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In recent years, multi-wavelength fiber lasers play a significant role in plenty of fields, ranging from optical
communications to mechanical processing and laser biomedicine, owing to their high beam quality, low cost,
and excellent heat dissipation properties. Benefitting from increasing maturity of optical elements, the
multi-wavelength fiber laser has made rapid developments. In this review, we summarize and analyze diverse
implementation methods covering continuous wave and pulsed fiber lasers at room temperature conditions:
inserting an optical filter device and intensity-dependent loss structure in the resonant cavity, and applying
ultrafast nonlinear optical response of materials and a dual-cavity structure. Finally, future challenges and per-
spectives of the multi-wavelength fiber laser are discussed and addressed.
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1. INTRODUCTION

Nowadays, the fiber laser has attracted much attention
due to its enormous superiorities such as admirable beam
quality, cheapness, good compatibility, and simple and
compact structure[1–6]. With the popularity of computers
and mobile phones, people put forward higher require-
ments for optical communication systems. To unlock
the available fiber communication capacity and improve
for a higher communication rate, the dense wavelength di-
vision multiplexing (DWDM) technique has been inten-
sively adopted and investigated[7–9]. The DWDM system
needs multiple laser sources or a laser source launching
multiple wavelengths, and the implementation of multi-
wavelength laser doubtlessly saves in cost to a large ex-
tent. On the other hand, the multi-wavelength fiber laser
(MWFL) can be naturally integrated into the optical fiber
communication system. Hence, MWFLs are very attrac-
tive as ideal light sources for a DWDM fiber communica-
tion system[10,11]. In addition, MWFLs can be applied to
fiber sensors[12], spectroscopy[13], phased array antennas[14],
dual-wavelength combs[15], and microwave generation[16],
as shown in Fig. 1. Consequently, MWFLs have become
a research hotspot and caused enormous interest and
attention in the world.
For MWFLs, when the spacing between the neighbor

wavelengths is less than the uniform linewidth of the gain
fiber, the intense mode competition and mode hopping,
existing in a homogeneously broadening gain medium,
are inevitable and serious. The homogeneous gain broad-
ening is the key factor for suppressing the multi-
wavelength operation whenever pulsed or continuous

wave (CW) operation forms. Accordingly, to obtain stable
MWFLs, it is necessary to weaken the homogeneous
broadening effect of the gain fiber to restrain mode com-
petition and mode hopping[17–19]. To solve these problems,
researchers cooled the erbium-doped fiber with liquid
nitrogen, and the homogeneous broadening effect is enor-
mously suppressed[20,21]. However, the method has some
disadvantages in practical applications such as high cost
and complex and incompact structure.

In the room temperature condition, there are a few
methods to obtain multi-wavelength operation: using the
frequency shift feedback technique[22–24], directly insert-
ing filter devices[25–30], adding wavelength or intensity-
dependent loss structures[31,32], and the high nonlinear
effect of materials[33,34]. All of the methods mentioned
above are aiming to weaken the homogeneous broadening
effect to obtain multi-wavelength operation.

In the MWFLs, there are two main categories: CW[35–40]

and pulsed sources[41–47]. For multi-wavelength CW fiber
lasers, the cavity must have a multi-wavelength generator.
However, compared with the multi-wavelength CW fiber
laser, the multi-wavelength pulsed fiber laser must simul-
taneously possess a pulse laser transverter [e.g., saturable
absorber (SA) and electro-optic modulator] and a multi-
wavelength generator. The SA supplies nonlinear absorp-
tion for lasers and transforms the CW laser into pulsed
operation. The SA device and multi-wavelength generator
work together[48] and realize multi-wavelength pulsed laser
operation.

What the MWFL discussed above possesses is a single-
gain medium in the cavity, which owns a limited gain
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spectrum. The single-gain medium fiber laser cannot ob-
tain wide range multi-wavelength operation. We also sum-
marize dual-cavity pulsed fiber lasers owning two gain
media, naturally generating two colors, and the two beams
independently operate. Dual-wavelength pulsed fiber
lasers with broad wavelength range separation are applied
in many fields such as nonlinear frequency conversion, the
pump–probe technique, chemical sensing, and Raman
scattering spectra.
Here, we briefly review the current status of the MWFL,

especially passively mode-locked multi-wavelength opera-
tion fiber lasers, and then analyze and discuss the princi-
ple, challenges, and perspectives of MWFLs.

2. MULTI-WAVELENGTH CONTINUOUS
WAVE FIBER LASERS

The multi-wavelength CW fiber laser has attracted the at-
tention of many researchers due to its huge potential in ap-
plication fields such as optical fiber sensors, millimeter-wave
generators, and optical communications systems[35,49–51]. For
multi-wavelength CW fiber lasers, there are two main cat-
egories according to operating principles: active modulation

(e.g., frequency shifter) and passive modulation (e.g., filter
structures and intensity-dependent loss structures).

A. Multi-Wavelength CW Fiber Laser with the Aid of a
Frequency Shifter
By introducing a frequency shifter into the cavity, the op-
tical signal circulates and passes through the frequency
shifter to produce the frequency shift[23]. Therefore, one
wavelength cannot be continuously amplified on account
of frequency shift. As a result, the uniform broadening of
gain fiber is suppressed to a great extent, and the fre-
quency shifter prevents the emission from a single wave-
length and results in stable MWFL operation at room
temperature conditions. Zhou et al. reported a multi-
wavelength Er-doped fiber laser (EDFL) with the aid of
sinusoidal phase modulation feedback (see Fig. 2)[24].
The function of the phase modulator was demonstrated
by a contrast experiment [see Figs. 2(b) and 2(c)].

B. Multi-Wavelength CW Fiber Laser with the Aid of Filter
Structures
Active modulator techniques need electrical devices
driven by external power, which increases insertion loss

Fig. 1. Applications of MWFL: (a) DWDM technology for an optical communication system, and (b) the multi-wavelength Raman
fiber laser for long-distance simultaneous measurement of strain and temperature selected from Ref. [12]. (c) Phased array antenna
system selected from Ref. [14]. (d) Microwave signal generation based on a multi-wavelength Brillouin fiber laser selected from
Ref. [16].

Fig. 2. Multi-wavelength EDFL based on a phase modulator: (a) the schematic of the experimental setup; the output spectrum
characteristics (b) without modulation feedback and (c) with modulation feedback. Selected from Ref. [24].
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and breaks all-fiber structures. Therefore, the multi-
wavelength CW fiber laser based on passive modulation
structures has been intensively exploited by researchers
around the world. In the multi-wavelength CW fiber
laser, an ultra-narrow linewidth mode selecting filter is
indispensable[52]. Filter devices pick up designated wave-
lengths from the net gain spectrum of the fiber laser and
effectively suppress homogeneous gain broadening to
produce multiple wavelengths in the fiber laser. There are
several passive modulation structures utilized to achieve
multi-wavelength operation such as the comb filter,
Mach–Zehnder interferometer (MZI)[26–28,53–56], single-mode
fiber (SMF)–multi-mode fiber (MMF)–SMF (SMS) inter-
ferometer[57,58], band-pass filter, and chirped fiber Bragg
grating (CFBG)[17,59–62].
MZI generally is composed of two optical couplers

(OCs). The first OC divides light equally into two parts,
which interfere with each other in the second OC. Two
beams experience different paths with a tunable phase
shift to generate the comb filter effect. Luo et al. demon-
strated multi-wavelength CW operation in an EDFL with
the help of the dual-pass MZI filter[27]. The tunable trans-
mission spectra of the MZI comb filter, resulting in multi-
wavelength operation, were accurately measured. The
spacing and the position of transmission spectral peaks
were changed by only adjusting the polarization con-
troller (PC), as shown in Fig. 3(b), while 14-wavelength
and 29-wavelength operations were obtained by finely

adjusting the PC in different proper positions, respec-
tively. However, they could not achieve multi-wavelength
mode-locked operation for lack of a mode locker device in
the cavity.

The SMS structures also generate the comb filter effect
based on the multi-mode interference (MMI) effect based
on the theory of generating multi-wavelength operation as
the MZI, which means the MWFL can be produced with
the aid of the SMS interferometer.

