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Observation of wavelength-switchable solitons in an
all-polarization-maintaining erbium-doped fiber cavity based on
graphene saturable absorber reflector∗
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We present the generation of wavelength-switchable single-polarization solitons in an all-polarization-maintaining
erbium-doped fiber laser mode-locked by a graphene saturable absorber. Ultrashort pulses centered at the wavelength of
1531.6 nm with the duration of 816 fs and centered at the wavelength of 1557.8 nm with the duration of 402 fs are separately
obtained from the same fiber laser cavity. The cavity loss adjusted by the gold reflector plays a crucial role in wavelength
switching.
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1. Introduction
Fiber lasers serve as lightwave sources for the pulsed
electromagnetic energy [1–4] and have a large variety of applications, ranging from small-scale problems such as precision metrologies and ocular surgeries to large-scale problems such as optical communication systems and nuclear fusion. In particular, the precision metrology applications in
sensors [5] and optical frequency combs [6] in the C (1530–
1565 nm) and L (1565–1625 nm) bands promote the development of the mode-locked fiber laser. Since Mollenauer and
Stolen found soliton laser near the wavelength of 1.5 µm in
fiber laser in 1983, [7] many researchers have joined in the
field and promoted continuously the performance of the modelocked fiber laser including lifting output power [8,9] and compressing pulse-width. [10,11] Meanwhile, the mode-locked fiber
lasers focusing at wavelength modulation have also been studied in depth as an important research orientation. As early as
in 1994, wavelength switching in mode-locked fiber laser was
realized by pump-diode and selected by Bragg gratings. [12]
However, Bragg grating has the drawbacks of restricting
the spectral width and suppressing the pulse-width compression. The wavelength-tunable mode-locked laser with an intracavity fiber Fabry–Perot filter [13] still faces the same problem.
In the last decade, the research [14,15] also demonstrated that
the cavity filtering effect induced by the birefringence in the
laser cavity makes the wavelength of the mode-locked laser
tunable or switchable. In the method, phase- and intensitydependent cavity loss adjusted by polarization controllers can
be operated, and wavelength-switchable mode-locked solitons

can be activated. Actually, the amplified spontaneous emission
(ASE) of the erbium-doped fiber always shows spectral humps
between around ∼ 1532 nm and ∼ 1558 nm rather than other
wavelength bands in the continuous wave and mode-locked
operations by some ways. [16–18] It can be ascribed to the modulation of cavity gain and loss between the two wavelengths.
Recently, single-wavelength all-polarization-maintaining
(all-PM) mode-locked fiber lasers have been widely reported
using carbon nanotube, [19] grapheme, [20] grapheme oxide [21]
as the saturable absorbers and other technologies. [22,23] The
predominance is that linear-polarization mode-locked pulses
in the all-PM fiber cavity are more robust against environmental variations, and have excellent self-starting and long-term
stability. But so far, wavelength-switching mode-locked laser
in all-PM fiber cavity has been little reported.
It has been found that new 2D materials such as graphene,
molybdenum disulfide (MoS2 ), [24] and black phosphorus [25]
as the saturable absorbers have advantages compared with the
conventional methods. For example, these new materials can
be used in mode-locking in a great broadband infrared region,
are easy to fabricate, and low in price.
In this paper, we demonstrate for the first time, to the best
of our knowledge, wavelength-switchable solitons in an allPM erbium-doped ring fiber laser by adjusting a gold reflector. A 10-layer graphene film is used as the saturable absorber,
and stable passive mode-locking operation is achieved by adhering the graphene film to the gold reflector in the cavity.
Wavelength switching between 1531.6 nm and 1557.8 nm can
be conveniently obtained in mode-locking.
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2. Experimental setup and methodology
The experimental setup of the all-PM mode-locked fiber
laser is illustrated in Fig. 1. The ring cavity consists of a
Panda-type PM erbium-doped fiber, a 980/1550 PM wavelength division multiplexer (WDM), a PM-coupler with a 30%
output, a PM-circulator, and a 10-layer graphene saturable
absorber adhering to a gold-plating reflector (graphene saturable absorber mirror (GSAM) for short). A 976 nm laser
diode with the maximum power of 750 mW is used as the
pump laser. The absorption coefficient of the PM Er-doped
fiber (Nufern, PM-ESF-7/125) is ∼ 24.0 dB/m at the wavelength of 976 nm. A three-port PM-circulator (NOVAWAVE)
with 1.2 dB insertion loss between ports is employed to assure
the anticlockwise propagation of the laser and incorporate the
GSAM into the cavity. Port 2 of the PM-circulator consists
of a 2.3 mm-length protuberant fiber rod with the diameter of
1.8 mm, the end face of which is polished with the angle of 8◦
for light anti-reflection (Fig. 1). The laser near 1.5 µm emitted from port 2 of the PM-circulator is close to collimated.
The GSAM is loaded into a two-dimensional accurate adjusting mount, and placed adjacent to the cross section of port 2
for coupling most light into the cavity. The total length of the
cavity is ∼ 3.3 m, which consists of two types of fibers: the
PM Er-doped fiber (length of 0.8 m used, group velocity dispersion (GVD) at 1550 nm equals to −0.02 ps2 /m) and the
passive PM fiber (total length of 2.5 m, GVD at 1550 nm also
equals to ∼ −0.02 ps2 /m). Thus, the total cavity is an allanomalous dispersion cavity with a net group delay dispersion
of ∼ 0.066 ps2 , and the conventional solitons can be activated
in it.
976 nm LD
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Fig. 1. (a) The schematic setup of all-PM graphene mode-locked
erbium-doped fiber laser. (b) The profile of port 2 of the PM-circulator.

