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A dual-wavelength thulium-doped fiber laser based on Lyot filter is demonstrated experimentally. A combination of highly 
nonlinear fiber and a polarizer is applied to induce an intensity-dependent loss mechanism in the laser cavity to suppress 
homogeneous gain broadening to generate a stable dual output. Upon applying different polarization-maintaining fiber 
lengths, the wavelength spacing can be changed from 1.8 nm to 0.6 nm.  The extinction ratio for the dual lasers is high 
around 40 dB. The output power is stable with variation of 2.60 dB and 4.69 dB for each channel.  
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1. Introduction 
 

Multiwavelength fiber lasers (MWFLs) have been 

getting a lot of attention in fields such as optical 

communication, spectroscopy and optical sensing [1–3] 

due to its advantages such as a wide tunable range, narrow 

linewidth and compact structure [4–6]. Apart of MWFLs, 

erbium doped fiber lasers (EDFLs) have been focused on 

the 1.5 μm wavelength region, which extends from 1535 

nm to 1620 nm. In the other hand, thulium-doped fiber 

lasers (TDFLs) operate in the eye-safe 2 µm region, 

typically located in the 1.7-2.1 μm region [7]. This trait 

helps in the applications of TDFL of biomedical treatment 

[8–10], remote sensing [11] and light detection and 

ranging [12]. However, realizing a stable MWFL has some 

difficulties because of the homogeneous gain broadening 

in the gain medium [13–15]. Therefore, researchers have 

come up with numerous methods to cope with the gain 

mode competition in the gain-broadened medium: 

inducing an intensity dependent loss (IDL) mechanism 

[15–17] cascaded four-wave mixing (FWM) effect [6,14]. 

W. HE et al. implemented the IDL mechanism to control 

the signal's polarization state in their tunable 

multiwavelength TDFL [16]. They obtained a 3-dB 

linewidth value of 0.4 nm and a side-mode suppression 

ratio (SMSR) of more than 32.4 dB. X. WANG et al. 

incorporated stimulated Brillouin scattering and IDL 

mechanism which resulted in a wavelength shift of less 

than 0.01 nm and peak power fluctuations of less than 0.5 

dB in their multiwavelength TDFL [6]. H. Ahmad et al. 

used the FWM effect by including a highly nonlinear fiber 

(HNLF) in their configuration of a TDFL. The outcome of 

this approach is a wavelength shift of less than 0.05 nm 

and power fluctuations of less than 2.8 dB [14]. L. Zhu et 

al. included a Sagnac loop mirror in their TDFL 

configuration. They obtained a wavelength shift and power 

variation of 0.15 nm and 2.1 dB, respectively, on top of an 

SMSR of more than 26 dB [18]. 
Other comb filters were utilized for multiwavelength 

generation based on TDFL such as Mach-Zehnder 

interferometer (MZI) [4], Lyot filter [15,19] and Fabry-

Perot interferometer [20] are just a few of the notable 

optical filters used in fiber lasers. P. Zhang et al. used an 

MZI in TDFL setup and obtained stable multiwavelength 
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spectra with wavelength shifts and peak power 

fluctuations of less than ±0.02 nm and ±0.5 dB, 

respectively [4]. Besides, the Fabry Perot interferometer 

was used by Y. Wei et al., as their wavelength-tunable 

TDFL presented a tunable signal ranging from 1940 to 

2010 nm and an extinction ratio (ER) of higher than 50 dB 

at 800 mW of pump power [21]. Another fiber structure is 

Lyot filter based on polarization-maintaining fiber (PMF), 

which has been widely applied due to its flexibility, simple 

structure, and good stability [15,19]. For example, S. Liu 

et al. attained multiwavelength TDFL with output power 

variations of 0.237 dB and wavelength shift of 0.055 nm 

by using a Lyot filter [15]. Y. Wei et al. utilized a Lyot 

filter in their work where they achieved a TDFL with 

channel-spacing tunable abilities [22]. They managed to 

obtain a multiwavelength TDFL with a wavelength range 

of 12 nm from 1960 to 1972 nm. Using a fixed pump 

power of 3 W, an ER of approximately 30 dB was 

achieved the peak power fluctuation is around 1 dB. 

