spectrum of laser pulses. A >25 GHz bandwidth InGaAs
photodiode detector (PD, UPD-15-1R2-FC) and a real-time 20 GHz sampling oscilloscope (DSO-X
6004A, Keysight) are employed to detect the pulse train. A power meter (S148C, Thorlabs) with
a power range from 1 uW to 1 W is used to measure the output power and monitor the power
stability. A commercial autocorrelator (FR-103XL, Femtochrome) is used to analyze the intensity
AC traces of soliton pulses.

The roundtrip transmission of NALM with a nonreciprocal phase bias is indicated in Fig. 1(b). Ago
is the original phase of NALM, and Ag is the nonlinear phase shift in the cavity. Without any phase
bias (black dash curve), the reflectivity function has the highest value at A¢ = 0, whereas it shows a
vanishing slope. By offering a 27/3 phase bias, the reflectivity curve shifts to the right and this allows
the fiber laser to work at positive feedback reflection region, which corresponds to the nonlinear
phase shift from 0 to /2 as depicted in Fig. 1(b). The 27/3 non-reciprocal phase bias releases the
requirement of extra nonlinear phase shift, as a result, the self-starting ability of mode-locking is
enhanced. Our previous results showed that the self-starting threshold of mode-locking is relevant
to the slope of reflectivity curve, where a steeper reflectivity slope is beneficial to the mode-locking
operation [17].

3. Results and Discussion

As a result of the inserted 27/3 phase bias in the cavity the mode-locking operation is directly
built up at pump power of 430 mW. Eventually, decreasing the pump power to 350 mW, the stable
single pulse soliton is achieved and the measured output power is 26.4 mW. Figure 2(a) depicts
the measured output spectrum produced by the mode-locked fiber laser. Obvious sidebands are
seen in the spectrum, and the 3-dB spectral bandwidth is 28.56 nm. It is evident that two central
wavelengths are clearly distinguished in the spectrum which is caused by the coherent interference
between the two combined beams. Several CW lasers with the wavelengths of 1565.688, 1557.476
and1547.721 nm are visible in the spectrum. The oscilloscope trace of the pulse train is monitored,
and shown in Fig. 2(b). It is conspicuous that the pulses train is stable, and the interval of the
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Fig. 3. Experiment results of the bound soliton pairs: (a), (b) the optical spectra and intensity AC trace
of fundamental soliton pairs; (c), (d) the optical spectra and intensity AC trace of harmonic soliton pairs.

adjacent pulses is about 11.33 ns, which is consistent with the cavity roundtrip time. The screenshot
of the pulse train with 10 us time range is shown in the inset of Fig. 2(b). The profile of temporal
pulse is constant and stable, and no perturbation is noticed. The RF spectrum distribution is
presented in Fig. 2(c) with a resolution bandwidth (RBW) of 1 Hz and a span of 5.7 kHz. The pulse
repetition rate is 88.2529625 MHz, which is in accordance with the fundamental repetition rate of
the cavity. The signal-to-noise ratio (SNR) is over 81 dB, indicating the mode-locking operation
is stable regime. A 2 GHz wideband RF spectrum is presented in the inset of Fig. 2(c), and no
envelope modulation is found. The fine structure of the laser pulse is measured, and illustrated in
Fig. 2(d). The full width at half maximum (FWHM) of the pulse duration is about 1.38 ps, calculated
by fitting the sech2 profile to the pulse. The time-bandwidth product (TBP) is calculated to be
4.76, suggesting the pulse is strongly chirped. To assess the long-term stability of mode-locking
operation of this all PM fiber laser, the average output power at 26.4 mW is monitored in the open air
at room temperature. As demonstrated in Fig. 2(e), the power fluctuations are approximately 0.48%
root mean square (RMS) and 1.22% peak-peak fluctuation when the laser is continuously running
around 10 hours. The breakup of the mode locking is not observed, that results in a dramatic
shaking in the output power. The zoomed-in power fluctuation is shown in the inset of Fig. 2(e). It
can be found that the output power gradually decreases, and reaches a stable 26.4 mW after about
6 hours.