Zhang et al. demonstrated stable tri-wavelengths in a
Tm-doped fiber laser (TDFL) by utilizing the SMS inter-
ferometer[57]. The MMI effect is generated in the MMF,
which excites all the modes. However, similarly, they only
realized multi-wavelength CW operation for lack of a mode
locker. Anum et al. reported a compact tunable and switch-
able single/dual-wavelength EDFL based on the SMS
structure, and then carefully adjusted the PC position of
the paddle (see Fig. 4). The dual-wavelength laser, operat-
ing at 1558.15 and 1565.38 nm, was finally obtained with a
small power fluctuation and wavelength drift[30]. Recently,
Yang et al. experimentally realized a stable mode-locked
pulse fiber laser based on the SMS structure alone with a
pulse width of 528 fs and repetition rate of 14.34 MHz[63].
However, the multi-wavelength mode-locked fiber-laser-
based SMS interferometer has not been reported.

A fiber grating (FG) has been intensively applied
in MWFL and fiber sensors due to their wavelength-
pick nature, which has the unique advantage of fiber

Fig. 3. Multi-wavelength operation based on the MZI filter effect: (a) the experimental schematic of an EDFL; (b) the comb filter
transmission spectra; (c) the spectral characteristics of 14-wavelengths operation; (d) the spectral characteristics of 29-wavelengths
operation. Selected from Ref. [27].
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compatibility. There are various FGs, such as a CFBG[53,64–67],
polarization-maintaining long-period FG (PM-LPFG)[68],
few-mode FG (FMFG)[69,70], and MMF Bragg grating
(MFBG)[71]. CFBG generally has a narrow-band reflection
spectrum and possesses a natural wavelength picking char-
acteristic. Two FBGs, combining a Fabry–Perot (F-P) filter,
have a relatively complex reflection spectrum.
He et al. reported a dual-wavelength narrow linewidth

single-longitudinal mode (SLM) operation linear-cavity
EDFL by applying an FBG-based F-P filter and a narrow-
band FBG. Finally, three different cases of tunable
dual-wavelength fiber lasers, emitting at 1569.38 and
1569.60 nm, 1568.84 and 1569.38 nm, and 1569.61 and
1569.81 nm, were obtained. Wang et al. demonstrated a
dual-wavelength TDFL with the aid of three FBGs, as
shown in Figs. 5(a)–5(c), which are from two linear

resonant cavities, and the central wavelengths are 1942
and 2020 nm, respectively[66].

These filter devices are made from fiber and thus assures
the all-fiber laser structure, which is good for stable multi-
wavelength operation. More interestingly, the spacing and
the position of the transmission spectral peak can be
altered by adjusting an appropriate position of the PC,
and a tunable MWFL was intensively explored.

In addition, the MWFL also can be obtained based on
two types of filter combinations. For instance, Zhao et al.
demonstrated a switchable MWFL with the aid of a
combined filter that is assembled with a phase-shifted
fiber Bragg grating (PSFBG) and an MZI[72]. The four
stable output cases, single-, dual-, triple-, and quadruple-
wavelength emissions, can be realized, as shown in
Figs. 5(d) and 5(e).

Fig. 4. MWFL based on the SMS interferometer: (a) the experimental schematic diagram of dual-wavelength EDFL; (b) the output
spectral tunable dual-wavelength fiber laser. Selected from Ref. [30].

Fig. 5. Multi-wavelength fiber laser and the output characteristics: (a) the schematic diagram of dual-wavelength EDFL; (b) optical
spectral evolution with different pump power; (c) the stability measurement of optical spectra. Selected from Ref. [66]. (d) The sche-
matic diagram of multi-wavelength TDFL; (e) the stable tri-wavelength operation. Selected from Ref. [72].
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C. Multi-Wavelength CW Fiber Laser Based on
Intensity-Dependent Loss Structures
There is another way to achieve a multi-wavelength by
applying an intensity-dependent loss structure, including
nonlinear polarization rotation (NPR)[73,74] and a nonlinear
amplification loop mirror (NALM)[75–77]. The two struc-
tures transform effective gain broadening of doped rare
earth gain fiber from homogeneous to inhomogeneous
and suppress the strong longitudinal mode competition
and hopping, which provide the possibility for multi-
wavelength operation in a fiber laser.
The NPR structure includes a polarization-dependent

isolator (PD-ISO) and two PCs. The experimental setup,
as shown in Fig. 6(a), is so simple and compact, which
saves cost and achieves an all-fiber structure[78].
Yan et al. presented the transmission equation for the

NPR structure and the birefringent fiber, as shown in
Fig. 6(b). The transmission rule of the setup was ex-
pressed by

T ¼ cos2 θ1 cos2 θ2 þ sin2 θ1 sin2 θ2

þ 1
2
sinð2θ1Þ sinð2θ2Þ cos

�
ΔφL þ ΔφNL

�
: (1)

In the schematic diagram, θ1 is the angle between the
fast axis of the birefringent fiber and the polarization

direction of the laser, and θ2 is the angle between the fast
axis of the birefringent fiber and the orientation of the po-
larizers, as shown in Fig. 6(b). ΔφL and ΔφNL are the lin-
ear and nonlinear phase delay, respectively, which can be
expressed as follows:

ΔφN ¼ 2πLBm∕λ; (2)

ΔφNL ¼ 2πn2PL cosð2θ1Þ∕λAeff ; (3)

where n2 is the nonlinear refractive index, P is the light
power, L is the length of birefringent fiber, Bm ¼
jnx − nyj is the birefringence of fiber, λ is the transmitting
wavelength in the cavity, and Aeff is the effective mode
area[78].

The transmission equation is a sinusoidal fashion. The
transmittance (also meaning loss) of the setup changes
with phase delay introduced by the PC and the light in-
tensity. As is well known, the NPR structure can achieve
mode-locked operation due to the light transmittance in-
creasing as the light intensity increases. However, if we
make the setup transmittance at the state where transmit-
tance decreases with light intensity, the setup can act as a
kind of light intensity balancer. The balanced effect can
effectively restrain the uniform broadening effect of doped

Fig. 6. MWFL based on two types of intensity-dependent loss structures: (a) schematic of the NPR mode-locked TDFL; (b) working
principle of the NPR structure. Selected from Ref. [78]. Two cases of output spectrum of MWFL based on NPR structures:
(c) 22-wavelength operation; (d) 28-wavelength operation. Selected from Ref. [73]. (e) The experimental setup of the NALM structure.
Output spectrum characteristics of EDFL based on the NALM structure at two different states by adjusting the PCs. Selected from
Ref. [75]. (f) 41 wavelengths; (g) 50 wavelengths. Selected from Ref. [76].
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fiber to inhabit mode competition and hopping, and the
MWFL operation is finally obtained.
Feng et al. demonstrated stable CW multi-wavelength

operation in an EDFL with the aid of the NPR structure,
as displayed in Figs. 6(c) and 6(d). By adjusting the posi-
tion of PCs, there is a 28-wavelength laser output with a
wavelength spacing of 0.8 nm[73]. From the output spec-
trum, the power distribution is uniform over a wide spec-
tral range, which is well suited for DWDM sources. The
experiment indicated that the setup of NPR is a favorable
power equalizer.
The NALM cavity contains a Sagnac interferometer

and a ring cavity combined with a coupler, which can also
be named a figure-of-eight cavity. The working principle
of multi-wavelength operation based on NALM is the
same as NPR. The Sagnac interferometer also forms the
comb filter effect[79], and the transmission equation of
the Sagnac loop can be expressed as

T ¼ 1− 2αð1− αÞ�1þ cos
�
ϕþ ð1− 2αÞϕNL

��
; (4)

where α is the coupling rate of couplers, ϕNL ¼ γP0L is
the nonlinear phase shift, γ is the nonlinear parameter,
P0 is the incident power in the Sagnac loop, and L is the
loop length. The NALM structure also induces intensity-
dependent loss as the NPR structure. Therefore, the
NALM probably achieves multi-wavelength operation.
Feng et al. demonstrated a multi-wavelength CW

EDFL with the aid of an NALM structure behaving as
an amplitude equalizer[76]. The number of wavelength

operation of lasers launched was up to 50, and the wave-
length spacing was 0.8 nm. More interestingly, the spec-
trum amplitude jitter was slight [see Figs. 6(f) and 6(g)],
which also suits the DWDM system.

