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Abstract: We report on the generation of tunable and switchable dual-wavelength dissi-
pative solitons (DSs) in a weak-birefringence all-normal-dispersion Yb-doped fiber laser
based on the nonlinear polarization rotation technique. By virtue of the weak-birefringence
operation, the switchable dual-wavelength DSs with a wide wavelength-tunable range and
variable wavelength spacing are observed for the first time. The variable wavelength spac-
ing is a result from the similar order of magnitude between the polarization controller-
induced birefringence change and the fiber birefringence. It is suggested that a widely
tunable wavelength spacing of the tunable and switchable dual-wavelength DSs could be
realized through introducing an extra birefringence change whose magnitude is comparable
with the fiber birefringence.

Index Terms: Fiber lasers, mode-locked lasers, tunable lasers and solitons.

1. Introduction
Recently, the dissipative soliton (DS) resonance characterized by a steep edge of spectrum and a
great frequency chirp [1] has been intensively studied for its unique advantage of large pulse
energy. Generally, the formation of DSs in fiber lasers is a result of mutual interactions among laser
gain and loss, cavity dispersion, fiber nonlinear Kerr effect, and spectral filtering effect. The dyna-
mics of the DSs is governed by the complex Ginzburg–Landau equation [2]. So far, the DS
resonance has been achieved through diverse passively mode-locked techniques, including the
semiconductor saturable absorption mirror [3], the carbon nanotube saturable absorber [4], the
graphene mode locker [5], the nonlinear polarization rotation (NPR) [6], and the nonlinear amplifier
loop mirror technique [7].

In addition, multi-wavelength mode-locked pulsed fiber lasers have attracted much attention
owing to their versatile applications in optical fiber sensing, optical signal processing, and WDM
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optical fiber communications. It has been investigated that the birefringence-induced filtering effect
can result in multiple soliton generation in passively mode-locked fiber lasers [8], [9]. Recently, the
multi-wavelength DS has been generated in a Yb-doped fiber (YDF) laser based on a graphene-
deposited tapered fiber device [10]. A switchable dual-wavelength mode-locked operation was
demonstrated by exploiting a phase-shifted long-period fiber granting as a spectral filter in the laser
cavity [11]. Whereas, owing to the wavelength position of the dual-wavelength output is determined
by the passbands of the fiber granting filter, the output pulses cannot be wavelength-tuned. More-
over, Sova et al. have presented a tunable dual-wavelength laser in an all-PM fiber ring cavity [12].
Similarly, tunable and switchable dual-wavelength DS output can be also achieved by incorporating
a section of polarization-maintaining fiber (PMF) which was to enhance the birefringence in the
cavity [13]. However, the high-birefringence in the laser cavity fixes the wavelength spacing and is
unfavorable to obtain a widely wavelength-tunable operation (only 7.7 nm), which is limited for some
applications. The wavelength spacing of the dual-wavelength DS can be chosen only by changing
the length of the PMF used in the cavity.

To the best of our knowledge, the tunable and switchable multi-wavelength DS operation with
variable wavelength spacing has not been reported so far. In this paper, the tunable and switchable
dual-wavelength DSs are generated in a weak-birefringence all-normal-dispersion (ANDi) YDF
laser based on the NPR technique. Due to the weak-birefringence fiber utilized in the laser, the
magnitude of the birefringence change induced by the rotation of the polarization controllers is close
to that of the fiber birefringence. Consequently, the switchable dual-wavelength DSs not only have
a wide wavelength-tunable range (17 nm) but also have variable wavelength spacing (19–23 nm).

2. Experimental Setup and Operation Principle
Fig. 1 shows the schematic diagram of the ANDi dual-wavelength DS fiber laser, which is based on
the NPR technique. The gain medium is a 2.3-m single-mode YDF (Nufern) with a group-velocity
dispersion (GVD) parameter of�43 ps/nm/km at 1060 nm and an absorption coefficient of 250 dB/m
at 976 nm. It is pumped by a 976-nm laser diode (LD) through a 980-/1060-nm WDM. The rest of
the fibers, including the tail fibers of each optical component and the twisted fibers in the PCs, are
all standard single-mode fibers (HI-1060) with a GVD parameter of �38 ps/nm/km at 1060 nm. The
total cavity length and the calculated cavity dispersion at 1060 nm are 8.5 m and 0.20 ps2,
respectively. An isolator (ISO) is used in the cavity to force the unidirectional operation of the ring,
and a pair of polarization controllers (PC1 and PC2) are inserted to fine tune the linear-cavity
birefringence. In addition, two PCs, together with an in-line polarizer (ILP), are utilized to generate
the birefringence-induced filtering effect. Then a 1 � 2 optical coupler (OC) is used to couple about
10% of the circulating power out of the cavity. The output laser is monitored by an optical spectrum
analyzer (Yokogawa AQ6370B), a radio-frequency (RF) spectrum analyzer (Tektronix RSA

