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Single-cavity dual-comb mode-locked lasers, an emerging dual-comb technology, can generate two sets of pulse
sequences with excellent mutual coherence, thus eliminating the need for complex active noise reduction sys-
tems. We report the generation of dual-wavelength dispersion-managed solitons in a near-zero anomalous-
dispersion Er-doped mode-locked fiber laser. Transmissive dual channels are provided by birefringence filtering

effect. The dual-wavelength mode-locking centers at 1539.1 and 1578.8 nm with the repetition-rate difference of
420 Hz. Furthermore, 2-hour spectral stability is measured in an open environment, and we analyze the intra-
cavity dynamics that influences the long-term stability of the dual-wavelength mode-locked laser operating in

the free-running state.

1. Introduction

High measurement accuracy, fast update rate, and large dynamic
range make the dual-comb source receive close attention, and it has
extensive applications in optical fiber sensing, absolute distance mea-
surement, and molecular spectroscopy (Shao et al., 2016; Coddington
et al., 2009; Coddington et al., 2016). Among the multitudinous dual-
comb technologies, asynchronous mode-locked pulses generated in
fiber lasers with the inherent asynchronous optical sampling (ASOPS)
process are considered as a premium option. Unlike two independent
mode-locked lasers with slightly different repetition rates, which require
complex phase-locked loop (Ycas et al., 2018; Okubo et al., 2015; Cas-
sinerio et al., 2014), asynchronous pulse sequences generated in a single
fiber laser have inherent mutual coherence without additional phase-
locking (Hu et al., 2021; Liao et al., 2018; Mehravar et al., 2016),
which is propitious for cost control and miniaturization.

Optional approaches for the generation of asynchronous pulse se-
quences in a single cavity are bidirectional mode-locking (Saito et al.,
2019; Li et al., 2020; Nakajima et al., 2021), orthogonally polarized
mode-locking (Akosman and Sander, 2017), and dual-wavelength mode-
locking (Hu et al., 2017; Zhao et al., 2011). Single-cavity dual-wave-
length mode-locked pulses generally require inter-cavity hump-shaped
filters, such as birefringence filters (Hu et al., 2017); Sagnac loop filters
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(Li et al., 2018), and fiber Bragg gratings (He et al., 2009), to suppress
gain competition. Additionally, the tunable attenuator can also be used
to change the intra-cavity loss to achieve equivalent filtering (Zhao
et al., 2011). Among these filtering mechanisms, birefringence filter has
the advantage that the spectral filtering spacing can be adjustable by
altering intra-cavity birefringence. In recent few years, with the matu-
rity of intelligent polarization-state control technology, the mode-locked
structure of nonlinear polarization evolution (NPE) has a strong appeal
(Pu et al., 2019; Pu et al., 2020; Woodward and Kelleher, 2017; Winters
et al., 2017; Andral et al., 2015; Genty et al., 2021; Kutz and Brunton,
2015; Girardot et al., 2020). NPE based fiber lasers will challenge the
dominance of material saturable absorbers in the commercial field
(Kang et al., 2018; Cui and Liu, 2019). Simultaneously, the natural
combination of birefringence filter and NPE technology will fill the
blank of automatic mode-locking technology of dual-comb sources.
Furthermore, it is a complex dynamic process that pulses with
different repetition rates generated from the oscillator collide periodi-
cally, and the periodic collisions of dual-wavelength soliton mode-
locking have been observed by Time-stretch dispersive Fourier trans-
form (TS-DFT) (Wei et al., 2018; Wang et al., 2020; Liu et al., 2020; Cui
et al., 2021). However, the annihilation and reconstruction of the Kelly
sidebands during the collisions are detrimental to the long-term opera-
tion of fiber lasers (Wei et al., 2018). Dispersion-managed solitons
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Fig. 1. Schematic of dual-wavelength dispersion-managed soliton mode-locked
fiber laser with birefringence-filtered NPE technology.

without Kelly sidebands operating in the near-zero dispersion regime
may perform better and have lower quantum noise (Zou et al., 2020; Zou
et al, 2021). To date, the researches on the dynamics of dual-
wavelength mode-locking in the near-zero dispersion regime are still
incomplete.