NPR and NALM structures introduce intensity-
dependent cavity loss and form the comb filter effect in
a fiber laser cavity in order to obtain multi-wavelength
operation. More interestingly, the two structures also can
balance the amplitude of every wavelength, and a uniform
amplitude MWFL is obtained, which is favorable for
DWDM communication systems.

D. Multi-Wavelength CW Operation Based on the Nonlinear
Effect
With a high-power laser transmitting in fiber, it is easy
to produce a remarkable nonlinear effect such as self-phase
modulation (SPM), cross-phase modulation (XPM), four-
wave mixing (FWM), and stimulated Brillouin scattering
(SBS). The FWM effect, a third-order nonlinear response
process in medium, can prominently contribute to realiz-
ing multi-wavelength operation[80–82].

The FWM effect makes energy of each wavelength
transfer among them, and power is again redistributed
through a fast FWM process. The fast FWM effect is
achieved when low-power wavelength laser intensity in-
creases and high-power wavelength laser intensity re-
duces, which can effectively restrict longitudinal mode
competition and hopping introduced by uniform broaden-
ing of the gain fiber. Accordingly, stable MWFLs can be
produced through the FWM effect[18,33,82–87].

Fig. 7. Multi-wavelength operation in the ring EDFL: (a) the experimental setup of backward pumping; (b) the experimental setup
of forward pumping; (c) the output spectrum of forward and backward pumping. Selected from Ref. [83]. The multi-wavelength
Brillouin–Raman fiber laser: (d) the experimental setup; (e) and (f) illustrations of multi-wavelength lasing spectra at different
DCF lengths. The magnified views are shown in graphs on the right. Selected from Ref. [34].
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Liu et al. experimentally demonstrated and explained
in detail that FWM can achieve multi-wavelength
operation[33]. Harun et al. reported multi-wavelength
EDFL by inserting a piece of bismuth-based Er-doped
fiber (Bi-EDF) in the resonator[83]. A fiber laser, having
up to 17 wavelengths with a fixed wavelength spacing
of 0.41 nm, was realized, as shown in the Figs. 7(a)–7(c).
The oscillating laser wavelengths interact with each other
and continuously create new photons at other frequencies
via the FWM process, which results in multi-wavelength
operation. Yang et al. reported stable MWFLs based on a
sampled fiber Bragg grating (SFBG) and the FWM effect,
which was induced by a highly nonlinear photonic crystal
fiber (HNL-PCF). Correspondingly, the dual-, triple-, and
quintuple-wavelengths operation fiber laser was success-
fully obtained[84].
In addition, the SBS effect continuously generates

new-order Stokes frequency when the power exceeds the
Brillouin threshold and can stimulate Stokes lines[34,88–90].
Mamdoohi et al. demonstrated a kind of tunable multi-
wavelength Brillouin–Raman fiber laser[34]. For pursuing
more Stokes lines emission, they optimized Raman pump
power and Brillouin pump power, so up to 195 Brillouin
Stokes lines are generated, as shown in the Figs. 7(d)–7(f).
Stimulating the FWM or SBS effect generally needs a

high-power laser and high nonlinearity medium. There-
fore, the MWFL can be generated by adding a high
nonlinearity fiber (HNLF)[18,82,86], photonic crystal fiber
(PCF)[84], and dispersion compensation fiber (DCF)[85] to
induce high nonlinearity effect.
In conclusion, the different methods have different ad-

vantages. For example, the number of multi-wavelengths
achieved by the NPR or NALM structure is relatively
large, and the amplitude of each wavelength is relatively
uniform. The multi-wavelength operation achieved by
FBGs that possess a designed reflection bandwidth can
precisely control which wavelength emits, and the narrow
filter linewidth is suitable to achieve SLM operation. The
multi-wavelength operation based on the SMS structure
or FWM effect can achieve a simple and compact exper-
imental setup.

3. MULTI-WAVELENGTH PULSED FIBER
LASER

Over the past decades, the pulsed fiber laser has been
widely studied due to large pulse energy, ultrashort pulse
duration, excellent beam quality, low cost, simple struc-
ture, and good compatibility[5,91–99]. At present, the pulsed
fiber laser mainly divides two classifications by their prin-
ciples: Q switching[98–102] and mode locking[94,103–105]. The
Q-switching technique is a modulation process of the qual-
ity factor Q of the resonant cavity, while the mode-locking
technique induces a fixed phase difference depending on
the length of the resonant cavity between adjacent longi-
tudinal modes.
On the other hand, there are also two main categories

of pulsed fiber lasers based on different pulse generation
technologies: active modulation techniques[106–111] and

passive modulation techniques[112–118] of pulsed fiber lasers.
Active modulation technology applies electronic devices
controlled by an outside driving power source and adjusts
the loss or phase in the cavity to achieve pulsed laser op-
eration. Different from active modulation, passive modu-
lation applies the nonlinear absorption characteristic of
an SA that makes the CW transform into pulsed light.
Compared with active modulation technology, the passive
modulation fiber laser does not need additional electronic
devices; thus, it causes more interest due to lower cost and
the simple and all-fiber structure. The multi-wavelength
pulsed fiber laser is probably achieved when multi-
wavelength and pulsed laser generating technology work
together.

In general, there are mainly three ways to achieve
a multi-wavelength pulsed fiber laser, including active
modulation techniques, adding wavelength or intensity-
dependent loss structure to the cavity, and applying the
high nonlinearity effect of two-dimensional (2D) materi-
als. We mainly introduce multi-wavelength mode-locked
fiber lasers (MWMLFLs) based on passive modulation
technology.

A. Multi-Wavelength Pulsed Fiber Laser Based on NPR
or NALM Structure
The pulsed MWFL, especially passively MWMLFL, has
been comprehensively demonstrated due to its wide range
of practical applications from civilian to military. Nowa-
days, passively mode-locked devices are roughly divided
two types: real and artificial SAs. Artificial SA structures
including NPR[78,119–124] and NALM[125–130], which apply the
nonlinear refractive index and birefringent characters of
fiber to induce nonlinear saturable absorption depending
on light intensity, simulate the mode-locking process of
real SAs. As expounded above, NPR and NALM struc-
tures introduce wavelength or intensity-dependent loss
(i.e., tuning the cavity transmission) in the resonant cav-
ity and restrain the intensive mode competition resulting
from homogeneous gain broadening. Accordingly, multi-
wavelength operation and the mode-locked pulse are prob-
ably simultaneously obtained in one fiber laser that is only
based on the NPR or NALM setup.

Tang et al. established a theoretical model of NPR
mode locking based on the complex nonlinear Schrodinger
equation (NLSE) and revealed the evolution process of
a pulse[120]. Stable MWMLFLs have been intensively re-
ported, where output wavelengths range from 1 to 2 μm.
Xu et al. numerically and experimentally demonstrated
an all-normal-dispersion dissipative soliton (DS) mode-
locked Yb-doped fiber laser (YDFL)[31] with the tri-
wavelength operation. A stable tri-wavelength operation
with fixed 16.4 nm spacing between adjacent peaks
was obtained. Song et al. demonstrated steady dual-
wavelength and tri-wavelength mode-locked operation
in an EDFL[122]. The interval between the two adjacent
peaks was switchable: 12.67 nm (1584.15–1571 nm),
33.32 nm (1595.52–1562.2 nm), and 43.4 nm (1559.04–
1602.44 nm), by adjusting the orientation of the PCs.
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Yan et al. demonstrated tri-wavelength operation in a
TDFL with the aid of an NPR structure[78]. Three cases
of switchable tri-wavelength mode-locked operation (see
Fig. 8) were obtained by changing the value of θ1, θ2,
and Bm via finely tuning the positions of the PCs. Luo
et al. combined the NPR structure and a semiconductor
SA mirror (SESAM) to achieve hybrid mode locking,
which could more easily obtain stable multi-wavelength
mode-locked operation[123]. It is worth mentioning that
they added the 1.6 m polarization-maintaining fiber
(PMF) with a fiber birefringence of 4.11 × 10−4 enlarging

it two orders of magnitude over the SMF to decrease spac-
ing of the adjacent transmission peak. Finally, up to seven
wavelengths in the communication band were obtained.