Solitons formation in anomalous dispersion regime results from the balance of dispersion and
nonlinear effects in the cavity. If the intracavity parameters are varied, the balance of soliton state is
broken, and the bound state operation mayhap achieved by the complex soliton-soliton interactions.
In the experiment, we finely adjusted the orientation of 1/6 waveplate at a pump power of 350 mW,
and the stable soliton pair molecule is observed. Figure 3(a) shows measured output spectrum with
periodic modulation, which is a typical signature of bound state interference with phase locking. The
evident modulated spectrum results from the interference fringes of two closely spaced solitons.
The zoomed-in modulated spectrum is inserted in Fig. 3(a), where the revealed modulated period
iS Av = Alc/hge = 297.477 GHz, for AL = 2.484 nm at A, = 1582.74 nm. The corresponding
intensity AC trace is depicted in Fig. 3(b), with At = 3.361 ps time separation between two
close solitons pulses, being consistent with spectrum modulated period (Av = 1/At) in Fig. 3(a).
It is eminent that the time separation of the adjacent soliton pulses is less than three times of

Vol. 13, No. 1, February 2021 1500210



IEEE Photonics Journal Observation of Soliton Molecules

&3 1.54 — —
- 20 . 3.423 3 o Ex
_o@e 52 O e PPN =7
= S
E ° § = E 205 1.18 ps
z 0.806 nidvegrgom - £l 2 & 107 $0.0 15
2-30 L1022 2 40 1 2
D » B h0.265- Time delay (ps)
< g 505{ ps 1
= £ =
= .60 = =
T T T 0 0.0
4 1576 1578 1580 -20 0 20 40
Wavelength (nm) Time delay (ps)
£-20 = T Ly T T
0] (© 8w - 109 (d) 310
) 5220
‘E = 0 . - 12.676 ps 205
B s it 0 E| F 3
) nm g B, £ 2 S 200
2304 102 20.5- -
£ F10°% 7]
g 0.646Nm c q=>
) §] -
E £ =
60 v 0 0.0
1576 578 -50 50 100 150

0
Time delay (ps)

1577 1
Wavelength (nm)

Fig. 4. Soliton quartets under different time separations: (a), (c) are the modulated spectra in enlarged
scale and overall spectra; (b), (d) are the intensity AC traces and pulse durations with the sech? fitting.

soliton duration (~1.34 ps), where the direct soliton-soliton interaction force is particularly strong
under this condition, and the tightly bound state is formed [11]. The observed intensity ratio of the
bound solitons is 1:2:1 that means the two soliton pulses have nearly the same intensity, identical
separation, and pulse duration. The pulse repetition rate is 88.252969 MHz with a 1 Hz RBW,
shown in inset of Fig. 3(b), and the SNR is over 76 dB, confirming the good stability of the soliton
pairs operation. By adjusting the orientation of 1/6 waveplate, the modulation depth of the roundtrip
reflectivity curve of NALM is regulated, and the transformation of different soliton bound states
mayhap easily achieved. HML operation of the soliton pairs is achieved by further finely rotating the
A/6 waveplate. However, if the rotation of the waveplate exceeds a certain range, the mode-locking
operation will be lost abruptly. Figure 3(c) shows the measured output spectrum characterized
by apparent spectrum interference fringes, and the modulation period is 0.579 nm. Nearly 100%
modulation depth implies the two soliton pulses have excellent coherence. The corresponding
intensity AC trace is exhibited in Fig. 3(d). Time separation of the adjacent pulses is 14.57 ps,
which agrees well with the theoretical value calculated from the 0.579 nm modulation period. The
ratio between the time separation and the pulse duration is larger than the setting criterion of
direct soliton-soliton interactions, and it belongs to loosely bound state [8]. Under this condition,
the direct interaction force between soliton pulses becomes weak, and the long-range interactions
force plays the main role in the formation of bound-state pulses. The monitored RF spectrum are
illustrated in the inset of Fig. 3(d), the pulse repetition rate is 176.510567 MHz which is about twice
the fundamental repetition rate. Over 69 dB SNR indicates high stability of second-order HML in
this all PM fiber laser.

