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A B S T R A C T

We report a wavelength widely-tuned noise-like pulse (NLP) thulium-doped fiber laser. Free of additional filter, 
NLP with a wavelength tunable range of ~ 100 nm is realized by lowering the formation threshold power of NLP 
at different wavelengths and combining with intracavity birefringent filter. With the optimized two-dimensional 
intracavity parameters (gain fiber length of 2.9 m and single mode fiber length of 45 m), the NLP fiber laser 
achieves an adjustable wavelength from 1873.4 nm to 1969.3 nm (95.9 nm wavelength tunable range). The pulse 
width and average power of the NLP in the tuning range vary from 6.46 ns to 16.86 ns and from 0.211 W to 
0.355 W, respectively. To our knowledge, this is the widest wavelength tunable NLP fiber laser, capable of 
variety applications in optical coherence tomography, material processing, imaging and so on.

1. Introduction

Over recent years, the unique properties of noise-like pulse (NLP) 
mode-locking fiber lasers have drawn extensive attention from re-
searchers [1–3]. In contrast to conventional pulse patterns, NLP is 
bundled by a significant number of solitons with arbitrary amplitude 
and phase [4,5], which makes them low-coherent and wide envelope. 
These properties enable it to realize high power by a simple main 
oscillator power amplification structure, and this permits applications in 
the material processing and optical coherence tomography (OCT) [6]. 
Besides, the high peak power soliton pulses within the NLP envelope can 
provide significant advantages in spectral manipulation of the mid- 
infrared supercontinuum [7,8].

The excellent properties of NLP are of deeper interest to researchers, 
including high order mode [9,10], new wavelength bands [11,12], 
wavelength tunability [13] and so on [14]. In particular, the wavelength 
tunable feature offers a broader application prospect for NLP, which is of 
great value in the fields of fiber sensing, nonlinear frequency conversion, 
and low-coherence spectral interferometry. Wavelength tunable NLP 

fiber lasers are generally obtained based on different filtering mecha-
nisms in 2 μm waveband. By inserting spatial filter elements into the 
cavity, Tokurakawa et al. realized NLPs with wavelength tuning from 
1895 nm to 1942 nm, corresponding to a tuning range of 47 nm [15]. 
However, the use of spatially structured filter element destroys the ad-
vantages of all-fiberized laser. Zhao et al. obtained NLPs with a 
continuously tunable range of 46.9 nm by utilizing the intracavity 
optimized birefringent filtering mechanism [16]. Based on the temper-
ature control of the PM2000D fiber in the cavity, Zheng et al. enabled 
the center wavelength of the NLP to be tuned from 1910.4 nm to 1942.8 
nm, and the tuning range of the NLP is 32.4 nm [17]. However, the use 
of special fiber in the cavity increases the intracavity splicing loss. 
Especially when the pulse undergoes multiple cycles in the cavity, the 
intracavity loss cannot be negligible and will limit the expansion of the 
wavelength tunable range. Besides intracavity loss, the gain and 
nonlinearity required for NLP formation directly affects the establish-
ment of mode-locking at different wavelengths, limiting the range of the 
wavelength tunable NLP. Therefore, in order to obtain NLPs with a 
wider tuning range (compared to the studies of wavelength tunable NLP 
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to date), it is necessary to investigate the effect of NLP formation at 
different wavelengths. Unfortunately, the majority of current literatures 
focuses on the investigation of filtering mechanism to obtain wavelength 
tunable NLP.

In this paper, we realize a wavelength broadband tunable NLP based 
on the birefringence filtering effect in a thulium-doped fiber laser. To 
maximize the wavelength tuning range, the gain and nonlinearity in the 
cavity are manipulated to reduce the mode-locking threshold power of 
NLP. This is achieved by intracavity gain fiber and single mode fiber 
(SMF) lengths optimization. With an optimized thulium-doped fiber 
(TDF) length of 2.9 m and a SMF length of 45 m, wavelength tuning of 
the NLP from 1873.4 nm to 1969.3 nm is achieved by controlling the 
intracavity polarization state and the injected power. The wavelength 
tuning range of the NLP is up to 95.9 nm, the widest tuning range re-
ported for an NLP fiber laser.

