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Abstract: We propose and demonstrate a tunable and switchable dual-
wavelength ultra-fast Tm-doped fiber laser. The tunability is based on 
nonlinear polarization evolution (NPE) technique in a passively mode-
locked laser cavity. The NPE effect induces wavelength-dependent loss in 
the cavity to effectively alleviate mode competition and enables the 
multiwavelength mode locking. The laser exhibits tunable dual-wavelength 
mode locking over a wide range from 1852 to 1886 nm. The system has 
compact structure and both the wavelength tuning and switching 
capabilities can be realized by controlling the polarization in the fiber ring 
cavity. 
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1. Introduction 

Multiwavelength fiber laser can be widely used in wavelength division multiplexing 
communication, optical signal processing, optical sensing, and precision spectroscopy [1,2]. 
There are many methods to realize multiwavelength lasing. Zhang et al. obtained the dual- 
and tri- wavelength dissipative soliton by the artificial birefringence filter to affect the 
homogenous gain in an Er-doped fiber laser [3]. Zhao et al. realized the switchable dual-
wavelength mode-locked state around 1550 nm by inserting a tunable attenuator in the cavity 
to change the intracavity loss [4]. Chamorovskiy et al. demonstrated the dual-wavelength 
soliton pulse in Ho-doped fiber laser by adjusting the polarization controller (PC) in the cavity 
[5]. Wang et al. used the cascaded filter structure to construct the 2 µm switchable dual-
wavelength continuous wave (CW) fiber laser [6]. Nonlinear polarization evolution (NPE) 
and nonlinear optical loop mirror are often used by many researchers to induce wavelength- 
or intensity-dependent loss of the cavity to alleviate the mode competition caused by the 
homogeneous gain broadening [7–13]. The hybrid mode-locked technique (semiconductor 
saturable absorber mirror and nonlinear polarization rotation) can also achieve multi-
wavelength mode-locking operation [14]. Some specialty or long haul fibers can be 
incorporated into laser cavities to generate multi-wavelength lasing, for examples, a 400 
meter single-mode fiber (SMF) [15] or photonic crystal fiber [16,17] was used to enhance the 
four-wave mixing effect and suppress the polarization mode competition; a polarization-
maintaining fiber (PMF) together with the PCs was employed to act as the Lyot birefringence 
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filter [1]; a Graphene-deposited fiber-taper has been used as a spectral filter [18]; a volume 
Bragg grating can work as a tunable filter [19], and a multimode fiber has taken the role of a 
spatial mode beating filter [20]. 

There have been other methods using additional components in the laser cavity, such as 
optical filters, fiber gratings, or PMF to realize multiwavelength lasing, which however 
increase the complexity of the laser cavity. So far, the operating wavelengths of these 
multiwavelength fiber lasers have been mainly in the 1 µm to 1.5 µm regimes [3] [21]. Only 
few papers report the multiwavelength fiber laser in 2 µm regime, and most of these 2 µm 
lasers operate in the CW lasing mode. However, the main challenge of stable pulsed 
multiwavelength laser is the strong homogeneous line broadening of Tm-doped fiber, and 
many applications, e.g. time-resolved phenomena and measurements [22], require pulsed 
emission of a laser, especially tunable and switchable operation. While, tunable and 
switchable dual-wavelength pulsed lasing in 2 µm regime has not been reported, to the best of 
our knowledge. 

In this paper, tunable and switchable dual-wavelength mode locking is experimentally 
demonstrated in a Tm-doped fiber laser. The proposed fiber laser can realize tunable single-
wavelength mode locking. The fiber laser is mode-locked by the NPE technique. The NPE 
also induces wavelength-dependent loss. It alters the effective gain (net gain minus cavity 
loss) broadening of Tm-doped fiber from homogeneous to inhomogeneous, and alleviates the 
mode competition at different wavelengths, thus making multiwavelength mode locking 
feasible. The wavelength tunability results from the NPE induced wavelength-dependent loss 
(tune the cavity transmission). Switchable operation with one soliton appears at each time is 
realized in a repeatable manner. 