Another component in generating dual-wavelength 

fiber laser (DWFL) is a comb filter. Previously, the 

DWFLs were demonstrated by utilizing comb filters such 

as a polarization-maintaining erbium-doped fiber (PM-

EDF) [23], Lyot filter [7,24], stimulated Raman scattering 

[25] and fiber Bragg grating (FBG) [26–28]. Moreover, 

methods such as incorporating a spectral filtering effect 

[29], Fabry-Perot interferometer [30], two series of FBGs 

[31] and compound filters such as a dual pass-Mach-

Zehnder interferometer-PMF filter with transmission type 

of ring filter [32] and Lyot-Sagnac [33] could also be used 

as comb filters in DWFLs. For instance, N. MD. Yusoff et 

al. incorporated PM-EDF and IDL mechanism to further 

enhance the polarization hole burning method and 

suppress mode competition in the gain medium [34]. H. 

ZOU et al. constructed a compound filter by combining a 

double pass MZI-PMF filter with TTR [32]. Another 

DWFL was demonstrated by M. Ummy et al. when they 

used FBG and a tunable thin film-based filter as a 

wavelength selection tool and a C-band semiconductor 

optical amplifier (SOA) as a gain medium [35]. A DWFL 

using a TDF as gain medium was demonstrated by A. W. 

Al-Alimi et al. [7]. Using a tapered optical fiber as a comb 

filter, they managed to achieve a peak power fluctuation of 

less than 3 dB. From the best of our knowledge, it is hard 

to find research on DWFL-based thulium doped fiber 

amplifier (TDFA) utilizing IDL mechanism. 

 

 
 

Fig. 1. The experimental setup of DWTDFL based on a Lyot filter (colour online) 
 

In this paper, we have demonstrated dual-wavelength 

TDFL (DWTDFL) based on the Lyot filter with the 

assistance of the IDL mechanism. The IDL mechanism is 

induced by HNLF and polarizer to alleviate the mode 

competition caused by homogeneous gain broadening in 

EDF. Three different wavelengths spacing is demonstrated 

due to the use of different PMF lengths. The 5, 10 and 15 

m PMF produce wavelength spacing of 1.8, 0.9 and 0.6 

nm, respectively. The multiwavelength generation with 10 

m PMF is more stable than other PMF lengths. A dual-

wavelength spectrum at 1934.5 and 1935.4 nm was 

obtained with a wavelength shift of 0.5 nm. The output 

channel at 1934.5 nm has a power variation of 2.60 dB and 

the output channel 1935.4 nm has a power variation of 

4.69 dB. The other two PMF lengths exhibit high values in 

terms of wavelength shift and power variation 

 

 
 
 

2. Experimental setup  
 

Fig. 1 illustrates the configuration of a TDFL based on 

a parallel Lyot filter. In the setup, an EDFL model CEFL-

TERA with narrow linewidth is the first device of TDFA 

which used as a 1550 nm pump source. Pumping at 1550 

nm allows for in-band pumping schemes that are spectrally 

closer to the desired emission wavelengths, facilitating 

more efficient energy transfer and reducing the thermal 

load on the fiber. Furthermore, operating at shorter 

wavelengths within the thulium emission spectrum can 

lead to significant reabsorption losses due to the quasi-

three-level nature of the transition. In-band pumping at 

1550 nm mitigates these losses, enhancing overall 

efficiency [36]. A 1.5 µm isolator is connected after the 

EDFL to ensure the one-way direction of the pump signal 

into the cavity and avoid any back reflection to the EDFL. 