2. Experiment structure

The experimental structure of the wavelength tunable NLP fiber laser 
based on intracavity birefringence filtering effect is illustrated in Fig. 1. 
A commercially available fiber laser with an output power of 5 W and a 
central wavelength of 1550 nm pumps a section of TDF (9/125 μm, 0.15 
numerical aperture) to provide gain in 2 μm band. The pump laser is 
injected into the cavity through a fused wavelength-division multiplexer 
(WDM) with a power handling of 5 W. A piece of SMF (8/125 μm, 0.14 
numerical aperture) is fused to the gain fiber to provide the nonlinearity 
required for NLP realization. The gain fiber and SMF lengths are opti-
mized to 2.9 m and 45 m, respectively. A 2000 nm optical coupler (OC 1) 
with a coupling ratio of 50:50 connects the left and right rings to form 
nonlinear amplifying loop mirror (NALM) mode-locking. In the right 
ring, an isolator (ISO) is used to force the laser to transmit in a clockwise 
direction. A 50 % output port of the OC 2 extracts power from the cavity. 
Since intracavity birefringent filtering effects as well as mode-locking 
establishment require the regulation of the intracavity polarization 
state, two polarization controllers (PCs) are inserted into the fiber laser. 
The total length of the gain fiber, the passive fiber, and the pigtails of the 
fiber components within the entire laser is 54.8 m, corresponding to the 
pulse repetition frequency of 3.64 MHz.

To characterize the spectrum of the pulse emitted from the fiber 
laser, an optical spectrum analyzer (AQ6375B) with a scanning range of 
1200 nm-2400 nm is used. The time-domain information is obtained by 
a high-speed oscilloscope (DSOS404A) with a bandwidth of 4 GHz. The 
radio frequency (RF) information and autocorrelation (AC) trace are 
obtained by a signal & spectrum analyzer (R&S FSW8) with a bandwidth 
of 8 GHz and an autocorrelator (APE 50) with a scanning range of 50 ps, 
respectively.

3. Experimental results and discussions

The fiber laser allows the excitation of continuous wave with center 
wavelength of 1885 nm to the maximum injected power when the po-
larization state of the cavity is not altered. Stable mode-locking pulse 
trains are obtained by setting the injected power of the fiber laser to 1.1 

W in combination with rotating and squeezing PCs. As the injected 
power is continuously increased, the mode-locking pulse remains a 
stable state without pulse wave breaking and mode-locked losing phe-
nomenon occur. The pulse evolution with injected power is character-
ized in Fig. 2, where the variations of the pulse spectra, waveforms, AC 
traces and power are plotted separately. After the injected power rea-
ches the mode-locking threshold power, the pulse center wavelength 
and 3-dB spectral width are 1891.8 nm and 10.5 nm, respectively. The 
spectral dips appear on the spectrum due to the strong water absorption 
lines in the atmosphere. As the injected power increases to 5 W, the 
spectrum intensity increases, and the pulse waveform linearly broadens 
to 14.58 ns. As illustrated in Fig. 2(c), a spike signal on the AC trace is 
obtained by using an autocorrelator. The wide spectral range, nano-
second waveform, and spike signal on the AC trace indicate that the 
designed laser is an NLP mode-locking fiber laser [18,19]. The spike 
intensity enhances, and the width gradually decreases with the rising of 
the injected power. At an injection power of 5 W, the full width at half 
maximum of the spike is 1.17 ps and the corresponding duration is 830 
fs, signifying the average duration of the soliton pulse within the NLP 
envelope [20]. In general, the AC trace of the NLP is organized on a dual 
scale, in our experiments, it is difficult to observe the actual AC traces of 
NLPs since the actual pedestal width of the obtained NLPs is > 50 ps. The 
output power of the NLP is gradually increased to 262 mW due to higher 
gain provided in the fiber laser. The corresponding slope and conversion 
efficiencies are 5.5 % and 5.2 %, respectively.

