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 

Abstract—We demonstrated a wide-range wavelength-tunable 

passively mode-locked fiber laser based on the fiber Bragg grating 

(FBG) fabricated by femtosecond laser as the wavelength selection 

element. A ring fiber cavity with the nonlinear-optical loop mirror 

as its saturable absorber was employed for mode-locking 

operation. The peak wavelength of the fiber laser was 1547.9 nm 

with a spectral full-width-at-half-maximum of 0.90 nm at room 

temperature. The pulse duration of the fiber laser was about 2.94 

ps closed to the Fourier-limited pulse duration of 2.80 ps by 

assuming sech2 pulse shape. The repetition rate was 860.5 kHz 

and the pulse peak power was about 56.2 W. The wavelength 

tuning range of the fiber laser achieved 14.2 nm by varying the 

FBG temperature from 25 °C to 1000 °C. 

 
Index Terms—Fiber Bragg gratings, passively mode-locked 

fiber lasers, wavelength-tunable fiber lasers. 

I. INTRODUCTION 

AVELENGTH-TUNABLE mode-locked (ML) fiber 

lasers have wide applications in linear optical sampling 

[1], optical sensing [2], coherent nonlinear-optical 

microscopy [3], and so on. Many methods have been explored 

to achieve wavelength tuning in ML fiber lasers, including 

inserting wavelength selection elements in laser cavity [4]-[11], 

tuning cavity birefringence [12],  [13] or cavity dispersion [14] 

et al. The common way is to insert wavelength selection 

elements in laser cavities, such as tunable bandpass filters 

[4]-[6], Sagnac fiber filters [7], [8], unbalanced Mach-Zehnder 

interferometers [9], and fiber Bragg gratings (FBGs) [10], [11]. 

Among them, FBGs have particular merits of small in size and 

low insertion loss. 

Bragg wavelengths of FBGs can be tuned by changing strain 

[15] or temperature [16]. FBG-based pulsed fiber lasers have 

achieved wavelength-tunable operation by applying 

axial-strain to FBGs. Zhou et al. reported a tunable passively 

Q-switched Erbium-doped fiber laser with an FBG as its 
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wavelength selection element and its wavelength can be tuned 

from 1555 to 1560 nm [10]. Litago et al. demonstrated an 

FBG-based wavelength-tunable ML soliton fiber laser with a 

wavelength tuning range of over 8.6 nm [11]. 

Wavelength-tunable fiber lasers have also been realized by 

changing FBG temperatures [17]-[18]. Wang et al. reported a 

passively FBG-based ML picosecond Erbium doped fiber laser 

and the fiber laser achieved a 0.79 nm wavelength tuning range 

by control FBG temperature [17]. Shen et al. reported a 

continuous wave (CW) fiber laser based on two high 

temperature sustainable FBGs which can work up to 400 °C. Its 

wavelength tuning range was about 6 nm [18]. However, since 

conventional FBGs fabricated by long-pulse UV lasers will be 

erased above 400 °C, wavelength tuning ranges of FBG-based 

fiber lasers are limited by the temperature resistance of FBG. 

Compared to those fabricated by long-pulse UV lasers, 

FBGs fabricated by femtosecond (FS) lasers [19]-[21] have 

unique advantages of no photosensitivity requirement for the 

fiber and wonderful thermal stability. Especially, type II FBGs 

can stably work up to 1000 °C [22], [23]. We have 

demonstrated a wavelength-tunable CW fiber laser based on a 

FS laser fabricated type II FBG. Its wavelength tuning range 

reached 14.3 nm by varying the FBG temperature from 25 °C to 

1000 °C [24]. Wavelength-tunable fiber lasers can also be used 

as strain or temperature sensors. By using ML fiber laser as 

light source, FBG sensing interrogation method achieved finer 

wavelength spacing between FBG channels than that using CW 

light [2]. Hence, ML fiber lasers based on type II FBG are very 

meaningful for increasing the number of multiplexed FBGs in 

high temperature sensing.  