As mentioned above, bound states result from the complex soliton-soliton interactions in the
cavity, hence the soliton molecules formation are vulnerable to the variation of cavity parameters,
viz gain, loss, nonlinearity, and dispersion. When the pump power is increased to 450 mW, the SMs
bound with four soliton pulses are achieved in fiber laser. Figure 4(a) (State 1) parades the detailed
output spectrum of soliton quartets. Different from the spectra of soliton pairs, noticeable secondary
modulation can be observed in the optical spectrum. The measured average spectrum modulation
periods are about 2.426, 2.424, and 0.806 nm, respectively, corresponding to the time separations
of 3.421, 3.424, and 10.262 ps in theory. From the intensity AC trace in Fig. 4(b), the measured
time separations are consistent with the theoretical values calculated from spectrum modulation
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TABLE 1
Detailed Output Characteristics of the Four Types Soliton Quartets

BS Pout (MW) P (MW) to(ps) Kie
State1 34.2 550 1.18 1:2:3:4:3:2:1
State2 29.2 -- 1.34 1:1:1:3.1:1:1:1
State3 31.7 700 1.32 1:1:1:2.7:1:1:1
State4 37.5 430 1.24 1:1:1:3.4:1:1:1

aBS: bound state; P, : average output power; P, : mode-locking threshold of self-starting; f, : pulse duration;
ki intensity ratio of different peaks in AC trace.

periods. It can be noted that the intensity ratio of the different peaks in the AC trace is nearly
1:2:3:4:3:2:1, suggesting the bound soliton pulses have almost identical intensities. Different soliton
quartets can be achieved by adjusting the waveplate. As demonstrated in Fig. 4(c) (State 2), the
spectrum modulation periods of 0.655, 0.646 and 0.157 nm corresponding to the time separations
of 12.676, 12.84 and 52.704 ps as shown in Fig. 4(d). The intensity ratio of the different peaks in
the AC trace is nearly 1:1:1:3.1:1:1:1, that perhaps caused by the intensity differences of the soliton
pulses inside the SM.

With further appropriately adjusting of the waveplate in the cavity, another two types soliton
quartets with different modulation periods can also be realized (defined as State 3, 4). Table 1
lays out a more detailed description of the output characteristics of the four types soliton quartets.
The average output power is dissimilar under different state, and the maximum output power is
37.5 mW in State 4, and the minimum output power is 29.2 mW in State 2. It is conspicuous
that the self-starting threshold is reversely related to the average output power, and the lowest
self-starting threshold is 430 mW. For the State 2, the mode-locking cannot be self-started by the
limited pump power. The pulse duration is regulated from 1.18 ps to 1.34 ps. More interesting, when
the mode-locking operation is experimentally built up, then adjusting the pump power to 450 mW,
and the similar SMs are realized anon by appropriately rotating the A/6 waveplate.

Increasing the pump power to 540 mW, a five-soliton pulse SM is achieved. As shown in Fig. 5(a),
a series of modulated peaks between adjacent maximum peaks indicates that the complicated
interactions amid the inner soliton pulses. The measured spectrum modulation periods are 0.665,
0.653, 0.655, and 0.164 nm which correspond to the time separations of 12.652, 12.694, 12.654,
and 50.57 ps in measured intensity AC trace, as shown in Fig. 5(b). The intensity ratio of different
peaks in intensity AC trace is nearly 1:1:1.5:1.9:3.6:1.9:1.5:1:1, which implies the unequal intensity
of the pulses inside the SM. Further rotating the A/6 waveplate, the multipulse bound solitons are
experimentally observed. Figure 5(c) shows the output spectrum of multipulse bound solitons, and
the intensity AC trace is present in Fig. 5(d). The spectrum modulation periods of 1.463, 1.463,
and 0.154 nm correspond to the time separations of 5.677, 5.678, and 53.81 ps. It can also be
noted that the intensity AC trace is composed by three bound state units, one unit is a three-pulse
bound state and the other two units are two-pulse bound states. However, this state is unstable,
and the pulse intensities and time separations are variable.