In the NALM structure fiber laser, the Sagnac interfer-
ometer also forms a comb filter, which contributes to
multi-wavelength operation. However, compared with
the MZI and SMS interferometer, the NALM setup can
alone achieve multi-wavelength operation without an-
other mode-locking structure.

Plenty of MWMLFLs were also demonstrated based on
the NALM structure. He et al. demonstrated a tunable

Fig. 8. Spectrum characteristic of the dual-wavelength TDFL: (a) the three-states switchable dual-wavelength conventional soliton;
(b) the numerical simulation transmission spectrum of the NPR; (c) the comparison between simulative and experimental results.
Selected from Ref. [78].

Fig. 9. Schematic and laser characteristics of the NALM fiber laser: (a) the schematic diagram of a mode-locked Tm/Ho-doped fiber
laser; (b)–(e) tunable multi-wavelength spectrum (left), corresponding pulse trace (middle), and single pulse (right); (f) and (g) show
CW operation characteristics. Selected from Ref. [126].
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multi-wavelength TDFL-based Sagnac loop filter[131].
They placed a PMF in the Sagnac loop to shorten the in-
terval of adjacent peaks. Furthermore, they deduced the
spacing between adjacent channels as

Δλ ¼ λ2

ΔnL
; (5)

where Δn is a birefringence index, and L is the length of
PMF in the Sagnac loop.
Jin et al. applied the NALM structure in the TDFL

to achieve stable tunable four-wavelength mode-locking
operation[126], where the separation between adjacent
channels maintains 6 nm whether there is mode locking
or CW operation, as shown in Fig. 9.
In addition, researchers combined filter devices and ac-

tive modulation technology to achieve multi-wavelength
mode-locking operation. Jain et al. demonstrated a five-
wavelength mode-locked-operation-based active Mach–
Zehnder intensity modulator under 10 GHz driving signal
frequency[29]. The stable ultrashort pulse was obtained,
where the pulse width is 14 ps, and the repetition rate is
10 GHz. The MWFL with an ultrahigh repetition rate
is suited to high-speed and large-capacity optical fiber
communication systems.

B. Multi-Wavelength Pulsed Fiber Laser Based on
2D Materials
A real SA[43,45,132,133], possessing excellent nonlinear absorp-
tion characteristics depending on light intensity, has been

intensively studied to realize a Q-switched or mode-locked
fiber laser. In 2004, graphene was first discovered by the
simple method of mechanical exfoliation. For a dozen
years, 2D materials have been intensively studied in many
fields such as photonics, chemistry, mechanics of materi-
als, and other interdisciplinary fields because of their pe-
culiar and excellent properties[96,134–139]. In 2Dmaterials, the
covalent bond intensively holds the atoms within every
layer of material, while the weak van der Waals force
exists in adjacent layers. Accordingly, the single- and
few-layer structures 2D materials can be easily obtained
from bulk material by physical stress (e.g., centrifugation,
stir, exfoliation, and ultrasonic). The 2D materials family
members are successively discovered in recent years, such
as topological insulators (TIs)[44,140–144], hexagonal boron
nitride (h-BN)[145–148], transition metal dichalcogenides
(TMDs)[149–153], black phosphorus (BP)[154–162], phosphor-
ene[95,163], antimonene[164–166], MXenes[167–171], metal–organic
frameworks (MOFs)[172–174], and covalent organic frame-
works (COFs)[175,176], as shown in Fig. 10(a).

Nowadays, 2D materials have been extensively applied
in the field of photonic devices, especially as mode lockers
to generated ultrashort pulses in fiber lasers due to their
broadband absorption, fast carrier dynamics, ease of fab-
rication, ease of integration into the cavity, and highly
nonlinear optical saturable property. The SA is the
key device for mode-locked fiber lasers, and the current
dominant SAs, as shown in Fig. 10(b), have nonlinear
saturable absorption characteristics, depending on the
intensity [see Fig. 10(c)].

Fig. 10. 2D materials. (a) The 2D family members. Selected from Ref. [135]. (b) The current dominant SAs for ultrashort-pulse
generation. Selected from Ref. [136]. (c) The sketch map of the saturable absorption process in the BP. Selected from Ref. [154].
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Martinez et al. summarized the methods of integrating
graphene or carbon nanotubes (CNTs) with fiber, as
shown in Fig. 11[177]. However, these methods are univer-
sal for other 2D materials. For example, researchers
homogeneously mingle 2D material nanosheets and film-
forming agents [e.g., polyvinyl alcohol (PVA), polymethyl
methacrylate (PMMA)] to comprise a sandwich structure,
which can be perfectly added between two fiber connectors
[see Fig. 11(a)]. Besides, researchers coat 2D materials on
the surface of D-shaped fibers, as shown in Fig. 11(d), or
tapered fibers, as shown in Fig. 11(e), which utilize the
evanescent field to interact between light and materials.
The sandwich structure, D-shaped, or tapered fibers are
ideal carriers for 2D materials, and these structures realize
the all-fiber laser format, which prevents tedious align-
ment work.
There are a few methods of transferring 2D materials on

the surface of a fiber such as optical deposition[178–180] or
pulse laser deposition (PLD)[44,181]. Finally, 2D materials
are deposited on the waist of the tapered fiber, the fiber
ends, or the surface of the D-shaped fiber, and added into
the cavity as an SA. The D-shaped fiber and tapered fiber
belong to the microfiber, and light interacts with materials
through the evanescent field.
In past decades, SESAMs have been comprehen-

sively used in fiber lasers for mode-locked[182–184] or
Q-switched[185,186] pulse operation. SESAMs have excellent
and stable performances benefited by advanced semicon-
ductor technologies such as excellent bandgap and defect
engineering and precise growth technologies. These tech-
nologies allow accurate control with the SA parameters
(such as recovery time, modulation depth, unsaturated
loss, and saturation fluence). However, the SESAM has
inherent disadvantages, such as narrow-band operation
(only absorbing the designed wavelength band), complex-
ity, high cost, and complex fabrication. Therefore, a new-
style SA with excellent and versatile characteristics is
urgently desired[131].

On the other hand, 2D materials process high third-
order nonlinear susceptibility, which generates a remark-
able nonlinear effect. As expounded upon above, the
FWM effect obviously mitigates mode competition and
stabilizes the multi-wavelength operation. Hence, 2D
materials have double functions: as a mode locker result-
ing from natural saturable absorption properties and a
multi-wavelength generator resulting from a high nonlin-
ear refractive index (∼107 larger than SiO2)

[187], respec-
tively. Therefore, a multi-wavelength mode-locking fiber
laser possibly can be exploited by only adding a 2D materi-
als SA in the cavity.

Graphene, a type of one-atom-thick layered graphite,
processes a zero bandgap structure, full waveband absorp-
tion, and short recovery time characteristics, so it can
work as a SA to achieve mode-locked operation[6,178,179,188–197].
Hendry et al. have demonstrated that graphene can offer an
ultrahigh third-order optical nonlinearity and generate a
strong FWM effect with weak dependence on wave-
length[198]. Hence, optical power will redistribute in different
wavelengths, which efficiently mitigates the mode compe-
tition and stabilizes the multi-wavelength operation. The
strong FWM effect of graphene with an ultrathin thickness
could have the ability to stablize multi-wavelength lasing of
fiber lasers. Moreover, graphene can be fabricated with a
flexible, low-cost production process compared to SESAM
and can be well compatible with fibers.

Luo et al. experimentally confirmed that graphene
can generate FWM and obtained stable five-wavelength
Q-switching operation in the YDFL and 23-wavelength
Q-switching operation in the EDFL[199]. They considered
that graphene acts in a dual role, as a mode locker and
multi-wavelength stabilizer based on the FWM effect.
Zhao et al. experimentally realized the dual-wavelength
rectangular pulses in YDFL by only applying a
microfiber-based graphene SA, as shown in Fig. 12[196].
Furthermore, the switchable dual-wavelength fiber laser
was also successfully obtained by finely rotating the PCs.