2. Experimental setup 

 

Fig. 1. (a) The setup and (b) the operating principle of tunable and switchable multiwavelength 
mode-locked Tm-doped fiber laser using nonlinear polarization evolution. LD: laser diode. 
WDM: wavelength-division multiplexer. PC: polarization controller. PDI: polarization-
dependent isolator. SMF: Single-mode fiber. 

Figure 1(a) is the experimental setup. A 1.5 m Tm-doped single mode fiber (Nufern, 
core/cladding diameter: 9/125 µm) is used as the gain medium for laser emission at the 
wavelength regime around 1860 nm. It is bidirectionally pumped by two 793 nm laser diodes 
(LD) with maximum output power of 170 and 200 mW, respectively. The pump light from 
one LD is coupled into the cavity by a wavelength-division multiplexer (WDM), and the 
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pump light from the other LD is launched into the cavity by a 2 × 2 40:60 coupler, which also 
acts as the output coupler. For this coupler, 100% of 793 nm pump light will be coupled into 
the cavity except the insertion loss, ~40% of the 1860 nm light will circulate inside the cavity 
and 60% will be outputted. The active Tm-doped fiber has a group velocity dispersion of 35 
ps/nm/km at 1860 nm. The group velocity dispersion of the 70 m silica SMF is 33 ps/nm/km 
at 1860 nm, which is used as the birefringent fiber. The total anomalous dispersion supports 
the soliton propagation in the laser cavity. With 1 m fiber pigtail in the coupler, WDM and 
polarization-dependent isolator (PDI), the total cavity length is around 77.5 m. Mode locking 
of the fiber laser is achieved by NPE formed by two PCs and a PDI. Since the PDI contains 
two polarizers, the output light from the isolator (point A in Fig. 1(b)) will be linear-polarized. 
Then the polarization of the light will be changed by PC1, 1θ  is the angle between the 

polarization direction of the light and the fast axis of the birefringent fiber. The light 
propagates through the birefringent fiber and PC2, and reaches the other polarizer inside the 
PDI with an angle of 2θ , which is the angle between the orientation of polarizers and the fast 

axis of the birefringent fiber. The polarizers inside PDI, the PCs and the birefringent fiber can 
change the cavity loss. The transmission function of the setup can be described as [23]: 

 2 2 2 2
1 2 1 2 1 2

1
cos cos sin sin sin(2 )sin(2 )cos( )

2 L NLT θ θ θ θ θ θ ϕ ϕ= + + Δ + Δ  (1) 

LϕΔ and NLϕΔ  are the linear and nonlinear cavity phase delay, which can be expressed as, 

respectively, 

 2 (n n ) /L x yLϕ π λΔ = −  (2) 

 2 12 cos(2 ) / ANL effn PLϕ π θ λΔ =  (3) 

Where L is the length of birefringent fiber, n nx y mB− = is the strength of modal 

birefringence, P is the instantaneous power of input signal, 2n is the nonlinear refractive 

index, λ  is the operating wavelength, and Aeff is the effective mode area. By rotating or 

squeezing the PCs, the 1θ , 2θ  and mB  will change so that the cavity transmission T  will 

change. This will change the effective broadening of Tm-doped fiber from homogeneous into 
inhomogeneous. Thus, the multiwavelength mode-locked lasing can be achieved. 

The output is connected to an optical spectrum analyzer and a 33 GHz oscilloscope 
together with a 7 GHz photodetector to simultaneously measure the spectra and the pulse train 
using a 50/50 coupler. 