In this paper, we demonstrate dual-wavelength dispersion-managed
soliton mode-locking with wide spectral bandwidth in a near-zero
anomalous-dispersion all-fiber laser based on birefringence-filtered
NPE. Birefringence filtering enables the laser to operate in a switch-
able single-wavelength mode-locked state. Subsequently, dual-
wavelength mode-locked pulses are generated with the appropriate
polarization controller orientations. 2-hour spectral stability of free-
running dual-wavelength mode-locking state is also measured to
analyze the intra-cavity dynamics.

2. Experimental setup

Fig. 1 shows the schematic of the dual-wavelength dispersion-
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managed mode-locked fiber laser experimental setup. A 51-cm Er-doped
fiber (EDF, LIEKKI Er110-4/125), is backward-pumped by a 976 nm
laser diode via a 980/1550 nm wavelength division multiplexer (WDM).
The group-velocity dispersion (GVD) of the EDF is +0.012 ps%/m, and
the pigtails of WDM is a 85-cm OFS980 fiber with the GVD of +0.005
psz/m. The sandwich structure of two polarization controllers (PCs) and
a polarization-dependent isolator (PD-ISO) is employed as an artificial
saturable absorber based on NPE. PD-ISO plays the dual role of polar-
izing and maintaining the unidirectional operation of the laser. The
birefringence required for dual wavelength mode locking is provided by
inserting a 14-cm polarization maintaining fiber (PMF) in front of the
sandwich to suppress gain competition. The corresponding spectral
filtering bandwidth is 39.6 nm. A 2.1-m dispersion compensation fiber
(DCF, Thorlabs DCF38) with the GVD of +0.048 psz/m is used to
compensate the intra-cavity dispersion to near-zero, and the measured
insertion loss of the DCF is about 0.894 dB. The remanent ~6.57 m fibers
including the pigtails of the components are single-mode fibers (SMFs)
with the GVD of —0.022 ps?/m. The overall fiber length of the ring
cavity is 10.17 m, and the corresponding estimated dispersion is —0.036
ps?, which illustrates that the laser operates at near-zero dispersion. 10
% laser power is output through a 10:90 output coupler (OC) from the
ring cavity. The laser spectra are measured by an optical spectrum
analyzer (OSA, Yokogawa AQ6370B) with the resolution of 0.02 nm.
The pulse sequences and electrical spectra are respectively monitored by
a digital oscilloscope (OSC, Tektronix TDS 3052C) and a radio frequency
(RF) analyzer (FSA, RIGOL RSA3030) through a 1.2 GHz photodetector
(PD, Thorlabs DET01CFC). The actual pulse width is measured by an
autocorrelator (APE Pulse Check).

3. Experimental results and discussion
Initially, with the appropriate intra-cavity PC orientations, the laser

can operate in continuous wave (CW) lasing, single-wavelength mode-
locking, and dual-wavelength mode-locking regimes at the pump power
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Fig. 2. Switchable single-wavelength dispersion-managed soliton mode-locking. (a) and (d) The optical spectra of 1537.8 nm and 1573.6 nm mode-locking. (b) and
(e) The temporal pulse sequences with the round-trip time of ~ 49.6 ns. (c) and (f) The repetition rates are 20.189213 MHz and 20.188813 MHz, respectively, with

the RBW of 30 Hz.
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Fig. 3. Dual-wavelength dispersion-managed soliton mode-locking. (a) The optical spectrum with the center wavelength of 1539.1 and 1578.8 nm. (b) The RF
spectrum with the RBW of 30 Hz. (c) The temporal waveform containing two pulse sequences. (d) and (e) The optical autocorrelation traces of short- and long-

wavelength mode-locking, respectively.