The graphene layers used in the experiment are fabricated
and deposited on copper foils with the method of chemical vapor deposition (CVD), and then transferred to the gold mirror
one-by-one using the polymethylmethacrylate (PMMA) mediator. Because ultrafast pulses are more stable by passively
mode-locking using a saturable absorber with higher modulation depth, the multilayer graphene is needed due to its

high modulation depth. For example, the measured effective
modulation depth of a 21-layer graphene/PMMA composite is
5.5%, [26] higher than the modulation depth (∼ 0.4%) of singlelayer grapheme. [27] So, in our experiment, 10-layer GSAM is
fabricated, equivalent to 20-layer graphene adhering to the flat
window pervious to laser.
In the experiment, wavelength switching between
1531.6 nm and 1557.8 nm of the mode-locked laser can be
obtained conveniently by finely tuning the angle of GSAM.
The physical origin of wavelength switching can be illuminated using the linear transmission model similar to the model
in the previous papers, [17,28,29] which determines the cavity
transmission coefficient of the laser cavity. The transmission
coefficient can be expressed as
|T |2 = A(θ ) + B(θ ) cos(∆φ ),

(1)

where ∆φ = ∆φEM + ∆φNL + ∆φLB is the net phase delay between the fast and the slow axes of the fiber, ∆φEM is the phase
delay induced by the external modulator, ∆φNL is the fiberinduced nonlinear phase change, [30] and ∆φLB = 2πLBm /λ is
the phase delay caused by the linear fiber birefringence. [17]
A(θ ) and B(θ ) stand for the intensity loss induced by the angle θ , and θ denotes the reflected angle of the laser by the gold
reflector. In the wavelength dynamics of mode-locked laser
by the nonlinear polarization rotation (NPR) technique, phase
shifts including ∆φEM and ∆φLB are induced by the cavitybirefringence operated by the polarization controllers, which
leads to the phase-dependent loss; the intensity modulation
involving the terms of A and B is realized by operating the
polarization state of the laser by combining the polarization
controllers and the polarization dependent isolator, which will
lead to the intensity-dependent loss. Different from the NPR
technique, in our experiment, ∆φEM is induced by tuning the
angle of the gold reflector according to the polarization characteristics of the reflective laser by a metal surface; [31] ∆φLB
is constant for the all-PM fiber cavity; the intensity-dependent
loss including A(θ ) and B(θ ) can be obtained by modulating the efficiency of the coupling laser into port 2 of the circulator by tuning the angle θ of the gold reflector. In addition, the nonlinear polarization rotation effect may occur in
the all-polarization- maintaining cavity and give rise to the
mode-locking, but the effect is very weak and can be ignored
compared with the graphene saturable absorber reflector. In
the experiment, if the graphene saturable absorber reflector is
taken away from the cavity, the mode-locking can be observed
occasionally, but it is very weak and unstable, and we can ignore it. Therefore, qualitatively, the cavity consisting of the
gold reflector and the all-PM fiber has the same functions of
realizing both phase-dependent loss and intensity-dependent
loss as the NPR technique.
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6 kHz). Both their signal-to-noise ratios are above 70 dB, indicating the same stable single-pulse mode-locking operation.
One of their spectra of harmonics at the span of 5 GHz is depicted in the inset of Fig. 3.
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3. Experimental results and discussion
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Fig. 2. Optical spectra of all-PM grapheme erbium-doped fiber laser
mode-locked at (a) 1531.6 nm and (b) 1557.8 nm with different pump
powers.
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By finely tuning the angle θ of GSAM, the self-started
mode-locked pulses are achieved separately at the central
wavelengths of 1531.6 nm and 1557.8 nm when the pump
power is increased up to 75 mW, as shown in Fig. 2. When
mode-locked at 1531.6 nm, the output power is 1.7 mW and
the spectrum bandwidth (3 dB) is 2.7 nm at the pump power of
75 mW. When the pump power is 100 mW, the output power
increases to 2.4 mW, and the spectrum bandwidth expands to
3.8 nm due to more longitudinal modes induced by the higher
nonlinearity of the fiber cavity. However, there are no evident
Kelly sidebands of optical spectrum seen from Fig. 2(a). It
can be attributed to the longer pulse of mode-locking, which
causes the side band amplitude fall off, [32] compared with the
pulse-width of mode-locking at the wavelength of 1557.8 nm.
When the wavelength of the mode-locked laser is switched
to 1557.8 nm, the output power is 3.8 mW and the spectrum
bandwidth is 5.4 nm at the pump power of 75 mW. By raising the pump power up to 100 mW, the output power increases
to 5.8 mW, and the spectrum bandwidth expands to 7.5 nm.
There are clearly visible Kelly sidebands when mode-locked
at the wavelength of 1557.8 nm (Fig. 2(b)), just as reported in
Refs. [22] and [33]. Specifically, it is found that, with the
pump power up to 100 mW, the positions of the sidebands
become closer to the peak of the soliton spectrum, and more
spectral sidebands appear at both sides of the spectrum, which
confirm the theoretical predictions in Ref. [34]. The spectrum
data are measured by an optical spectral analyzer with a resolution of 0.02 nm. In repeated experiments, the switched
wavelengths of the mode-locked laser output are exactly located at the two wavelengths of 1531.7 nm and 1557.8 nm,
no evident wavelength-shifts as the NPR technology. [15,35] It
can be ascribed to constant phase delay ∆φLB induced by the
fixed fiber birefringence of the all-PM fiber cavity, different
from the polarization controller which can modulate the birefringence of the fiber cavity continuously.
Figure 3 shows the radio-frequency (RF) spectra measured at a span of 50 kHz with 50 Hz resolution bandwidth
at 100 mW pump power. The fundamental frequencies are
located at 60.6431 MHz and 60.6373 MHz respectively for
mode-locking at 1531.6 nm and 1557.8 nm, which shows that
there is a tiny disparity between their repetition rates (less than
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The spectrally and temporally mode-locking performance
is simultaneously monitored by an optical spectrum analyzer
(Yokogawa, AQ6370D), a 1.0 GHz real-time oscilloscope
(LeCroy), a 5.0 GHz InGaAs photo-detector (ThorLabs), an
autocorrelator (Femtochrome, FR-103XL), and a 7.5 GHz
radio-frequency analyzer (Keysight EXA N9010A). The polarized performance of the output pulses is measured by an
extinction ratio meter (Santec PEM-330).
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Fig. 3. RF spectra of the PM erbium-doped fiber laser mode-locked at
the central wavelengths of 1531.6 nm (red) and 1557.8 nm (black). The
inset shows the spectral harmonics at a span of 5 GHz.