Fig. 3(a) and 3(b) show the RF spectral information of the NLP within 
50 MHz and 1 MHz range. As the injected power is increased from 1.1 W 
to 5 W, periodic modulation appears in the RF spectrum. The modula-
tion bandwidth is an inverse proportion of the pulse width, therefore the 
modulation bandwidth is about 69.1 MHz at the maximum injected 
power. The signal-to-noise ratio of the NLP is 58.9 dB at this injected 
power level. The repetition frequency of the NLP is 3.64 MHz, indicating 
that the round trip time of the pulse is 274.7 ns. Due to the random 
fluctuation of subpulses within the NLP, sidelobes appear in the spec-
trum of the NLP.

Benefiting from the intracavity birefringent filtering effect, the 
wavelength tunable capability of the fiber laser is achieved by control-
ling the intracavity polarization state. Fig. 4 demonstrates the wave-
length tuning process of the NLP at maximum injection power. The NLP 
is tuned from 1873.4 nm to 1969.3 nm by rotating and squeezing the 
PCs. The corresponding tuning range is 95.9 nm, the widest NLP tuning 
range that has been reported in the literatures. The formation of bire-
fringent filter is attributed to the birefringence of the fiber in the cavity. 
The combination of the fibers and the PCs on the fiber forms an invisible 
birefringent filter in the cavity. Although the length of the intracavity 
fiber is limited, the bends in the fiber and the stresses exerted by the PCs 
on the fiber induce a significant amount of birefringence. Sufficient 
birefringence ensures the achievement of wavelength tunable NLP based 
on the birefringence filtering effect. The wavelength tunability of the 
NLP at short and long wavelengths is realized by manually rotating and 
squeezing PC 1 and PC 2.

The variations of average power and pulse width of the NLP over the 
wavelength tuning range are displayed in Fig. 4(b). As the center 
wavelength of NLP tuning from shortwave to longwave, the average 
power and pulse width of the NLP change from 211 mW to 355 mW and 
6.46 ns to 16.86 ns, respectively. On the one hand, when the intracavity 
polarization state is tuned, the different intracavity losses make the net 
gain distribution and intensity in the cavity vary, and the energy ob-
tained by the mode-locked pulses at different wavelengths circulating in 
the cavity is different. On the other hand, the intracavity birefringence is 
changed when the polarization state is adjusted, and thus, the nonlinear 
phase shifts induced by fiber birefringence are different, combining with 
the different gain at different wavelengths to cause the variations in the 
average power and pulse width. Furthermore, accurate wavelength 
tuning repeatability is possible by using electronically controlled PCs.

In the experiment, the formation of NLP mode-locking at different Fig. 1. The experimental structure of wavelength tunable NLP fiber laser.
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wavelengths affects the expansion of the wavelength tuning range, 
which is related to the cavity’s multi-dimensional parameters. In the 
experiments, the effects of two-dimensional parameters (the passive 

fiber length and gain fiber length) on the tuning range are investigated. 
Except for the alterations of the fiber length and the polarization state in 
the cavity, all other cavity parameters remain unchanged, and the 

Fig. 2. The (a) spectra, (b) pulse waveforms, (c) AC traces and (d) power of the mode-locking pulse evolve with the injected power.

Fig. 3. (a) The RF spectral evolution with injected power. (b) The RF spectrum at maximum injected power.

Fig. 4. (a) The NLP spectra in the wavelength tuning range. (b) Variation of average power and pulse width with wavelength.
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injected power is set to its maximum value. The effect of altering the 
passive fiber length on the wavelength tuning range of the NLP is dis-
played in Fig. 5. When the SMF length is shorter than 15 m, the high 
mode-locking threshold power makes it impossible to establish the NLP 
in a stable state. A tuning range of 35.4 nm is obtained by adjusting the 
PCs with the 15 m SMF inserted into the cavity. The wavelength tuning 
range of NLP increases to 95.9 nm with increasing the intracavity SMF 
length to 45 m. Due to the increase in the length of the SMF, more 
nonlinear phase shifts are induced, leading to a reduction in the mode- 
locking threshold power for both shorter and longer wavelengths. 
However, the further expansion of the SMF length increases the intra-
cavity loss, disfavoring the expansion of the tuning range of NLP. As a 
result, the wavelength tuning range is only 63 nm at 65 m SMF. Com-
parison of the NLP’s pulse widths in the tuning range for different SMF 
lengths is plotted in Fig. 5(b). The increase in SMF length leads more 
intracavity nonlinearity, broadening the widths of the mode-locking 
pulse and causing the maximum pulse width to increase from 2.546 ns 
to 19.627 ns. However, the introduction of SMF also leads to more loss in 
the cavity and reduces the output power of the fiber laser. As illustrated 
in the Fig. 5(c), the maximum average power of the NLP at 15 m SMF 
length is higher than that of the NLP at other lengths in the fiber laser.