of 106.6 mW. The switchable single-wavelength mode-locking is
depicted in Fig. 2. Periodic stretch and compression of pulses circulation
in the oscillator suppresses the formation of Kelly sidebands, as shown in
Fig. 2(a) and (d). The spectral full width at half maximum (FWHM) of
the single-wavelength mode-locking at 1537.8 nm is 18 nm, and at
1573.6 nm is 13.1 nm. The generation of small bumps around 1570 nm,
as shown in Fig. 2(a), originates from the gain competition slightly
suppressed by birefringent filtering effect, and the intensity of the bumps
gradually increases with deeper modulation depth of filter by cautiously
adjusting the PCs (Zhu et al., 2019). Slight fluctuations near the spike in
the RF spectrum reflect small bumps in the optical spectrum. However,
the signal-to-noise ratio (SNR) is still beyond 64 dB, proving the stable
operation of the laser, as shown in Fig. 2(c). Differently, the spectrum in
Fig. 2(d) illustrates that the short-wavelength frequency component of
long-wavelength mode-locking is almost completely suppressed, indi-
cating stronger gain competition. The corresponding RF spectrum in
Fig. 2(f) has a relatively flat noise floor, and the SNR is over 60 dB with
the resolution bandwidth (RBW) of 30 Hz.

The birefringence filtering position and modulation depth can be
changed by rotating the PC orientations. The transmission test of Lyot-
filter in Ref. (Zhu et al., 2019) intuitively reflects the spectral response
of the birefringence filtering. Without altering the pump power,
appropriately adjusting the PCs, dual-wavelength mode-locking can be
observed, as shown in Fig. 3. The optical spectrum depicted in Fig. 3(a)
exhibits two spectral humps centered at 1539.1 and 1578.8 nm, which
exactly match the two adjacent channels of birefringence filter. The
corresponding FWHMs are 16.4 nm and 10.6 nm, respectively. Lower
intensity and narrower bandwidth of 1578.8 nm mode-locking are
caused by weak gain competition and lower gain distribution at long-
wavelength. Fig. 3(b) depicts the RF spectrum that two main peaks
are located at 20.188373 MHz and 20.188793 MHz, corresponding to
the repetition rates of the pulse sequences centered at 1578.8 nm and
1539.1 nm, respectively. The two main RF spectral peaks have a

frequency difference of ~420 Hz, which is caused by different group
velocities between the asynchronous pulses. The SNR is over 49 dB with
the RBW of 30 Hz. The two weak sidebands are attributed to the beat of
the two combs generated from the PD, proving the inherent mutual
coherence of the dual-comb source (Luo et al., 2019). The OSC captures
a moment of the temporal waveform, as shown in Fig. 3(c). The tem-
poral waveform consists of two asynchronous pulse sequences. Pulses
with different group velocities chase each other in the oscillator and
collide every 2.38 ms (corresponding to 420 Hz repetition-rate differ-
ence), which is known as ASOPS (Zhao et al., 2016; Shi et al., 2018). The
autocorrelation traces of the pulses centered at 1539.1 and 1578.8 nm is
measured separately by a coarse wavelength division multiplexer
(CWDM) which transmits the laser with wavelengths less than 1560 nm
while reflecting the remaining frequency components of the laser. The
autocorrelation traces of short- and long-wavelength pulses are shown in
Fig. 3(d) and (e). The pulse FWHMs are 206 fs and 300 fs, respectively,
with the assumption of Sech? shape. The time-bandwidth products
(TBPs) for the 1539.1 and 1578.8 nm pulses are 0.427 and 0.383,
respectively, which are slightly larger than the Fourier-transform limit
of 0.315, indicating that the pulses are slightly chirped. Even though
there is no Kelly sideband in the spectrum, the autocorrelation trace can
be well fitted by the Sech? shape and the TBP is close to the transform
limit, indicating that the laser still operates in the soliton state.