Fig. 1. Schematic diagram of the ANDi YDF laser. PC: polarization controller; ILP: in-line polarization;
ISO: isolator; WDM: wavelength division multiplexer; YDF: Yb-doped fiber; OC: optical coupler; PD:
photodetector.
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3303B), an autocorrelator (APE, PulseCheck SM), and a 350-MHZ oscilloscope (Tektronix MSO
4032) together with a 1.5-GHz photodetector simultaneously.

As aforementioned, since an ILP and two PCs were used, the birefringence-induced filtering
effect could be generated in the fiber laser. The transmission function of the birefringence-induced
filtering effect [14], [15] is numerically investigated. Fig. 2 shows the simulation results of the
periodical transmission distribution with respect to the wavelength [14]. As shown in Fig. 2(a), the
extinction ratio of the filter is determined by the ratio of light coupled into the slow and fast axes of
the fiber and is maximized when the coupling ratio is 50:50. Moreover, the change of the angles
between the polarization direction and the fast axis of the fiber allows the shifting of the trans-
mission peak wavelength and a constant filter bandwidth, as shown in Fig. 2(b). Thus, the trans-
mission peak wavelength can be controlled by the PCs. In addition, the peak wavelength spacing
ð��Þ is decided by the formula �2ð�nLÞ, where � is the central wavelength, L is the cavity length,
and �n is the strength of birefringence.

3. Experimental Results and Discussions
Experimentally, with appropriate adjustment of the PCs, tunable single-wavelength DSs and dual-
wavelength DSs can be achieved, respectively. The threshold for the self-started mode-locked
operation of the fiber laser is 230 mW. In the experiment, the pump power is set to 250 mW to
optimize the laser performance. Fig. 3(a) shows the output spectra of the tunable single-wavelength

Fig. 2. Simulated transmission spectra of the birefringence-induced filtering effect.

Fig. 3. (a) Tunable single-wavelength DSs from 1032 to 1078 nm and (b) tunable dual-wavelength DSs
with variable wavelength spacing.
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DSs, with a wavelength-tunable range from 1032 to 1078 nm and a variable edge-to-edge band-
width from 15.4 to 10.8 nm. During the whole tunable range, the pulse duration has no remarkable
variation and retains as short as 10.2 ps (Gaussian profile assumed). This pulse duration and a 3-dB
spectrum bandwidth of 5 nm give rise to a time-bandwidth product of 13.5, indicating that the pulses
are strongly chirped. It is also visible that the spectra exhibit steep edges, which is the typical feature
of the DSs in ANDi lasers.

Moreover, stable dual-wavelength DSs can be achieved by carefully adjusting the orientation of
the PCs, as shown in Fig. 3(b). In contrast to the high-birefringence cavity described in reference
[13], we get a wider wavelength-tunable range of 17 nm without an additional PMF. In particular, the
wavelength spacing of the dual-wavelength DSs can vary from 19 to 23 nm, whereas it is fixed in
the high-birefringence cavity.

The dual-wavelength DS operation at 1038 and 1057 nm is further discussed, as shown in
Fig. 4(a). The edge-to-edge bandwidths of two separated mode-locked pulse spectra are 8.6 and
10 nm, respectively. Due to the effect of mode competition, the bandwidths of the two separated
mode-locked pulse spectra are narrower than that of the single-wavelength mode-locked pulse
spectrum. In this case, according to the wavelength spacing of 19 nm, the birefringence in the cavity
is calculated to be as low as 6� 10�6 based on the aforementioned formula. It presents evidence
that the non-PM cavity elements can effectively function as unintended filters in the cavity. In
addition, the birefringence change induced by the rotation of the PCs is estimated to be an order of
magnitude of 10�7. According to the aforementioned formula, the relationship between the wave-
length spacing change ð��0Þ and the birefringence change ð�n0Þ can be described as ��0 ¼
��� �2=½ð�n ��n0ÞL�. Consequently, in the high-birefringence ð� 10�4Þ cavity, this little bire-
fringence change is negligible, and thus, the wavelength spacing is fixed. More importantly, it is
suggested that a widely tunable wavelength spacing of these dual-wavelength DSs could be realized
by introducing an extra birefringence change whose magnitude is comparable with the fiber
birefringence.