Then, a 1550/2000 nm wavelength division multiplexer 

(WDM) coupler combines the pump signal and the 

oscillating signal in the ring cavity. The last component of 
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TDF is a 5 m TDF (OFS, TmDF200) with a peak 

absorption of 200 dB/m at 790 nm, numerical aperture of 

0.26 ± 0.02 and a cut-off wavelength of 1350 nm. A 

combination of polarization controller 1 (PC1) and 

polarization dependent isolator (PDI) forms a polarizer. 

The PDI is used to provide an output of linearly polarized 

light and create unidirectional propagation in an anti-

clockwise direction. The PC1 is adjusted to ensure a 

proper polarization state and angle is obtained before 

entering the PDI for the best operation of PDI of linearly 

polarized light. Next, a Lyot filter which acts as a comb 

filter is included in the laser cavity, which consists of PC2 

and a spool of PMF. Since the multiwavelength oscillation 

is in one direction (anti-clockwise direction), only one PC 

is enough for the construction of the Lyot filter.  A 

combination of polarizer and HNLF increases the strength 

of an IDL mechanism in the laser cavity to stabilize and 

flatten the laser wavelengths [36]. The 90% port of 

the 10/90 splitter is connected to the WDM coupler to 

maintain the light oscillation within the cavity, while the 

10% port is connected to an optical spectrum analyzer 

(OSA) from Yokogawa, model no AQ6375B with 0.05 nm 

resolution 

 

 
3. Principle of operation  
 

NPR effect could be defined as a phenomenon where 

the optical intensity can determine the change of a light’s 

polarization direction in a fiber [38]. The NPR effect is 

useful in fiber lasers as it suppresses the mode competition 

and produces a more stable multiwavelength output [39]. 

At a certain degree and state of polarization state, an IDL 

mechanism is induced, as the mechanism is crucial in 

flattening and providing stability in our DWTDFL. When 

a signal propagates through a Lyot filter, the PC adjusts 

the polarization angle so the signal can equally enter the 

slow and fast axis of the PMF at the same amplitude and 

PS. The PC is adjusted to ensure the light entering PMF 

has a 45° angle concerning the polarization axis of the 

PMF. With the 45° angle, the light splits orthogonally into 

two polarization components along those polarization axes 

at different speeds. The two propagated lights now have 

the same amplitude and PS and combine in phase at the 

PMF's end, resulting in twice the original amplitude at the 

same wavelength. This phenomenon known as 

constructive interference explains the generation of a 

multiwavelength spectrum. It must be reiterated that the 

PC must be adjusted properly. Otherwise, different PS and 

amplitude values of the signal will enter the slow and fast 

axis of the PMF. This, in turn, will deter multiwavelength 

performance. The wavelength spacing between the 

generated wavelengths, Δλ, can be calculated by using 

Equation (1) below, where λ is the transmission 

wavelength, B is the birefringence of the PMF (with a 

value of 4.1 × 10-4) and L is the PMF length [40]. 

 

∆λ=λ2⁄BL                                    (1) 

 

 

4. Results and discussion 
 

In this experiment, three different PMF lengths were 

used at 5 m, 10 m and 15 m to demonstrate three different 

wavelength spacings. At first, we characterized the 

multiwavelength operation at different pump powers. The 

pump power is changed from 300 mW to 900 mW for 

three different PMF lengths while the PS of the PCs is 

fixed. Fig. 2(a) illustrates the output powers at different 

wavelengths as a function of pump power for a 5 m PMF. 