The pulse widths of the output laser at 100 mW pump
power are measured by a commercial intensity autocorrelator with a scale range of 6.3 ps and a resolution of 5 fs,
as shown in Fig. 4. The autocorrelation traces are well fitted by a sech2 temporal profile. According to the conversion ratio (0.648) between the full width at half maximum
(FWHM) pulse width and the FWHM autocorrelation trace
width for the hyperbolic secant pulse shape, the FWHM pulse
width is equal to 816 fs for the pulses mode-locking at the
wavelength of 1531.6 nm, and 402 fs for the pulses modelocking at the wavelength of 1557.8 nm. Combining with
their spectral bandwidths, the calculated time-bandwidth products (TBP) are respectively equal to 0.392 and 0.374, both
of which are close to the transform-limit for the sech2 pulses
(0.315). With the pump power increased over 100 mW, pulse
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4. Conclusion
We have demonstrated for the first time, to the best of
our knowledge, wavelength-switching solitons in an all-PM
erbium-doped ring fiber laser. The mechanism of wavelength
switching is qualitatively analyzed by the linear transmission model. Pulses as short as 816 fs of mode-locking at
1531.7 nm and 402 fs of mode-locking at 1557.8 nm are separately generated at ∼ 60.64 MHz repetition frequency by adjusting the GSAM. The maximum pulse energies are ∼ 40 pJ
at the wavelength of 1531.6 nm and ∼ 96 pJ at the wavelength
of 1557.8 nm while working at the pump power 100 mW.
Both of the generated solitons are robust, and have linear polarization with high PER. The wavelength-switchable singlepolarization ultrafast laser as an excellent laser source can be
applied in the polarization-sensitive measurements and nonlinear frequency conversion processes.
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1557.8 nm.

Owing to the all-PM fiber cavity, the output laser should
be linearly polarized. Measured by a polarization extinction
ratio (PER) meter with 0.1 dB resolution for the extinction ratio and < ±0.45◦ accuracy for the polarization angle, the PER
of the laser mode-locked at 1531.6 nm is 17.9 dB, and the
polarized azimuth angle is ∼ −3.0◦ relative to the slow axis
of the fiber. In addition, the PER of the laser mode-locked
at 1557.8 nm is 17.3 dB, and the polarized azimuth angle is
∼ 8.3◦ . Therefore, both kinds of solitons keep a good degree
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