It is worth mentioning that the tunable dual-wavelength DSs also have an anticipative switch-
ability. As shown in Fig. 4(b), the spectrum of mode-locked operation at 1038 nm is accompanied
with a sideband at 1056 nm (red curve). After the laser had realized the mode-locked operation at
1038 nm, with one paddle of the PCs tuned along a required orientation coherently, the sideband
intensity is gradually strengthened and the mode-locked operation finally turns to be at 1057 nm
(green curve). This evolution is reversible. It can be noted that both the two states between the
mode-locked operation and the sideband operation at one wavelength are exchangeable.

Furthermore, the characteristic of the dual-wavelength DS operation at 1038 and 1057 nm is
further investigated. The oscilloscope traces for the two mode-locked pulses are shown in Fig. 5(a),
and there is no evident discrepancy between them due to the limited response time of the
photodetector. Only a naked-eye observation of amplitude jump happened when the mode-locked
spectrum turns from one to the other. Accordingly, the output power of the 1038- and 1057-nm

Fig. 4. (a) Dual-wavelength DS operation at 1038 and 1057 nm and (b) the corresponding switchable
dual-wavelength DS operation.
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mode-locked pulses is separately measured, as shown in Fig. 5(b). The maximum output powers
are 17.4 and 16.2 mW, with the corresponding slope efficiencies of 4.97% and 5.04%, respectively.
The further scaling of the output power is primarily limited by the available pump power of 410 mW.
In fact, the relative intensity of the operation at the two wavelengths is varied with the orientation of
the PCs. It is because that the transmission function of the laser cavity with respect to wavelength is
related to the orientation of the PCs.

Fig. 6 shows the RF spectra of the two mode-locked pulses around the fundamental and harmo-
nic repetition rates with a span range of 1 GHz. The resolution bandwidths are 20 Hz and 20 kHz,
respectively. As shown in Fig. 6(a), the round-trip frequency for 1038 and 1057 nm are 24.1938 and
24.1979 MHz, respectively. Thus, the spacing ð�f Þ between the two RF spectra is 4.1 kHz. The
relationship between the wavelength difference and RF spacing can be theoretically analyzed, as
described in [16] and [17]. Here, c ¼ 3� 108 m/s, n ¼ 1:46, DSMFþYDF � �41 ps/nm/km, L ¼
8:5 m, and �� ¼ 19 nm. Consequently, the theoretical result of �f can be calculated as 3.9 kHz,
which well confirms the experimental observations. In addition, the excellent mode-locked stability
and the low pulse energy fluctuation at these two wavelengths are indicated from the 85-dB signal-
to-noise ratio.

Fig. 7(a) shows the autocorrelation trace of the synchronized dual-wavelength DSs. The pulse
duration is as short as 15.4 ps with a Gaussian profile. Compared with the single-wavelength DS
operation, the pulse duration of the dual-wavelength DSs becomes broader due to the auto-
correlation superposition of the pulses at two wavelengths. Furthermore, the autocorrelation traces
of the separated dual-wavelength DSs are shown in Fig. 7(b). It can be seen that the pulse
durations are 11.3 ps (at 1038 nm) and 14.2 ps (at 1057 nm), respectively.

Fig. 5. (a) Oscilloscope traces for two mode-locked pulses. (b) output power of the dual-wavelength DSs
versus pump power at 1038 and 1057 nm.

Fig. 6. RF spectrum (a) around the fundamental and (b) harmonic repetition rates at 1038 and 1057 nm.
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4. Conclusion
In conclusion, we have demonstrated the tunable and switchable dual-wavelength DS generation
from a weak-birefringence ANDi YDF laser based on the NPR technique. The switchable dual-
wavelength DSs with a wide wavelength-tunable range (17 nm) and variable wavelength spacing
(19–23 nm) are realized for the first time. A magnitude of 10�7 of the birefringence change induced
by the rotation of the PCs is also demonstrated. It is suggested that a widely tunable wavelength
spacing of the tunable and switchable dual-wavelength DSs could be realized through introducing
an extra birefringence change whose magnitude is comparable with the fiber birefringence. Such
an all-fiber DS laser may find applications in optical signal processing or WDM optical fiber
systems.
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