Fig. 11. Diverse methods of integration of CNT-/graphene-SAs into the resonant cavity: (a) sandwiched film between two fiber
connectors; (b) in-fiber microfluidic channels; (c) PCFs filled by the SA; (d) D-shaped fiber; (e) tapered fiber; (f) fully integrated
monolithic fiber laser. Selected from Ref. [177].
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Zhao et al. prepared the available graphene-oxide-PVA
film as a mode locker, which was inserted into the EDFL
cavity. They successfully obtained dual-wavelength at
1572.93 nm and 1588.37 nm, respectively.
These carbon-based materials, as the SA applied in

an ultrafast fiber laser, are easily damaged under high-
power laser exposing, which limits practical applications.
Hence, looking for other materials to replace graphene
to achieve mode-locked working is a hot issue. TIs, a typ-
ical direct bandgap 2D material, have a narrow bandgap
(0.2–0.3 eV) with a wide absorption bandwidth[200–210].
TIs also have outstanding saturable optical absorption
features and a high three-order nonlinear refractive in-
dex that work together to generate a multi-wavelength

mode-locked pulse. Zhang et al. applied the Z-scan to re-
search and analyze optical nonlinear properties of Bi2Te3
and Bi2Se3

[210,211], and found that the TI possesses high
three-order nonlinearity characteristics. These character-
istics have the potential to be applied in the photonic field
at both the optical and microwave bands, which is proved
by plenty of research achievements.

Guo et al. applied home-made few-layer TI∶Bi2Se3 to
make a TI-SA by optical deposition[212]. A tri-wavelength
mode-locked EDFL based on a TI-SA was generated, as
shown in Fig. 13.

TMDs, a novel 2D family member, also possess ultrafast
optical nonlinear properties[131,152,153,213–221]. TMDs have a
diverse combination (compound), and they may behave

Fig. 12. Characteristics of dual-wavelength YDFL-based graphene SA (GSA): (a) microscopy image of tapered fiber-based GSA;
(b) the schematic diagram of dual-wavelength YDFL; (c) the spectrum of dual-wavelength CW operation; (d) the spectrum of
mode-locked operation; (e) the oscilloscope trace, inset: single-pulse envelope; (f) the RF spectrum. Selected from Ref. [196].

Fig. 13. TI-SA and characteristics of MWMLFL: (a) the solution of Bi2Se3∕PVA; (b) Raman spectrum of Bi2Se3∕PVA, inset: scan-
ning electron microscope (SEM) image; (c) optical deposition process, inset: photo of the end of the fiber; (d) the saturable absorption
characteristic of TI-SA; (e) the output spectrum under 116.2 mW pump power; (f) long-time output wavelength stability measurement
of the tri-wavelength mode-locking operation over 9 h. Selected from Ref. [212].
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as three different states: metallic, semiconducting, or in-
sulating. TMDs have a tunable bandgap according to dif-
ferent layers of TMDs. MoS2, one of the typical materials
of TMDs, has an indirect 1.29 eV bandgap (bulk state).
However, single-layer MoS2 becomes a direct bandgap,
and the bandgap increases to 1.90 eV[222]. Fortunately,
TMDs have a wide absorption range, even exceeding the
fundamental absorption bandwidth due to sub-bandgap
saturable absorption. Wang et al. utilized the open-
aperture Z-scan technique to investigate the ultrafast
nonlinear optical property of MoS2

[223]. In the experiment
process, under the same excitation condition, they demon-
strated that MoS2 possesses better saturable absorption
response performance than graphene dispersions. Hence,
TMDs have the same strongly nonlinear absorption char-
acteristics as graphene and can be used as an SA to apply
in an ultrafast laser.
Guo et al. applied a high-power pulsed laser beam

to deposit WS2 on the surface of a fiber taper[224]. This

device was added into the EDFL, and the single- and dual-
wavelength operations were successfully demonstrated
by finely adjusting the pump power and PCs. Finally,
the dual-wavelength mode-locked fiber laser working at
1558.54 nm and 1565.99 nm was successfully obtained
(see Fig. 14).

Recently, BP, a thermo-dynamically stable allotrope
of phosphorus, walks into researchers’ field of vision due
to excellent properties[136,155,162,225–232]. The property of 2D-
layer BP is very similar to graphene, which is all consti-
tuted by a single element. BP is a kind of direct bandgap
semiconductor with high charge carrier mobility and tun-
able bandgap value characteristics. The value of bandgap
energy depends on the number of layers distributing from
2.0 eV (single layer) to 0.3 eV (bulk materials).

Lu et al. applied the wide-band Z-scan measurement
technique to demonstrate that BP has broadband and en-
hanced saturable absorption characteristics, as shown in
Fig. 15[154]. They thought that multi-layer BP could be

Fig. 15. Characteristics of BP nanoparticles (NPs): (a) the atomic force microscope (AFM) image; (b) height profiles of the sections
marked in (a); (c) Raman spectrum; (d) the linear absorption spectrum; (e) the Z-scan measurements of BP-PMMA film; (f) the
relation of normalized transmittance and intensity. Selected from Ref. [154].

Fig. 14. Output properties of dual-wavelength EDFL: (a) the spectrum of the dual-wavelength EDFL; (b) the pulse traces;
(c) long-term output spectrum stability measurement. Selected from Ref. [224].
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exploited as a new type of high-performance SA with wide
absorption bandwidth, which was verified by plenty of
research work.
The same as other 2D materials discussed above, BP

also possesses strong saturable absorption and high non-
linear refractive index characteristics. Zhao et al. demon-
strated stable tri-wavelength mode-locking operation in
the EDFL-based few-layer BP-SA[233]. They removed the
BP-SA and observed the output spectrum characteristics
[see Figs. 16(c) and 16(d)]. The output spectrum alters
unstably, and the number of wavelengths also changes
without the BP-SA in the cavity. However, the output tri-
wavelength spectrum could remain stable for 25 min with
the aid of a BP-SA in the cavity. BP-SA acts as a power
stabilizer and really contributes to multi-wavelength
operation by contrast experiments. Yun experimentally
generated a dual-wavelength mode-locked vector conven-
tional soliton based on BP-SA[234], and the central wave-
lengths are at 1533 and 1558 nm, respectively, with a
pulse width of about 700 fs.
In addition, some researchers combined the real SA and

filter devices to realize MWMLFL. Liu et al. demonstrated
a tri-wavelength mode-locked fiber laser with the aid of
a single-walled CNT (SWCNT) SA and three CFBGs
working together[48]. The output three wavelengths oper-
ate at about 1540, 1550, and 1560 nm, corresponding to
three central wavelengths of CFBGs (see Fig. 17). The
corresponding pulse widths are 6.3 ps, 6.7 ps, and 5.9 ps,
respectively.
In the 2D materials multi-wavelength mode-locked fiber

laser (see Table 1), the SA is required to have the saturable
absorption effect and high nonlinear refractive index. Only
providing a remarkable nonlinear effect by SA, the strong

FWM effect makes optical power redistribute at different
wavelengths and efficiently mitigates the mode competi-
tion. The 2D materials have enormous advantages in the
multi-wavelength mode-locked fiber laser due to the simple
and compact structure and lower cost.