A clear spectrum appeared at a low pump power of 300 

mW, since lasing does not start until 350 mW, that 

explains why there are no lasing lines at 300 mW as the 

lasing threshold has not yet been reached. At 400 mW, a 

dual-wavelength is released at 1916.1 nm and 1917.9 nm 

with peak powers of -27.85 dBm and -24.51 dBm, 

respectively. The dual-wavelength has a wavelength 

spacing of 1.8 nm corresponding to the PMF length. The 

power of the generated dual-wavelength significantly 

improved as pump power increases. However, the dual-

wavelength is shifted to longer wavelength for pump 

power of higher than 400 mW. For instance, wavelengths 

of 1928.1 nm and 1929.9 nm with power of -34.59 dBm 

and -32.60 dBm, respectively, are obtained at a pump 

power of 500 mW. This is due to the fact that during the 

adjustment process, there is a degree of randomness to the 

polarization states [38]. When the pump powers are 

increased, the polarization states change which explains 

the big wavelength shift when the pump power was 

increased from 400 mW to 500 mW.  

Different sets of dual wavelengths also obtained as the 

pump power is further increased. At 600 mW, a dual-

wavelength spectrum at 1927.9 nm and 1929.7 nm with 

output power values of -26.73 dBm and -29.89 dBm, 

respectively is obtained. Including these results, the 

relevant graph for different sets of dual-wavelength 

spectrum generation for pump power of 400 - 900 mW is 

presented in Fig. 2. Findings show the direct 

proportionality between the power and pump power. A 

maximum output power of -21.12 dBm and -16.61 dBm at 

1927.8 nm and 1929.6 nm, respectively, are obtained at 

900 mW pump power.  

Similarly, the dual-wavelength spectra for using a 10 

m PMF in the TDFL based on a single Lyot filter setup is 

shown in Fig. 2(b). At 300 mW, lasing had not occurred as 

the lasing threshold had not surpassed the 350 mW 

threshold mentioned earlier. Thulium ions have relatively 

low absorption cross-sections at common pump 

wavelengths [41]. If the pump wavelength is not properly 

matched to the absorption peak, a substantial amount of 

pump power may be needed to achieve the lasing 

threshold. Additionally, optical losses from fiber splicing, 

connectors and optical components can further increase 

the threshold power. At 400 mW, a dual-wavelength result 

was obtained at the output powers of -24.88 and -24.14 

dBm at 1935.0 and 1935.9 nm, respectively, meaning the 

wavelength spacing for using a 10 m PMF is 0.9 nm. The 

output power increased to -19.44 nm and -19.27 dBm at 

1934.8 nm and 1935.7 nm, respectively at 500 mW but the 

output power decreased to -25.66 and -25.83 dBm at 
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1934.7 and 1935.6 nm, respectively at 600 mW. This 

might be due to several reasons such as the temperature 

fluctuation of the fiber or the vibrations affecting the 

experimental setup. The output power of lasing lines 

increased at 700 mW with -21.46 dBm and -21.83 dBm 

values at 1934.7 nm and 1935.6 nm, respectively. Finally, 

the output power of the lasing lines increased again at 800 

mW. At 1934.8 nm and 1935.7 nm the output powers were 

-14.30 dBm and -12.41 dBm, respectively. The maximum 

output power was obtained at 900 mW with -11.33 dBm 

and 11.83 dBm values at 1934.2 nm and 1935.1 nm, 

respectively.  

The spectra from using a 15 m PMF in the TDFL 

based on a single Lyot filter is depicted in Fig. 2(c). At 

400 mW, a dual wavelength is obtained with peak powers 

of -35.99 dBm and -35.67 dBm at 1922.7 nm and 1923.3 

nm, respectively. We can note that the wavelength spacing 

after using a 15 m PMF is 0.6 nm. The output power 

increased as the pump power was increased. The peak 

output power increased to -18.37 dBm and -18.89 dBm at 

1922.8 and 1923.4 nm, respectively when the pump power 

was increased to 500 mW. At 600 mW, peak powers of -

15.27 dBm and -15.33 dBm were obtained at 1922.8 nm 

and 1923.4 nm. The output power increased again slightly 

at 700 mW pump power. At 1922.8 nm and 1923.4 nm, 

the output powers were -14.85 dBm and -14.16 dBm, 

respectively. However, the peak powers decreased slightly 

at 800 mW pump power with -16.79 dBm and -14.81 dBm 

values at 1922.9 nm and 1923.5 nm, respectively. Finally, 

the maximum output power was obtained at 900 mW with 

-12.31 dBm and -10.35 dBm at wavelengths 1922.5 nm 

and 1923.1 nm, respectively. For the phenomenon in    

Fig. 2, vibrations and temperature of surroundings can 

destabilize the polarization state and therefore affect the 

gain mode competition and result in power fluctuations of 

wavelengths, disrupting the performance of a fiber laser 

and causing the peak power value to decrease [41]. 