In this paper, we demonstrate a wide-range 

wavelength-tunable passively ML fiber laser based on the FS 

laser-inscribed FBG as the wavelength selection element. A 

ring cavity with the nonlinear-optical loop mirror (NOLM) as 

its saturable absorber (SA) was employed for mode-locking 

operation. The peak wavelength of the ML fiber laser was 

1547.9 nm with a spectral full-width-at-half-maximum 

(FWHM) of 0.90 nm at room temperature (25 °C). The pulse 

duration of output pulses was about 2.94 ps by assuming sech
2
 

pulse shape. The repetition rate and pulse peak power were 

860.5 kHz and 56.2 W, respectively. The wavelength tuning 

range of the fiber laser was over 14.2 nm by varying the FBG 

temperature from 25 °C to 1000 °C. 

II. EXPERIMENTAL SETUP  

The schematic diagram of the ML fiber laser is shown in Fig. 

1 (a). A 980 nm laser diode with a maximal power of 300 mW 

was used as the pump source. The pump laser was coupled to a 
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2 m Er-doped fiber (ESF-7/125, Nufern) gain medium by a 

wavelength division multiplexer (WDM1), then passed through 

the polarization controller (PC1). A NOLM was inserted in the 

ring cavity, which was constructed by an optical coupler (OC1) 

with 40/60 power splitting ratio, a polarization controller (PC2) 

and a loop of single-mode fiber (SMF-28, Corning). Dispersion 

parameters of the ESF-7/125 fiber and the SMF-28 fiber are 16 

ps/km·nm and 18 ps/km·nm at 1550 nm, respectively. Hence, 

cavity dispersions were always negative and the fiber laser was 

a conventional soliton system. When the signal light is 

sufficient intense, a differential phase shift arising from the 

intensity mismatch of the counterpropagating beams in the 

NOLM will accumulate due to the Kerr effect of the fiber. 

When the phase shift was not greater than π, NOLM can act as a 

fast SA for producing mode-locking or Q-switching. An FBG 

was used as the wavelength selection element in the laser 

cavity. The left hand side of the FBG was connected to No. 2 

port of the optical circulator, while its right hand side was 

beveled to eliminate the interference of the reflected light of the 

idle end. The laser was coupled out of the cavity by OC2 with 

10/90 power splitting ratio. Ninety percent of the light was 

return to cavity again, and the remaining was sent out of the 

cavity. The output power and spectrum were measured by a 

power meter and an optical spectral analyzer (OSA, AQ6370C, 

Yokogawa Inc.), respectively. The pulse duration was detected 

by a commercial intensity autocorrelator (FR-103WS, 

Femtochrome Research Inc.). The pulse trains were 

characterized by a digital storage oscilloscope (20 GHz 

sampling scope, DSO9104A, Agilent Technologies Inc.) and a 

radio frequency (RF) spectrum analyzer (N9000A, Keysight 

Inc.). An optical isolator was inserted in the cavity to prevent 

the reflected light and ensure unidirectional propagation.  

The FBG was fabricated by 50-fs laser pulses generated by 

an amplified Ti: sapphire laser (Libra-USP-HE, Coherent, 

USA) at a center wavelength of 800 nm and a repetition rate of 

1 kHz with a Gaussian spatial profile. The Gaussian beam was 

focused by a cylindrical lens with a focal length of 25 mm and 

then passed through a zero-order nulled phase mask with period 

Λm=2.142 μm into the fiber core. In order to form Type II FBG 

structures, the distance between the fiber and phase mask was 

set to less than 1 mm to produce a multiple-beam interference 

pattern, which has a higher intensity than that generated by pure 

two-beam interference [20]. The FBG was formed at a laser 

power of 750 mW using the interval exposure mode, which can 

suppress the influence of thermal effects [25]. The exposure 

time and the interval time were 0.1 s and 5 s, respectively. 