Single-cavity dual-comb sources, which can generate two sets of
mode-locked pulse sequences with a certain repetition frequency dif-
ference, are considered as a possible candidate for the current bulky and
complex dual-comb systems. Different from single-wavelength mode-
locked lasers, the intra-cavity dynamics of asynchronous pulses sharing
the same optical oscillator is more complicated, which has attracted the
attention of many researchers. However, relevant researches have
mainly focused on the transient dynamics of collision and initiation of
dual-wavelength mode-locked pulses, so far.

The dynamic process under long-term operation is equally important
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Fig. 4. 2-hour spectral stability test of the dual-wavelength mode-locked laser. (a) Evolution of the optical spectra in 2 h. (b) Spectral FWHM variations of mode-
locking centered at 1539.1 (blue circles) and 1578.8 nm (red triangles). (c) Center wavelength variations of mode-locking centered at 1539.1 (blue circles) and
1578.8 nm (red triangles). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

for the applications of dual-comb sources. Therefore, the 2-hour spectral
stability of the free-running dual-wavelength mode-locked laser is
measured without external active vibration isolation and temperature
control, as shown in Fig. 4. The output spectral evolution of dual-
wavelength mode-locked laser is measured at a spectral update rate of
0.25 Hz. The variation of spectral FWHMSs and center wavelengths are
extracted separately for a clearer and more intuitive analysis of long-
term dynamics of the dual-wavelength mode-locked laser, as shown in
Fig. 4(b) and (c). The spectral FWHM variation can be considered as a
observing evidence of gain competition. The gain sometimes flows to the
long-wavelength and sometimes to the short-wavelength, so the dual-
wavelength mode-locked state can be seen as the dynamic balance of
gain competition. We found that “breathing” processes in the colored
area of Fig. 4 (b) have a large “breathing” ratio, which may originate
from the fact that coherent frequency components (known from the two
sub-peaks in Fig. 3(b)) facilitate the flow of gain. The variation of center
wavelengths is shown in Fig. 4(c). The shift of the central wavelengths to
shorter wavelength is mainly attributed to the temperature drift which
induces subtle shifts of the dual-wavelength mode-locked state and the
position of filtering channels. However, the wavelengths have obvious
fluctuations in the colored area. Initially, in the blue area, the wave-
lengths shift to shorter wavelength influenced by temperature drift,
however the slope gradually approaches zero. Limited by the gain dis-
tribution, the short-wavelength mode-locked FWHM does not continue
to broaden. In the red area, as the wavelength continues to blue-shift,
the narrowed FWHM instead shifts the center wavelength toward long
wavelength, which is exactly opposite for the case of the long-
wavelength mode-locking.

The mutual coupling of environmental disturbances, birefringence
filtering effect and limited gain distribution results in the “breathing”
processes and fluctuations of wavelengths. With external active tem-
perature control, increasing the filter spacing or narrowing the spectral

bandwidth can slow down the “breathing” and improve the long-term
stability of the dual-wavelength mode-locked laser.

4. Conclusion

Switchable single-wavelength soliton and dual-wavelength soliton
are generated in a dispersion-managed Er-doped mode-locked fiber laser
by the birefringence-filtering effect and NPE technology. By adjusting
the PCs to introduce a linear phase shift, the filtering position is shifted
so that the wavelength of mode-locking can be switched. When the gain
distribution is matched with birefringence filtering channels, the laser
operates in a dual-wavelength mode-locked state. The suppression of the
Kelly sidebands makes the optical spectrum wider, however the auto-
correlation traces of the asynchronous pulses can be well fitted by sech?
shape, indicating that the laser still operates in the soliton regime. We
monitor the spectral stability for 2-h using the OSA and extract the
characteristic information from the spectral evolution to explore the
intra-cavity dynamics. Spectral coherent frequency components of
mode-locking at different wavelengths affect the “breathing” ratio of the
spectral FWHMs. On the other hand, due to the limited gain distribution,
the mode-locked wavelength shifts caused by temperature drift fluc-
tuate, which does not occur in the case of active temperature control.
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