3. Experimental results 

3.1. Tunable single-wavelength mode locking 

By increasing the pump power to 300 mW, the single- and dual-wavelength CW lasing 
operation can be easily obtained by changing the PCs. The dual-wavelength CW lasing can be 
switchable. By further changing the PCs, the stable single-wavelength mode locking appears 
with the center wavelength of 1862 nm and the 3-dB bandwidth is 3.5 nm (Fig. 2(a)). The 
spectrum exhibits Kelly sidebands, which is the typical feature of soliton in anomalous-
dispersion fiber lasers [24]. The full width at half maximum (FWHM) of the pulse is 3.1 ps 
measured at 1862 nm (Fig. 2(b)). The time-bandwidth-product is 0.944, indicating that the 
intra-cavity pulses are chirped. The mode-locked pulses can be compressed through 
dechirping outside the laser cavity with dispersion compensating fibers or grating pairs. The 
repetition rate is 2.68 MHz as illustrated in Fig. 2(c) which exactly corresponds to the cavity 
round-trip frequency. The output power is 3 mW due to the loss of long SMF and the 40:60 
coupler. 
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When increasing the pump power to 350 mW, the lasing wavelength can be tuned with a 
wavelength range of 34 nm from 1852 ~1886 nm by either rotating or squeezing the PCs (Fig. 
2(d)). 

 

Fig. 2. (a) Spectrum, (b) pulse width and (c) RF spectrum of mode-locked single-wavelength 
laser at 1862 nm. (d) Tunable single-wavelength mode locking with tuning range from 1852 
nm to 1886 nm. 

3.2. Tunable and switchable dual-wavelength mode locking 

 

Fig. 3. Tunable dual-wavelength mode locking with the center wavelength of 1852/1862 nm, 
1863/1874 nm, and 1874/1886 nm. A wide tuning range from 1852 nm to 1886 nm can be 
achieved. 
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By further tuning the PCs without changing the pump power, dual-wavelength mode locking 
appears. The separation between the two wavelengths is around 10 nm. By slightly rotating or 
squeezing the PCs, dual-wavelength mode locking can be tuned from 1852 to 1886 nm (Fig. 
3), with the center wavelength of 1852/1862 nm, 1863/1874 nm, and 1874/1886 nm. The 
separation between the two wavelengths remains around 10 nm, and the two lasing 
wavelengths simultaneously shift about 10 nm. At 1852/1862 nm, 1863/1874 nm and 
1874/1886 nm, the dual-wavelength lasing is switchable, one of them with the center 
wavelength of 1852/1862 nm is illustrated in Fig. 4(a). The oscilloscope trace shows that 
there are two soliton pulses propagating in the cavity (Fig. 4(b)). The two solitons correspond 
to the two wavelengths since we use one 50/50 coupler to measure the pulse train and 
spectrum simultaneously. In dual-wavelength mode-locked operation, the spectrum shows 
two peaks, which are the center wavelengths of the two solitons respectively. Under this 
condition, the pulse train on the oscilloscope is observed to be highly stable. It is the 
difference in the group velocities of the two solitons makes them located in different positions 
in the time domain. 

 

Fig. 4. (a) Switchable dual-wavelength mode locking at 1852 and 1862nm. (b) Pulse train of 
dual-wavelength mode locking. 

4. Discussion 

In this setup, the mode locking has many regimes, including multi-soliton state, single-scale 
state, wave-packet state, tunable single-wavelength state, tunable and switchable dual-
wavelength state [23,25]. If other researchers implement a similar laser, they may observe the 
regimes listed above. In this paper, we only focus on the tunable single-wavelength, tunable 
and switchable dual-wavelength mode locking. 

The tunable and switchable dual-wavelength mode locking can be repeatable in the 
experiment. But the center wavelength maybe shifts a little from the values shown in this 
paper, which is due to the NPE effect. The tunable and switchable capability of our setup is 
achieved in the single-scale regime through two steps. The first step is coarse adjustment of 
the PCs to get the stable single-scale pulses. The second step is fine adjustment of the PCs 
around that position to get the tunable and switchable mode locking. 