From the achieved experimental results, the formation of SMs in the proposed all PM fiber laser
can be explicated by the following perspectives. Firstly, a short segment of high-gain PM EDF
is used as the gain media, that is more beneficial to the generation of SMs with a fundamental
repetition rate [18]. Additionally, the strong birefringence in the laser cavity is more favorable for
the formation of SMs [12], [19]. In our experiment, rotating the 1/6 waveplate can effectively adjust
the intensities in p and s directions of the PBS2, the phase correlations among soliton pulses
would be transformed, and the modulation depth of the roundtrip reflectivity curve of NALM is also
regulated, leading to versatile bound states formation in the cavity. Moreover, for all the formation
of multipulse bound solitons is more complex, it is clear that the bound state formation in each unit
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Fig. 5. Multipulse bound solitons with different time separations: (a), (c) are the modulated spectra in
enlarged scale and overall spectra; (b), (d) are the intensity AC traces and the pulse duration with the
sech2 fitting.

results from the three types of soliton-soliton interactions [20]. For example, the pulse separations in
Fig. 5(b) are more than five times of the measured pulse duration, and the long-range soliton-soliton
interactions opt in bound state formation. For Fig. 5(d), the adjacent pulse separations are less than
five times of the measured pulse duration, signifying the direct soliton—soliton interactions result in
the bound state formation.

4. Theoretical Investigation for the Spectrum Characteristics of SM

In consideration of the comprehensive manipulation of the soliton molecules by rotating the
waveplate in the cavity, phase difference and time separation between the soliton pulses are the
two key components which play essential roles in soliton molecules formation. Here, theoretical
investigations are conducted to elucidate the effects of phase difference and time separation on
the spectrum modulation, which can further validate the spectral characteristics of the soliton
molecules in the experiment.

Assume that the soliton pulses have identical pulse shape and amplitude in molecules. The
slowly varying electric field profile of single soliton pulse is Ey(t) in the time domain.z;(j =
1,2,3)and ¢;(j=1,2,3) are the time separation and phase difference of soliton pulses in
molecules. The bound states of soliton pairs and soliton quartets can be described as follow [21]:

(1)
@)

Esp(t) = Eo(t) + Eo(t + 1) - €71,
Esq(t) = Eo(t) + Eo(t + 1) - €7 + Eg(t + t2) - €72 + Eg(t + 13) - €7%2.

where SP: soliton pairs, SQ: soliton quartets.
According to the Fourier transform, the corresponding spectrum intensities of soliton pairs and
soliton quartets are exemplified in the frequency domain:

lsp(w) = 2k (w)[1 + cos(wt — @)]. (3)
Isa(w) = (w)[1 + gil@n—¢1) | g=ilwre—¢2) 4 g-ilwts—¢s) 2 (4)
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where o denotes the angular frequency difference compared to the central optical frequency in the
spectrum. i =v/—1 is imaginary unit. lp(w) = |Eo(w)|3is the spectrum intensity profile of the soliton
pulse. From above equations, it is apparent the spectrum modulation period is Aw; = 27 /7;(j =
1,2, 3), that indicate the spectrum modulation periods in the frequency domain correspond to the
time separations in the time domain.

Firstly, the theoretical investigation is implemented to investigate the spectral characteristics
of the soliton pairs. The soliton is assumed to be a chirp-free sech pulse shape with different
central wavelengths. The pulse separation and pulse duration are consistent with experimental
results. The phase difference is set as =. Figure 6(a) shows the normalized theoretical spectrum
of the tightly bound soliton pairs. It is noticeable that the numerical result agrees well with the
experimental result, and the wavelength peaks of the two spectra are nearly coincident with each
other. Compared with the theoretical result, the modulation depth of the measured spectrum is
lower than 100%, but the high ratio modulation depth still indicates an excellent coherence of
two bound solitons. The theoretical spectrum of loosely soliton pairs is present in Fig. 6(b). The
numerical result almost overlaps with the experimental spectrum, and the ~100% modulation depth
suggests highly coherence of two soliton pulses.