C. Other Optical Phenomena with Multi-Wavelength Pulsed
Operation
There are a few different optical phenomena accom-
panying multi-wavelength pulsed operation, such as
wavelength tuning[29,122,212], wavelength switching[69,121,123],
bright–dark soliton pair[235], and different kinds of soliton
pulses[31,132,182]. For example, the tunable or switchable
multi-wavelength operation can be obtained in three
different operation modes, CW, Q-switched, and mode
locked modes, by properly adjusting PCs and pump power
in a proper position, as shown in the experimental remarks
of Tables 2 and 3. For example, the transmittance of the
NPR structure, sensitive to polariton states in the cavity,
reaches the maximum value when ΔφN þ ΔφNL ≈ ΔφN ¼
2πN and is expressed by

N ¼ LBm∕λ: (6)

The spacing between adjacent peaks of transmission Δλ
is shown as

LBm

�
1
λ
−

1
λþ Δλ

	
¼ 1: (7)

In theory, the spacing between adjacent peaks and the
position of the transmission peak change with birefrin-
gence of fiber and polarization states. Therefore, tunable

Fig. 16. Output characteristics of tri-wavelength mode-locking based on the BP-SA: (a) the schematic of the EDFL; (b) the character-
istics of the pulse trace (up) and spectrum (down); the emission spectrum of the EDF (c) without and (d) with BP-SA. Selected from
Ref. [233].
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Fig. 17. Schematic diagram and laser output characteristics of the fiber laser: (a) the schematic of the tri-wavelength mode-locked fiber
laser; (b) the measured reflection spectra of three CFBGs; (c) the normalized absorption characteristic of the SWCNT-SA; (d) linear
absorption characteristic of the SWCNT-SA; (e)–(g) the output spectrum and corresponding autocorrelation intensity trace of λ1, λ2,
and λ3, respectively. Selected from Ref. [48].

Table 1. Summary of the Multi-Wavelength Pulsed Lasers Based on a Real SA

Type of 2D
Materials

Work
Mode Integration Methods

Wavelength
Range (nm)

Number of
Wavelengths

Repetition
Rate
(MHz)

Pulse
Duration

(ps) Ref.

Graphene ML PLD on taper 1529–1535.4 4 8.034 8.8 [188]

Graphene ML Optical deposition 1061.8, 1068.8 2 1.78 1410 [108]

Graphene ML Optical deposition
on fiber taper

1031.43, 1034.94, 1038.43 3 0.55 74.6 [189]

Graphene oxide ML GO-PVA film 1056.5, 1062.3, 1069.5 3 14.2 340 [80]

Graphene oxide ML GO-PVA film 1572.93, 1588.37 2 23.54 12,200 [132]

TI∶Bi2Se3 ML Bi2Se3-PVA film 1567.2, 1568, 1568.7,
1569.5

4 8.83 22 [67]

TI∶Bi2Te3 ML Optical deposition
on fiber end

1548, 1550, 1552 3 8.95 ∼30 [212]

TMDs∶WS2 ML Optical deposition
on fiber taper

1568.55, 1569 2 2.14 11 [222]

TMDs∶WS2 ML PLD on taper 1558.54, 1565.99 2 8.83 0.6 [224]

BP ML BP film 1572.2, 1557.7, 1558.2 3 1.65 16.99 [233]

BP ML BP-PVA film 1533, 1558 2 20.8 0.7 [234]

CNT+FBG ML CNT-PVA film 1540, 1550, 1560 3 6.18 6.3, 6.7, 5.9 [48]
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or switchable MWMLFL can probably be generated based
on the NPR structure.
Yan et al. reported a switchable tri-wavelength mode-

locked TDFL with the aid of the NPR technique, as
shown in Fig. 18[124]. The stable tunable one-by-one
single-wavelength output and switchable pair-by-pair

dual-wavelength output were successfully achieved by
properly adjusting the position of the PCs.

The tunable or switchable fiber lasers as stated have
huge potential applications in optical signal processing,
fiber sensors, and WDM communication systems. When
it comes to tunable or switchable fiber lasers, no matter

Table 2. Summary of the MWFL Based on the Filter Effect in the Cavity

Working
Principle

Wavelength
Range (nm)

Number of
Wavelengths

Spacing
(nm)

3 dB
Linewidth

(nm)

Power
Fluctuation

(dB) Ref. Remark

MZI 1558.6–1559.2 2 0.6 0.02 <0.43 [26] Wavelength tunable

MZI 1545–1556 29 0.4/0.8 – <1 [27] Spacing tunable

MZI 1534–1534.4 3 0.2 <0.05 <0.912 [53] Wavelength switchable

SMS 1560.8–1563.9 2 3.1 <0.136 <0.46 [30] Wavelength tunable

SMS 1894.17–1904.21 3 ∼5 <0.04 <2 [57] –
FBG 1569.38–1569.6 2 ∼0.2 – – [59] Wavelength tunable

and switchable

FBG 1559.80, 1560.65,
1561.25

3 – 0.07 – [61] –

NPR 1550–1575 28 0.8 0.04 <0.2 [73] Spacing tunable

NALM ∼1967–1981 42 0.33 – <1 [75] –
FWM 1562–1605 50 0.8 <0.05 – [76] –
FWM ∼1555–1561.5 9 0.8 0.05 <1.2 [84] Spacing tunable

FWM 1555.68–1561.41 7 0.95 – 0.18 [18] –
SBS ∼1561–1572 11 1 – 1 [86] Spacing tunable

Interaction
of SRS,
SBS, RS

∼1555–1570 195 0.16 – – [34] Wavelength tunable

Table 3. Summary of the Multi-Wavelength Mode-Locked Lasers Based on NPR or NALM

Structure
Wavelength
Range (nm)

Number of
Wavelengths

Repetition
Rate (MHz)

Pulse
Width (ps) Ref. Remark

NPR ∼1040–1074 3 36 – [31] Wavelength tunable

NPR 1852/1862, 1863/1874,
and 1874/1886

2 2.68 – [78] Wavelength switchable

NPR+
PS-LPFBG

1031.48–1056.32 3 2.5 460 [119] Wavelength tunable

NPR 1902.5–1917.3 3 14.7 1.36 [121] –
NPR 1571.48/1584.15 2 10.23 9.4/8.6 [122] Spacing tunable

NPR ∼1560–1585 7 7.44 5.68 [123] Wavelength tunable
and switchable

NPR 1865–1887 3 2.68 – [124] Wavelength switchable

NALM 1570–1604 20 1.434 5490 [125] –
NALM 1935–1953 4 6.1 3700 [126] Wavelength tunable

MZI modulation 1545.52–1561.28 5 10000 14 [29] Wavelength switchable
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whether it is CW or mode-locked operation, the polariza-
tion state is inevitably mentioned. When parameters of
cavity (e.g., θ1, θ2, and Bm) change, the transmittance
characteristics (the position of the peak or spacing of
the adjacent peak) will be altered. Therefore, tunable or
switchable MWFLs are finally obtained. As for switchable
or tunable MWFLs based on nonlinear optical loop mir-
rors (NOLMs) or filter devices, they are also very sensitive
to polarization states in the cavity. Hence, it is crucial to
adjust the polarization state to a proper position in the
tunable or switchable fiber lasers.
In the mode-locked fiber laser, there are generally four

kinds of solitons: conventional soliton[236–240], dispersion
managed soliton[128,240–243], similariton[244–248], and dissipative
soliton[144,189,237,249–251] based on the different dispersion envi-
ronments in the cavity. MWMLFLs also can operate
with different solitons. For example, tri-wavelength dissi-
pative solitons based on a graphene SA in a YDFL and
dual-wavelength conventional soliton mode-locking based
onWS2-SAs were reported by researchers, which indicates
that the 2D material is a kind of versatile and powerful
material.

Huang et al. reported stable multi-wavelength dissipa-
tive soliton YDFLs based on a graphene-oxide SA[132].
The fiber laser achieved abundant experimental phenom-
ena of tunable dual-wavelengths, spacing-tunable dual-
wavelength, and wavelength switchable DSs, as shown in
Figs. 18(d)–18(h). From the Fig. 18(h), we can clearly see
that the polarization states indeed affect the wavelength-
switching process.