For realizing stable mode-locking, NOLM length is usually 

several soliton periods [27], while the amplifier must be shorter 

than 0.5 soliton periods [26]. The initial NOLM length (fiber 

pigtails) was about 5 m, while the initial amplifier loop length 

was about 9.8 m including both 2 m Er-doped fiber and 7.8 m 

SMF-28 fiber used for PC1 and element fiber pigtails. The 

NOLM and amplifier loop lengths were optimized by adding 

SMF-28 fiber and monitoring fiber laser output. Firstly, the 

NOLM length was optimized in a step of 50 m. It started 

mode-locking when NOLM length was about 155 m, but its 

pulse duration dramatically broadened to a few nanoseconds 

for NOLM length longer than 305 m, which may be due to the 

NOLM introduced phase shift has been greater than π [27]. The 

NOLM length was chosen about 205 m. Then, the amplifier 

loop length was optimized. Figure 1(b) shows the variation in 

pulse energy at different SMF-28 fiber lengths. As the length of 

SMF-28 fiber in the amplifier loop increased, both output 

power and pulse energy of the fiber laser increased, while its 

repetition rate decreased. When the SMF-28 fiber length was 

longer than 55 m, the fiber laser cannot be mode-locked. 

Considering the pulse energy and stability of the fiber laser, 

SMF-28 fiber length in amplifier loop was chosen about 29.8 m. 

Hence, the ML fiber laser cavity length was about 236.8 m. 

 

Fig. 1.  (a) Schematic diagram of the ML fiber laser. WDM: wavelength 

division multiplexer (WDM1); OC: optical coupler (OC1, OC2); ESF 7/125: 

Erbium-doped fiber; PC: polarization controller (PC1, PC2). (b) Variation in 
pulse energy at different SMF-28 fiber lengths in the amplifier loop. 

III. RESULTS AND DISCUSSION  

The spectrum of the FS laser-inscribed FBG is shown in Fig. 

2(a). The peak wavelength and the spectral FWHM of the FBG 

were 1548.0 nm and 1.0 nm at 25 °C, respectively. The 

mode-locking of the fiber laser was achieved with a threshold 

of about 200 mW. Figure 2(a) also shows the output spectrum 

of the ML fiber laser at a pump power of 300 mW. The peak 

wavelength of the output spectrum of the fiber laser was 1547.9 

nm with a spectral FWHM of 0.90 nm at 25 °C. The output 

power of the fiber laser was measured to be about 0.15 mW. 

However, this power was lower than that required by the 

autocorrelator for measuring, therefore output pulses of the ML 

fiber laser were amplified firstly for measuring pulse duration.  

Figure 2(b) shows the schematic diagram of the amplifier. The 

output pulses of the ML fiber laser were coupled to a 1 m long 

Er-doped fiber (ESF-7/125, Nufern) through the WDM2 as seed 

pulses. The Er-doped fiber was used as gain medium pumped 

by a 980 nm laser diode. The WDM3 was used to couple 

amplified laser pulses out of the amplifier. The whole length of 

the amplifier including SMF-28 fiber and ESF-7/125 fiber from 

the fiber laser output to autocorrelator was about 5.5 m. In 

future work, the output power of the ML fiber laser may also be 

enhanced by optimizing power splitting ratios of OC2 and OC1, 

lengths of active fiber and NOLM, FBG reflectivity et al. 

     
Fig. 2.  (a) Reflection spectrum of the FBG and the output spectrum of the ML 

fiber laser at a pump power of 300 mW. (b) Schematic diagram of the amplifier.  

The normalized spectra of both seed pulses at the 300 mW 

pump power and the amplified pulses at the 600 mW pump 

power are plotted in Fig. 3(a). It can be seen that the output 

spectra of both seed and amplified pulses are almost completely 

overlap. The spectral peak wavelengths and the spectral 

FWHMs of both seed pulses and amplified pulses were 1547.9 

nm and 0.90 nm at 25 °C, respectively. The Fourier-limited 

pulse duration of the fiber laser was calculated to be about 2.80 

Authorized licensed use limited to: East Carolina University. Downloaded on July 28,2020 at 03:20:29 UTC from IEEE Xplore.  Restrictions apply. 