 
 

Fig. 2. Output power spectra of DWTDFL based on a single Lyot filter using (a) 5 m, (b) 10 m and (c) 15 m PMF at varying pump 

powers. The wavelength shifting and output power with pump power increment at PMF length (d) 5 m, (e) 10 m and (f) 15 m   

(colour online) 
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Further analysis is implemented by investigating the 

effects of changing the half-wave plate (HWP) of PC2 on 

the TDFL performance for different PMF lengths of 5 m, 

10 m and 15 m PMF as shown in Fig. 3(a)-(c).  In this 

investigation, the PC is adjusted to obtain the highest ER 

of generated dual-wavelength for all three PMF lengths. 

For the 5 m PMF, one set of dual-wavelength spectrums is 

only achieved with a HWP angle of 80° as presented in 

Fig. 3(a).  In contrast, with 10 m PMF, 3 lasing lines may 

have been obtained at 0° of HWP but the spectrum is not 

flat as the power variation is over 10 dB.  However, by 

continuously adjusting the angle of HWP a flat channel 

can be obtained. A dual-wavelength spectrum with peak 

powers of -22.57 dBm and -23.29 dBm at 1946.5 nm and 

1947.4 nm, respectively, was obtained at an HWP angle of 

20°. Other sets of dual-wavelength spectra can be obtained 

as the angle of HWP is adjusted from 80° to 180° as 

shown in Fig. 3(b).  Fig. 3(c) shows the output spectra for 

15 m of PMF at different angles of HWP. From the 

figures, a dual-wavelength spectrum is obtained at 60° and 

160°. The laser can be switched to a single line at 120°, 

140° and 180°. When the HWP angle shifts, the 

polarization state changes. The change in polarization state 

causes the absence of a dual-wavelength spectrum at other 

HWP angles. 

Fig. 4(a)-(c) shows the typical spectra of the 

DWTDFL at 900 mW pump power for 5, 10 and 15 m 

PMF with HWP angles of 80°, 20° and 60°, respectively. 

The figures present the ER along with the wavelength 

spacing for each PMF length. The 5 m, 10 m and 15 m 

PMFs have wavelength spacings of 1.8, 0.9 and 0.6 nm, 

respectively. The highest ER was obtained using the 15 m 

PMF which is 45.19 dB, compared to 42.31 dB and 37.47 

dB for 5 m and 10 m PMF, respectively. ASE is higher at 

the lower pump power values. Thus, the noise floor is 

higher which results in lowering the ER. However, instead 

of gradually increasing, Fig. 4 shows that the ER values 

for each PMF length seem to fluctuate when the pump 

power increases. It is believed that the surroundings of the 

experiment may affect the results of the ER. Vibrations 

and temperature of the surroundings, among other factors, 

may cause fluctuations of the ER [41]. 

 

 

 
 

Fig. 3. The spectra at PMF lengths of (a) 5 m, (b) 10 m and (c) 15 m at various HWP angles (colour online) 
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Fig. 4. ER and wavelength spacing of the TDFL based on a Lyot filter at 900 mW for (a) 5 m PMF, (b) 10 m PMF and (c) 15 m of PMF 

(colour online)

 

The stability of the TDFL was measured under the 

optimum conditions of the pump and HWP angles. The 

output spectrum was observed every one minute in an 8-

minute time frame. The wavelength and power variations 

of the dual-wavelength spectra are shown in Fig. 5. Fig. 