What is discussed above is all bright pulses, but there
is another pulse type: the dark pulse, which can also be
generated in the fiber laser. The dark pulse, a localized
intensity dipping on the CW background, has significant
potential application in optical communication due to
lower loss. Zhang et al. experimentally achieved stable
dark soliton operation from an all-normal-dispersion fiber
laser[252]. They also numerically analyzed dark solitons
based on the NLSE. Since then, dark solitons are part of
numerous experiments successively springing up based
on the NPR structure[253] and real SA[72,235,254,255]. Ning et al.
demonstrated the bright–dark pulse pair based on the
NALM setup[256]. They experimentally found that the
pulse pair is formed because of the intensive cross-coupling

Fig. 18. Switchable multi-wavelength mode-locked TDFL: (a) the experimental setup; the spectrum of the switchable tri-wavelength
of (b) pair-by-pair and (c) one-by-one. Selected from Ref. [124]. (d) The schematic of the YDFL based on a graphene-oxide (GO)-SA,
and spectral characteristics of tunable multi-wavelength DS; (e) the tunable single-wavelength spectra; (f) the wavelength-
tunable dual-wavelength DSs; (g) the spectrum of spacing-tunable dual-wavelength DSs; (h) the switchable spectrum dynamics
of tri-wavelength DSs by adjusting the orientation of the PC. Selected from Ref. [132].
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effect between the bright and dark pulses and is located
at two different wavebands (see Fig. 19).
Except for the bright–dark pair achieved by NALM,

the bright and dark pair fiber laser also may be obtained
with real SA. Zhao et al. experimentally demonstrated a
dual-wavelength bright and dark pulse pair based on ReS2
(a member of TMDs) SA[72]. They studied the character-
istics of bright and dark pulses, respectively, through an
outside cavity PC and a tunable filter dividing each other.
They found that the bright and dark pulses possess differ-
ent wavelengths and polarization states.
In conclusion, abundant experimental phenomena have

been obtained in fiber lasers, which indicates that fiber
lasers are powerful, versatile, and ideal platforms for
studying peculiar nonlinear evolution processes. The tun-
able and switchable MWFL operating in CW or pulsed
forms can achieve different wavelength emission based
on different requirements, which greatly extend the appli-
cation ranges.

4. DUAL-CAVITY DUAL-WAVELENGTH
PULSED FIBER LASER

The MWFL discussed above is based on single-gain
medium in the resonant cavity, and the multi-wavelength
operation principle suppresses mode competition and hop-
ping of the gain fiber. There is other way to achieve two-
color pulse operation, which is the dual-cavity structure
fiber laser. Every cavity has an independent gain medium
and pump source. The wavelength intervals between dif-
ferent gain media are large. There is no gain competi-
tion between the two wavelengths, so dual-wavelength

operation may be obtained in the dual-cavity fiber laser.
Compared with the MWFL based on a single-gain fiber,
the dual-cavity structure fiber laser can achieve two-
color operation in a wider range. Moreover, the two wave-
lengths have their own independent tuning range in the
gain bandwidth.

Dual-wavelength fiber lasers, especially two-wavelength
pulsed operation at the same repetitive frequency, have
extensive applications such as nonlinear frequency conver-
sion, pump–probe technique, chemical sensing, and Raman
scattering spectra, owing to their compact structure, stable
operation, excellent heat dissipation, and excellent beam
quality[197,257,258]. In recent years, the passively synchronous
dual-wavelength pulsed fiber laser has attracted much at-
tention. There are mainly three methods to synchronize
two beams with different wavelengths based on the cross-
absorption modulation effect of materials, the XPM effect
of fiber, and the gain-switched effect.

A. Passively Synchronized Mode-Locked Dual-Wavelength
Fiber Laser Based on Cross-Absorption Modulation
of Materials
As we know, graphene has excellent nonlinear saturable
absorption characteristics, which acts as a mode locker ap-
plied in the fiber laser. When two-beam lasers with differ-
ent wavelengths simultaneously illuminate graphene, the
transmittance of one beam light is not only affected by its
own light intensity, but is also affected by the light inten-
sity of another beam, which is called the cross-absorption
modulation effect, as shown in Fig. 20.

Dual-wavelength passively synchronized Q-switched or
mode-locked fiber lasers can be achieved based on the

Fig. 19. Laser characteristics of a bright–dark soliton pair based on NALM structures: (a) oscilloscope pulse traces and (b) the corre-
sponding optical spectrum. Selected fromRef. [257]. The laser characteristics of the bright–dark pulse based on the ReS2–SA: (c) the pulse
trace of a bright pulse (up) and dark pulse (down) and (d) corresponding optical spectrum, respectively. Selected from Ref. [72].
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cross-absorption modulation effect of materials. Jia et al. re-
ported a two-color synchronized Q-switched TM3+-doped
ZrF4-BaF2-LaF3-AlF3-NaF (ZBLAN) fiber laser emission
at 1.48 μm and 1.85 μm, respectively, based on a common
graphene SA[259]. They also successfully achieved two-
color simultaneous mode-locking operation at a different
repetition rate. Zhang et al. used the cross-absorptionmodu-
lation effect of SWCNTs to achieve 1/1.5 μm synchronized
mode-locked pulse output with an identical repetition fre-
quency of 13.08 MHz, as shown in Fig. 21[257].

In the dual-cavity passively synchronized fiber laser, the
SA devices shall have a wide wavelength saturable absorp-
tion bandwidth covering gain fiber emission wavelength
and be placed on the public area of the dual cavity.

B. Passively-Synchronized Dual-Wavelength Fiber Laser
Based on the XPM Effect
When two or more beams of light with different frequen-
cies transmit in the fiber at the same time, they will inter-
act through the nonlinear effect in the fiber, which is called
XPM. From the perspective of physics, the effective re-
fractive index of light waves in a medium is not only re-
lated to its own intensity, but also related to the intensity
of other waves transmitted at the same time, which is the
reason for the generation of XPM. Due to the XPM effect
in fiber, a nonlinear phase shift related to the intensity can
be obtained, as shown in the formula

NNL
j ðzÞ ¼ n2

�
ωj

c

	
ðjEj j2 þ 2jE3−j j2Þz: (8)

On the right-hand side of the equation, the first item
stems from the self-phase modulation effect, and the sec-
ond item originates from XPM due to different frequency
lights transmitting in the fiber.

Fig. 20. Schematic of cross-absorption modulation in graphene.

Fig. 21. Passively synchronized two-color fiber laser with the aid
of SWCNTs: (a) the experimental setup of the fiber laser; (b) lin-
ear transmission of SWCNTs; (c) the intensity autocorrelations
of the Er laser; (d) the intensity autocorrelations of the Yb laser;
(e) the corresponding spectrum of the Er laser; (f) the corre-
sponding spectrum of the Yb laser. Selected from Ref. [257].

Fig. 22. Passively synchronized two-color fiber laser based on the XPM effect: (a) the schematic diagram of the fiber laser;
(b), (c) intensity autocorrelation trace (inset: corresponding spectrum) of the Er laser and Yb laser. Selected from Ref. [258].
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Rusu et al. proposed dual-wavelength synchronized
mode-locked fiber lasers based on the XPM effect in
a common linear cavity[258]. When the master pulse
(1.55 μm) and slave pulse (1 μm) overlap temporally in
the public area of the linear cavity, the spectrum of the
slave pulse shifted because of intensive phase modulation
afforded by the master pulse. The slave pulse’s group
velocity alters correspondingly, so the oscilloscope train
of the slave pulse actively matches the master pulse. A
two-color synchronized mode-locked fiber laser was ob-
tained by the XPM effect, as shown in Fig. 22. In this ex-
periment, the EDFL generated a master pulse due to its
higher peak power and shorter pulse duration (200 fs), and
the pulse of the YDFL acted as a slave pulse due to rel-
atively longer pulse duration (13 ps).

In the dual-cavity two-color fiber laser, the XPM effect
and cross-absorption modulation effect, all originating
from third-order nonlinearity, may work together for pas-
sively synchronized mode-locking operation. Sotor et al.
reported a two-color mode-locked fiber laser, including
two ring cavities (Er- and Tm-doped) based on a common
graphene SA placed in the public area of the dual cavity,
as shown in Fig. 23[197]. Graphene has wide-band absorp-
tion and completely covers the gain bandwidth of the
Er-doped fiber (EDF) and Tm-doped fiber (TDF).
The graphene SA also acts in dual roles in the fiber
laser as a mode locker and optical modulator. The
1558.5 nm and 1938 nm two-color mode-locked operation
with the same repetition rate of 20.5 MHz was realized.
The experiment results indicated that the graphene will

Fig. 23. Dual-wavelength dual-loop cavity passively synchronized mode-locked fiber laser: (a) the schematic diagram of the exper-
imental setup; the relation between repetition rates of Er- and Tm-doped cavities and Er-cavity length offset (b) with a common GSA
in the public area and (c) with two independent GSAXPM in the different loops; (d) the central wavelengths versus the offset of Er-
cavity length based on a common GSA; (e) the RF spectrum. Selected from Ref. [197].
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enhance the synchronization range through contrast
experiments.