1041-1135 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/LPT.2020.3009381, IEEE Photonics
Technology Letters

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

3 

ps by assuming sech
2
 pulse shape. The measured 

autocorrelation trace of amplified pulses at a pump power of 

600 mW is plotted in Fig. 3(b). The pulse duration of the 

amplified pulses was about 3.10 ps by assuming sech
2
 pulse 

shape, and time bandwidth product (TBP) was 0.35. It implies 

the pulse duration of amplified pulses is very close to the 

Fourier-limited pulse duration. The influence of pump power of 

the amplifier on its output pulse duration was studied. Variation 

in pulse duration at different pump powers is shown in Fig. 

3(c). The average pulse duration of amplifier output pulses was 

calculated to be 2.94 ps with a standard deviation of 0.15 ps 

when the pump power of the amplifier was set between 300 

mW and 700 mW. It means that the pump power of the 

amplifier has little influence on its output pulse duration. 

Hence, it is reasonable to consider that the pulse duration was 

only affected by the group delay dispersion of the amplifier 

after pass through the amplifier. The dispersion introduced by 

the amplifier including SMF-28 fiber and ESF-7/125 fiber was 

calculated to be about -0.12 ps
2
. It means the influence of group 

delay dispersion introduced by amplifier on the output pulse 

duration of the fiber laser could be neglected. Hence, the pulse 

duration of the fiber laser can be seen close to the average pulse 

duration of about 2.94 ps with a corresponding TBP of 0.32. 
 

        

 
 

          

    

 
Fig. 3.  (a) Normalized spectra of both the seed pulses at the 300 mW pump 

power and output pulses of the amplifier at the 600 mW pump power. (b). The 

corresponding autocorrelation trace. (c) Variation in pulse duration at different 
pump powers of amplifier. Black squares represent the recorded data. (d) The 

corresponding RF spectrum at 860.5 kHz with a RBW of 1 Hz. Inset: RF 

spectrum with RBW of 100 Hz. (e) Typical pulse trains.  

Figure 3(e) shows typical pulse trains for the amplifier. The 

repetition rate was measured to be 860.5 kHz. The long range of 

temporal trace can confirm the stable mode-locking operation 

of the fiber laser operated without Q-switching instability. The 

measured RF spectra with a 1 Hz resolution bandwidth (RBW) 

and a 100 Hz RBW of the amplified ML pulses are shown in 

Fig. 3(d) and the inset, respectively. The RF spectrum at 860.5 

kHz had a signal-to-noise ratio higher than 66.6 dB. The pulse 

peak power of the fiber laser was calculated to be 56.2 W at 300 

mW pump power. Such a low repetition rate ML fiber laser can 

be directly used as seed source for ultrafast amplifiers and 

needs no repetition frequency reduction. 

The tunability of the FBG-based ML fiber laser was 

characterized by placing the FBG loosely in a tube furnace that 

can be operated from 25 °C to 1200 °C. The fabricated FBG 

was firstly annealed at 1100 °C for 10 min, and then heated 

from 300 °C to 1100 °C in steps of 100 °C for 30 min at each 

temperature. The evolution of FBG reflectivity at different 

temperatures is shown in Fig. 4(a). It shows that the FBG has 

good stability at 1000 °C but degrades at temperature above 

1000 °C, which was similar as reported in [22]. The 

pre-annealing at 1100 °C could make FBG quickly reach stable 

state at 1000 °C.  In addition, the silica fiber had no increase in 

loss but loose almost all of its mechanical strength. This 

problem could be overcome by using SMF-28 fiber with larger 

cladding [22]. The inset of Fig. 4(a) shows variations in the 

fiber laser peak wavelength and intensity at 1000 °C with time 

before and after annealing at 1100 °C, respectively. The fiber 

laser peak wavelength was clearly red-shifted and the intensity 

was continuous decline as time increasing at 1000 °C before 

annealing. Both the peak wavelength and intensity of the fiber 

laser became stable after annealing. That is, the stability of the 

ML fiber laser at 1000 °C was greatly improved after annealing 

the FBG at 1100 °C. Figure 4(b) shows normalized fiber laser 

output spectra before and after annealing. The output spectra of 

the fiber laser before and after annealing were almost the same 

and both FWHMs of spectra were about 0.90 nm except the 

weak side band was eliminated after annealing. It means that 

the pulse duration has nearly no change before and after 

annealing the FBG. 