Fig. 6(a) exhibits the NLP wavelength tuning range for gain fiber 
lengths of 1.9 m, 2.9 m and 5 m lengths. As the TDF length increases 
from 1.9 m to 2.9 m, the increase in intracavity gain ensures that mode- 
locking can be achieved at shorter and longer wavelengths, resulting in a 
longer adjustment range. Thus, the center wavelength of the NLP is blue- 
shifted from 1923.5 nm to 1873.4 nm as well as red-shifted from 1965.4 
nm to 1969.3 nm, with a corresponding increase in the tuning range 
from 43.1 nm to 95.9 nm. Further using a longer gain fiber (i.e., 5 m), the 
central wavelength of the NLP extends to longer wavelength because the 
reabsorption effect of the gain fiber providing gain at longer wavelength 
[21]. As a result, the fiber laser can be achieved mode-locking at 1975.2 
nm (1969.3 nm at 2.9 m TDF). However, the loss introduced by the 
reabsorption process makes it difficult to achieve NLP mode-locking at 
shorter wave. The shortest wave is red-shifted from 1873.4 nm to 
1914.8 nm and the corresponding NLP tuning range is reduced to 61 nm 
at 5 m TDF. Comparisons of the pulse widths and average power of the 
NLP for different tuning ranges are displayed in Fig. 6(b) and 6(c). Since 
NLP formation demands a specific peak power, low intracavity gain 
requires NLP to achieve an increase in peak power by decreasing the 
pulse width. Therefore, the narrowest NLP pulse width is obtained from 
the fiber laser at 1.9 m TDF. Increasing the gain fiber length to 2.9 m 
allows the pulse width of the NLP in the tuning range varying from 6.46 
ns to 16.86 ns, which is broader than the pulse width of the NLP at short 
gain fiber length (from 3.53 ns to 3.9 ns). With sufficient gain in the 
cavity configuration, the pulse is able to achieve start-up with a low 
mode-locking threshold power. As the injected power increases further, 
the peak power clamping effect of the intracavity NLP forces the pulse to 
broaden the pulse width to preserve a constant peak power in the cavity. 
Therefore, the pulse width of the NLP at 2.9 m gain fiber length is greater 
than the pulse width at 1.9 m. Inserting longer gain fiber into the fiber 

laser, the increase in intracavity loss limits the extent of NLP broadening 
under the influence of peak power clamping effect, resulting in a 
maximum pulse width of only 12.86 ns in the wavelength tuning range. 
Due to the increased reabsorption loss introduced by the extended 
length of the gain fiber, the maximum power (0.355 W) of the NLP is 
obtained at 1.9 m TDF.

The wavelength tunable capability of mode-locking fiber laser can be 
achieved by using tunable filter, Lyot filter, birefringent filter and other 
filter schemes [22–26]. The tunable filter allows for hundreds of nm 
tuned mode-locking pulse and continuous wave [27,28], but its narrow 
bandwidth of tunable filter limits the formation and tuning range of 
NLP. The fusion loss between different type fibers is not ignorable when 
the polarization-maintaining fiber-based Lyot filter is inserted into the 
cavity, which introduces more insertion loss, limits the wavelength 
tunable range of the pulse and breaking the unique advantages of an all- 
fiberized structure. In contrast, the birefringent filter removes the need 
to introduce additional filter elements into the fiber laser and reduces 
intracavity loss as well as high-cost efficiency. Combining its flexible and 
variable bandwidth facilitates the realization of a broadband wave-
length tunable range for NLP. Therefore, the intracavity birefringent 
filter is used as a key element for broadband tunability of NLP wave-
length. To achieve the widest wavelength tunable NLP, the lengths of the 
gain fiber and the passive fiber are experimentally optimized. A com-
parison of the NLP wavelength ranges with different gain fiber lengths 
reveals that a broadband tunable NLP is only obtained with a moderate 
gain fiber length. Too short or too long gain fiber lengths limit the 
expansion of the wavelength tuning range.