The above spectra show that two types of sideband are generated. One is the peak-type 
sidebands. It is formed by the constructive interference between the soliton and dispersive 
waves [24]. The position offset of the peak from the center wavelength is determined by the 
cavity dispersion and length [26]. Solitons operating at different wavelengths have different 
dispersions, thus the peak offsets from the center wavelength are different among these 
solitons (Fig. 3). The other is the dip-type sidebands. It is a new resonance between the soliton 
and the dispersive wave when the soliton intensity varies. The variation is due to the cavity 
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output coupling, lossy fiber intervals, and laser gain amplification. In the resonance, the 
energy flows either from soliton to dispersive waves or from dispersive waves to soliton, 
depending on the phase of soliton and dispersive waves [27,28]. If the energy is from soliton 
to dispersive waves, a dip on the spectrum appears. When tuning the PCs, the phase of soliton 
and dispersive waves will be changed. Consequently, the dip-sidebands appear. 

The formation of dual-wavelength laser can be explained as follows. The laser emission 
spectrum is a Lorentz-shaped curve depending on the wavelength, according to the data from 
fiber manufacturer. If the cavity transmission is independent of wavelength, the laser emits at 
the point where total cavity effective gain is the maximum, which is single-wavelength laser 
emission. In order to have the multiwavelength laser emission, the cavity transmission should 
be a periodic function to achieve multiple maximum points for the total cavity effective. The 
period of transmission function equals to the wavelength separation between the two peaks in 
the dual-wavelength emission. The period of cavity transmission is related to 
cos( )L NLϕ ϕΔ + Δ from Eq. (1), and the separation of wavelength 1 2λ λ λΔ = − in one period 

satisfy: 

 1 1 2 2( ) ( ) ( ) 2L NL L NL L NLϕ ϕ ϕ ϕ ϕ ϕ πΔ Δ + Δ = Δ + Δ − Δ + Δ =  (4) 

 2 1
1 2

1 1
(n n ) cos(2 ) / A 1x y effL n PL θ

λ λ
 

 − + − =  
 

 (5) 

We substitute the frequency f for λ , 

 
2 1(n n ) cos(2 ) / Ax y eff

c
f

L n PL θ
Δ =

− +
 (6) 

In this setup, 70L m= , 0.003P W= , 20 2
2 2.7 10 /n m W−×= , mode-field diameter is 

12.4 mμ . By choosing 1 3 4θ π= , 64.9 10mB −= × , the λΔ is around 10 nm, which agrees well 

with the experimental results. The corresponding transmission spectra with different value of 

2θ are shown in Fig. 5(a). The comparison between simulation and experimental results is 

shown in Fig. 5(b). 
From Fig. 5(a), there should be simultaneously multiple-wavelength soliton emission 

theoretically, however we can only see dual-wavelength soliton emission. It is due to the 
competition between each soliton, which reduces the possibility of multiple solitons emission 
at the same time. The modulation depth of cavity transmission is different when 1θ  or 2θ  is 

changed. The competition between each soliton will be different. Thus at each changing of 1θ  

or 2θ  by tuning the PCs, the dual-wavelength soliton at center wavelength of 1852/1862 nm, 

1863/1874 nm, and 1874/1886 nm are observed. 
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Fig. 5. (a) The simulation transmission spectrum with the wavelength from 1840 to 1900 nm. 

The solid curve 2 4θ π= , the dash curve 2 18θ π= . (b) The comparison between 

simulation and experimental results. 

5. Conclusion 

We have demonstrated both tunable and switchable dual-wavelength mode locking in an 
ultrafast Tm-doped fiber laser by the NPE technique. The tunable and switchable operation 
results from the wavelength-dependent loss of the cavity induced by the NPE effect. For the 
dual-wavelength operation, three pairs of dual-soliton with center wavelengths of 1852/1862 
nm, 1863/1874 nm, and 1874/1886 nm can be observed. Switchable operation with one 
soliton appear at each time is realized. All the switchable or tunable operation is realized by 
simply rotating or squeezing the PCs. This provides a simple and compact solution to 
multiwavelength and tunable mode locking in fiber lasers. This fiber laser will find spreading 
applications in optical signal processing, sensing, material engineering, and optical 
communications. 
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