  
Fig. 4.  (a) Variation in FBG reflectivity at different temperatures. Inset: 

Variations in the fiber laser peak wavelength and intensity at 1000 °C before 

and after FBG annealing. (b) Normalized fiber laser output spectra before and 
after FBG annealing.   

  
Fig. 5.  (a) Variations in the peak wavelength and the spectral FWHM of the 
fiber laser with the holding time when the tube furnace set at 1000 °C. 

(b)Variation in intensity of the fiber laser with the holding time at 1000 °C.  

Next, we tested the long-term thermal stability of the fiber 

laser by putting the FBG in tube furnace which was set at 1000 

°C with the holding time of 300 min. Variations in the peak 

wavelength and the spectral FWHM of the fiber laser with the 

holding time at 1000 °C are shown in Fig. 5(a).The peak 

wavelength and the spectral FWHM were 1562.1 nm with a 

standard deviation of 0.05 nm and 0.90 nm with a standard 

deviation of 0.01 nm at 1000 °C, respectively. Figure 5(b) 

shows the variation in the fiber laser intensity with the holding 

time at 1000 °C. The intensity of the fiber laser only showed 

small fluctuations of less than 0.70 dB at 1000 °C. The above 

results imply that the ML fiber laser has a long-term stability 

for FBG temperature not above 1000 °C. 

The behaviors of the wavelength tuning properties of the ML 

fiber laser were tested in the heating and cooling processes, 
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respectively. The temperature of the tube furnace was increased 

from 25 °C to 1000 °C and then decreased to 25 °C in steps of 

100 °C for 60 min at each temperature. Figure 6(a) shows the 

fiber laser output spectra at different temperatures during the 

heating process. The peak wavelength of the fiber laser 

increased from 1547.9 nm to 1562.1 nm when the temperature 

increased from 25 °C to 1000 °C. The spectral profiles at 

different temperatures were basically coincident. Figure 6(b) 

shows the fiber laser peak wavelength as a function of 

temperature from 300 °C to 1000 °C for heating and cooling 

processes. Solid curves represent their linear fit (R
2
 = 99.9%). 

Curves of wavelength vs. temperature for cooling and heating 

are almost completely overlap, which means the fiber laser 

peak wavelengths have a good repeatability when changing the 

FBG temperature. The above results imply that the ML fiber 

laser can stably work as a wavelength-tunable ultrafast laser 

with a tuning range of over 14.2 nm. The tuning range may be 

further increased by decreasing FBG temperature to below zero 

degree or coating FBG with metal to increase its temperature 

sensitivity. In addition, the ML fiber laser can also work as a 

high temperature sensor with the maximal sensing temperature 

up to 1000 °C with a sensing sensitivity of 16.1 pm/°C from 

300 °C to 1000 °C. 

    
Fig. 6.  (a) Spectra at different temperatures during the heating process. (b) The 

peak wavelength of the wavelength-tunable ML fiber laser as a function of 

temperature from 300 °C to 1000 °C. Solid curves represent the linear fit.  

IV. CONCLUSION  

We developed a wide-range wavelength-tunable ML fiber 

laser based on the FS laser-inscribed FBG as the wavelength 

selection element and the NOLM as the SA. Its spectral FWHM 

was 0.90 nm at 25 °C. The pulse duration of the fiber laser was 

about 2.94 ps by assuming sech
2
 pulse shape. The repetition 

rate was 860.5 kHz. The wavelength tuning range of the fiber 

laser achieved 14.2 nm by varying the FBG temperature from 

25°C to 1000 °C. This ML fiber laser may also be used as light 

source for high-temperature FBG sensing. 
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