Subsequently, theoretical investigation is performed to demonstrate the spectral characteristics
of the soliton molecule with four soliton pulses. For the four-pulse bound state, the phase relations
between soliton pulses cannot be directly ascertained from the modulation spectrum, and needs
to take consideration of the spectrum profile and detailed modulated spectrum. According to
the measured output spectra and intensity AC traces, the central wavelengths, time separations,
and pulse durations are utilized in calculation. Through elaborately adjusting the phase relations
between the soliton pulses, the numerical spectra are present in Figs. 7(a)—(d). The numerical
results agree well with the experimental results, which are further manifested by the zoomed-in
spectra on the right side, corresponding to the dashed regions in spectra. However, some palpable
disagreements between numerical and experimental results are found on the edges of the mod-
ulation spectra, and the reasons are examined as follow. Firstly, the assumption of sech-shaped
pulses in the calculation is not exactly accurate, that results in inconsistency between the theory
and the experiment. Meanwhile, the sidebands generation in the output spectrum can influence the
profile of the modulation spectrum. In addition, the asymmetry of gain spectrum of EDF can cause
the distortion of modulation spectrum, that in turn to the disagreements.
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Fig. 7. Theoretical spectrum characteristics of soliton quartets: (a) theoretical spectrum with phase
differences of 7/2, n/2, and /2 (red dashed curve) and experimental result (blue solid curve), the
central wavelength is 1579.2 nm; (b) theoretical spectrum with phase differences of n/2, =, and =/2,
the central wavelength is 1582.21 nm; (c) theoretical spectrum with phase differences of 0, 0, and —z/2;
and experimental result, the central wavelength is 1575.47 nm; and (d) theoretical numerical spectrum
with phase differences of 0, 0, and —=/2; and experimental result, the central wavelength is 1580.02
nm.

Furthermore, according to the theoretical results, the phase differences of ¢1 ,ppand ¢z in
Figs. 7(a)—(d) are identified as 7/2, n/2, 7/2; n/2, =, 7/2; 0, 0, —x/2 and 0, 0, —x/2. It is found
that the phase differences of soliton pulses can be adjusted by finely rotating the waveplate in the
cavity. Own to the comprehensive interactions of bound soliton pulses, the modulation spectrum
of the soliton molecule is sensitive to the time separation and the phase difference, especially for
the multipulse bound solitons. This theoretical investigation provides a simple method to unveil
the effects of time separation and phase difference between the soliton pulses on the spectral
characteristics of soliton molecules. For science research, this robust mode-locking fiber laser
delivers a prevailing platform to explore the versatile soliton molecules and multifaceted nonlinear
phenomena in the cavity. Thanks to adjusting the modulation depth of the roundtrip reflectivity curve
by rotating the waveplate, manipulation of the versatile soliton molecules is achieved at different
pump powers. All these findings have demonstrated the multifaceted nonlinear dynamics in this
excellent architecture, and pave the potential applications for this robust all PM mode-locked fiber
laser with good self-starting ability and well resistance to ambient perturbation.

4. Conclusion

In summary, we have experimentally demonstrated soliton molecules generation in a robust all
PM mode-locked fiber laser with a non-reciprocal phase bias. The mode locking operation is self-
starting and possesses excellent long-term stability. Through elaborately adjusting the waveplate in
the cavity, manipulation of the laser pulse from conventional soliton to soliton molecules is achieved,

Vol. 13, No. 1, February 2021 1500210



|IEEE Photonics Journal Observation of Soliton Molecules

and then versatile soliton molecules, including harmonic soliton pairs, tightly or loosely bound
soliton quartets, and multipulse bound solitons, are precisely manipulated at different pump powers.
To the best of our knowledge, this is the first-time demonstration of various soliton molecules
in this excellent architecture mode-locked fiber laser. Furthermore, the theoretical investigations
are implemented to verify the spectral characteristics of soliton molecules with different phase
differences and different time separations, and the theoretical results are good agreement with the
experiment. We believe this robust all PM mode-locked fiber laser delivers an ideal platform for
investigating the dynamics of soliton molecules operation, as well as provides a simple, effective
method to manipulation of soliton molecules that can bring potential applications in designing of
optical telecommunication systems with high capacity.
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