Different from the general conditions for mode-locked pulse forma-
tion (i.e., conventional soliton, dispersion-managed soliton, and dissi-
pative soliton), the formation of NLP does not depend on the regulation 
of intracavity dispersion, which can be formed in both normal- and 
anomalous-dispersion regimes. The gain and passive fibers we used 
exhibit large anomalous dispersion at 2 μm, so the fiber laser operates in 
the net anomalous dispersion region. In the anomalous dispersion 
regime, the formation of NLP is associated with soliton collapse and 
intracavity positive feedback [29]. Also, sufficient nonlinearity is 
required for the formation of NLP. In 2 μm band, mode-locking and 
wavelength tunability can be achieved by inserting ultra-high numerical 
aperture fiber, SMF, SM1950 and specialty fibers into the cavity 
[30–32]. Based on the normal dispersion and nonlinearity of UHNAF, 
the insertion of UHNAF in thulium-doped fiber laser is favorable for the 
formation of NLP and the realization of wavelength tunability. However, 
the UHNAF has a small core and a large numerical aperture introduces 
high fusion loss into the cavity, limiting its integration with fiber com-
ponents and gain fibers. Compared with SM1950 fibers, SMF has the 
advantage of cost effectiveness. The fusion loss of the SMF to the fiber 
components and gain fibers used in the cavity can be minimized. By 
optimizing the length of the SMF inserted in the cavity, an NLP wave-
length tuned range of 95.9 nm is obtained. Table 1 summarizes the 
published literature on NLP wavelength tuning range. It can be clearly 
seen that the widest tuning range of NLP is realized based on intracavity 

Fig. 5. The wavelength tunable range under different SMF lengths. Comparison of the (b) pulse width and (c) output power of fiber laser with different fiber lengths.
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birefringent filtering effect in this work. Further extension of the 
wavelength tuning range is possible from the following directions: on 
the one hand, intracavity loss is reduced by using SM1950 or SM2000 
fibers with lower transmission loss as the intracavity passive fibers as 
well as the pigtails of the fiber components, while ignoring the cost of 
the fiber laser. On the other hand, the cavity gain needs to be increased, 
which is achieved either by using a bidirectional pumping scheme or by 
using highly thulium-doped fiber with higher gain.

4. Conclusion

In conclusion, we have reported a broadband wavelength-tuned NLP 
thulium-doped fiber laser by employing low-cost intracavity birefrin-
gent filter as a key component for NLP wavelength tunability. The 
intracavity gain and nonlinearity are manipulated by optimizing the 
intracavity gain fiber and passive fiber lengths to lower the mode- 
locking formation threshold power, thus obtaining broadband wave-
length tunable NLP. At the maximum available pump power of the 
thulium-doped fiber laser, an NLP with wavelength tuned from 1873.4 
nm to 1969.3 nm is achieved. The corresponding tunned wavelength 
range is 95.9 nm, the widest wavelength tunable NLP to the best of our 
knowledge. The maximum pulse width and average power of the NLP 
within the wavelength tuning range are 16.86 ns and 355 mW, respec-
tively. Such a widely wavelength tuning range of NLP enables important 
role in fiber sensing, imaging, etc.
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Table 1 
Comparison of wavelength-tuned NLP fiber laser.

Mode-locked technique Realization 
method

Tuning 
range

Dopant Reference

Fiber loop mirror Comb filter 53 nm Er [33]
Semiconductor 

saturable absorber 
mirror

Telescope 
lense

47 nm Tm [15]

Semiconductor 
saturable absorber 
mirror

Tunable filter 57 nm Er [34]

NALM Birefringent filter 46.9 nm Tm/ 
Ho

[16]

Nonlinear optical loop 
mirror

Temperature 
control

32.4 nm Tm [17]

Nonlinear polarization 
rotation + NALM

Nonlinear 
polarization 
rotation

41 nm Er [35]

NALM Birefringent filter 95.9 nm Tm This work
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