C. Dual-Wavelength Pulsed Fiber Laser Based on
Gain-Switched Technology
What is discussed above are two gain fibers, where the
two-color fiber laser can also be realized in a single-
gain fiber processing two rare earth ions such as an
Er/Yb co-doped fiber (EYDF) (see Table 4). There is
an energy transfer process between two kinds of rare earth
ions, achieving dual-wavelength working based on gain-
switched technology. Guo et al. experimentally demon-
strated 1046 nm and 1546 nm two-color dual-cavity fiber
lasers based on a single EYDF, as shown in Fig. 24[260]. In

the experiment, the 1 μmwaveband Q-switched pulses are
realized based on the saturable absorption effect of un-
pumped EYDF. In the EYDF, there is an energy transfer-
ring process from the 2F5∕2 level of Yb3þ to the 4I11∕2
level of Er3þ ions through non-radiative energy transfer.
Therefore, the 1.5 μm pulses are finally achieved based
on the gain switching of Er3þ ions introduced by the
1 μm Q-switched pulses.

EYDF exists in the non-radiative energy transferring
process between the energy levels of Yb3þ and Er3þ ions.
In the gain fiber, the cascade transitions process of rare
earth ions also affords the potential to produce dual- or
multi-wavelength emission. Li et al. reported a passively

Fig. 24. Synchronized dual-cavity two-color Q-switched EYDF laser: (a) the schematic of the experimental setup; (b) the energy level
diagram of the EYDF; Q-switched traces under different pumps of (c) 1 μm and (d) 1.5 μm; optical spectra of (e) 1 μm and (f) 1.5 μm;
the corresponding RF spectra of (g) 1 μm and (h) 1.5 μm. Selected from Ref. [260].

Table 4. Summary of the Dual-Cavity Two-Color Mode-Locked Lasers

Type Operation Mode
Central

Wavelength (nm)
Repetition
Rate (MHz)

Pulse
Duration Ref.

Cross-absorption modulation Synchronized ML 1067.1/1535.48 13.08 6.1/2.1 ps [257]

Cross-absorption modulation Synchronized Q-switched 1480/1850 0.02 4.9 μs [259]

XPM Synchronized ML 1040/1540 29 13/0.2 ps [258]

XPM + cross-absorption
modulation

Synchronized ML 1558.5/1938 20.5 0.915/1.57 ps [197]

Gained Q-switched Synchronized Q-switched 1046/1546 0.0117 5.3/4.6 μs [260]

Gained Q-switched Synchronized Q-switched 2073.05/2954.7 0.108 0.85/0.99 μs [261]
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Q-switched pulse operating at ∼3 μm and a gain-switched
pulse operating at ∼2 μm in a common cavity with a
Ho3þ-doped fluoride fiber as gain media (see Fig. 25)[261].
In the passive dual-cavity synchronized mode-locked fi-

ber laser, it is very necessary to ensure exactly equivalent
lengths to meet the same repetition rate. If not, two-color
Q-switched or mode-locked fiber lasers will operate at dif-
ferent repetition rates.

5. CONCLUSION AND PERSPECTIVE

Among the kinds of fiber lasers, the multi-wavelength
mode-locked fiber laser has been intensively investigated
due to plentiful practical applications from civilian to
military. There are a few methods to realize MWMLFLs.
Researchers insert a fiber interferometer to form the
comb filter effect. However, they cannot obtain multi-
wavelength mode-locking operation due to the lack of
other mode-locked devices. NPR and NALM structures
figure out the question due to simultaneously processing
mode-locker and comb filter dual effect. NPR or NALM
structures induce wavelength or intensity-dependent loss,
which is helpful for multi-wavelength operation. How-
ever, the spectral bandwidth of the mode-locked multi-
wavelength laser is relatively small, and the pulse duration
is relatively large. Stable multi-wavelength mode-locking
operation can be achieved based on the 2D materials SA.
2D materials possess peculiar characteristics of broadband
saturable absorption and high nonlinearity effect, which are

indispensable for multi-wavelength mode-locking opera-
tion. Until now, the MWMLFL have been demonstrated
with the aid of the multiple 2D materials SA, for example,
graphene, TI, TMDs, and BP.

In the future, we predict that the MWMLFL will de-
velop in five directions as follows.
1) More reliable and stable 2D materials: Researchers

can exploit more 2D materials family members and
realize a multi-wavelength mode-locked-operation-
based 2D materials SA. Recently, a novel 2D material
MXene[167,169,262–264] entered researchers’ eyes. We firmly
hold that MXene also can be applied in mode-locked
fiber lasers as a mode locker. MXene possesses many
advantages such as hydrophilicity, metallic conduc-
tivity, and adjustable chemical composition com-
pared with other typical 2D materials. Achieving
stable, reliable, uniform, and large-scale produced
2D materials[265–268] is a very challenging issue in the
whole world. However, it is very important to get sta-
ble multi-wavelength mode-locked fiber lasers with
the aid of a reliable 2D materials SA.

2) More stable laser output performance: A comb filter
and reliable SA can work together to achieve a stable
multi-wavelength ultrafast laser, which give play to
both advantages (ultranarrow band-pass linewidth of
filters and a reliable, stable mode-locked SA)[48,123,269].
Stable multi-wavelength mode-locked fiber lasers can
meet practical applications. Accordingly, successfully

Fig. 25. Dual-wavelength Ho3þ-doped fluoride fiber laser: (a) the experimental setup; (b) the energy level of the cascade transition
process; (c) the illustration of laser upper-level populations of 6I5 and 5I7, respectively, and the temporal domain evolution of pulse
intensity; the characteristics of optical and corresponding RF spectra (inserted) at the different pump powers of (d), (e) at 3.76 W and
(f), (g) at 6.47 W, respectively. Selected from Ref. [261].
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transferring the laboratory achievements to market-
able applications will bring immeasurable economic
benefits.

3) Longer operation wavelength: At present, MWFLs
typically focus on the spectral region around 1 μm
and 1.5 μm, which limits their applications. We can
utilize other gain media to achieve longer wavelength
operation. Mid-infrared light sources cover numerous
strong molecular absorption features[270–275], so mid-
infrared fiber lasers have many applications, such as
material processing, biomedical science, sensors, de-
fense, and nonlinear mid-infrared photonics. For fiber
lasers, Er- or Ho-doped fluoride fibers are ideal gain
media for 3 μm[186,231,276–279], and the MWFL can suffi-
ciently achieve mid-infrared operation in virtue of the
methods summarized above.

4) More compact: The mode-locked fiber laser cavity can
be packaged in 10 mm via ultrahigh rare-earth-doped
concentrations and extra small graphene SAs, and the
repetition frequency can reach 10 GHz, as shown in
Fig. 26[280]. The micro-cavity mode-locked fiber laser
combines FG technology to achieve a more com-
pact-scale fiber source. On the other hand, benefitting
from mature silicon-based optoelectronics technology,
the integrated laser chip[281,282] that covers silicon-
based optical waveguides, silicon-based modulators,
and silicon-based light sources probably achieves a
compact-scale multi-wavelength laser source.

5) More intelligent: In the fiber laser, the interval of
adjacent output wavelengths and the number of

wavelengths are sensitive to the polarization states
in the resonant cavity. However, pure manual polari-
zation state control is very tough to land on multi-
wavelength mode-locked regimes, and the state of
multi-wavelength mode locking is easily broken due
to mechanical vibration and the external environ-
ment. Recently, automatic mode locking based on fast
polarization searching has been achieved through ge-
netic and evolutionary optimization algorithms[283,284].
Moreover, the automatic mode-locked fiber laser ap-
plying machine learning and deep learning has also
been intensively demonstrated[285,286]. If the technology
is applied in the multi-wavelength mode-locked
fiber laser, the number of wavelengths and the peak
position of the output wavelength can be intelligently
controlled (see Fig. 27).
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