5(a) shows the wavelength variation of 1.6 nm for 

the channel of 1927.9 nm and 1929.7 nm with 5 m PMF, 

while the power variation is around 11 dB for the former 

and 6 dB for the latter which can be seen in Fig. 5(b). Fig. 

5(c) and 5(d) illustrate the wavelength and power 

variations for 10 m PMF, respectively. The wavelength 

shift for output channels 1934.5 nm and 1935.4 nm is 0.5 

nm, while the power variation for 1934.5 nm is 2.60 dB 

and the power variation for 1935.4 nm is 4.69 dB. Lastly, 

the wavelength and power variations obtained using the 15 

m PMF are depicted in Fig. 5(e) and 5(f). The two output 

channels, 1922.5 nm and 1923.1 nm, have the same 

wavelength shift of 1.0 nm. In terms of output power 

variations, the 1922.5 nm channel has a power variation of 

9.41 dB, while an output power variation of 13.12 dB was 

obtained by the 1923.1 nm output. The power variations 

using the 15 m PMF are the highest compared to that of 

the 5 m and 10 m PMF. While the power variation is over 

12 dB, this result is still acceptable. 

In the laser cavity, the PDI and PC provide the IDL 

mechanism to reduce gain mode competition. In addition, 

the HNLF helps to improve the IDL mechanism and 

increase the stability of the generated dual-wavelength 

spectra. Despite the high fluctuations in wavelength and 

power variations, the 10 m of PMF still attained a stable 

result. Even with the use of the two nonlinear effects, this 

shows that environmental conditions also play a role in the 

stability of the fiber laser. The vibrations surrounding the 

experimental setup and the temperature of the surrounding 

cause instability of the fiber laser. Besides that, the fibre’s 

temperature fluctuations and the unstable polarization state 

of the pump laser can also be detrimental to a fiber laser 

and cause power fluctuation. These effects cause the 

polarization state of the fiber laser to be affected. This in 

turn influences the polarization mode competition, causing 

fluctuations in power and wavelength [42]. Efficient 

utilization of pump power requires maintaining a stable 

temperature by enclosing the fiber laser system in a 

temperature-controlled chamber. To further enhance 

stability, environmental vibrations should be minimized by 

placing the system on an anti-vibration optical table [43]. 

Determining the optimal TDF length involves securing the 

fiber in a stable, temperature-controlled environment to 

prevent fluctuations. Encasing the fiber in a thermal 

isolation chamber or wrapping it with a thermally 

conductive material helps ensure consistent performance. 

Effective heat extraction reduces temperature-dependent 

losses and enhances laser efficiency [44]. This issue can be 

mitigated by using a nonlinear optical loop mirror, which 

helps stabilize the polarization state [45]. Additionally, 

cooling the PMF in a thermostatic ice bath at a constant 

temperature has improved lasing stability, as demonstrated 

in [46]. That said, results such as those obtained using the 

15 m PMF can still be considered for applications such as 

WDM communication and optical sensing. 
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Fig. 5. The observation of wavelength shifting for (a) 5 m, (c) 10 m and (e) 15 m of PMF (colour online)

 
 
 

5. Conclusion 
 

We have demonstrated DWTDFL based on Lyot filter 

in conjunction with IDL mechanism. A Lyot filter at 

different PMF length was incorporated in the laser ring 

cavity to act as a comb filter with variation of wavelength 

spacing. The ER from this experiment reached over 40 dB 

using a pump power of 900 mW. The wavelength spacing 

is changed from 1.8 nm to 0.6 nm when different PMF 

lengths of 5 m to 15 m are applied. From the three PMF 

lengths, the 10 m PMF has the highest stability in terms of 

wavelength shift and power variation. This 

multiwavelength DWTDFL can be utilized for potential 

applications such as optical sensing, telecommunication, 

and signal processing. 
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