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Abstract: Switchable multi-wavelength laser emission from a thulium-doped all-fiber laser is 

reported by implementing a tapered and a non-tapered multi-modal interference (MMI) filters. The 

MMI structure relies on a coreless optical fiber spliced in between two single-mode optical fibers. 

For the non-tapered case, a minimum insertion loss of 12.60 dB is achieved around the 2-µm region, 

from which stable generation of commutable dual-wavelength emission at 1986.34 nm and 2017.38 

nm is obtained. On the other hand, the tapered MMI structure performs a minimum insertion loss of 

8.74 dB at the 2-micron region, allowing a stable triple-wavelength emission at 1995.4 nm, 2013.3 

nm, and 2038.3 nm. In addition, commutable dual-wavelength emission was also obtained at 1997.9 

nm and 2032.1 nm. The generated laser lines perform bandwidths of around 50 pm, low peak spectral 

power fluctuations and signal-to-noise ratio of 50 dB. 

 
1. Introduction 

Thulium-doped all-fiber lasers operating in the continuous-wave (CW) regime have attracted a great deal of 

attention in the last years due to their large number of applications in many research fields and practical areas. 

A few examples of these applications are related to the development of supercontinuum light sources [1-3], 

telecommunications [4,5], gas sensing [6,7], medical procedures [8-11], high power laser sources [12-14], 

among others. In the last decade, different configurations of all-fiber lasers have been demonstrated to perform 

high-quality CW and multi-line emissions in the 2 μm spectral region [15-28]. In those approaches, 

interferometric solutions possess important advantages such as low-insertion loss, robustness, compact size, 

and simplicity in fabrication [19-23], allowing precise control of laser emission and providing narrow linewidth 

generation, fine-tuning range, and a high degree of repeatability. However, in most of the above-mentioned 

approaches, the schemes are optimized for the thulium band and performs laser emission that usually extends 

from 1700 to 2000 nm, but rarely exceed the 2-micron wavelength limit. Therefore, the development of new 

interferometric all-fiber devices performing laser operation beyond 2000 nm is an issue of growing research 

interest.  

In recent years, many efforts have been accomplished to develop multi-mode interference (MMI) devices in 

thulium-doped fiber lasers (TDFLs), and a small number of MMI filtering devices have been proposed and 

demonstrated [29]. By using this type of fiber-optic device, multi-wavelength operation was successfully 

achieved in the thulium band region [30-33]. Now, with the purpose of demonstrating its versatility, a tapered 

and non-tapered MMI fiber structure is analyzed as a wavelength-selective filter to achieve 2-m wavelength 
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emission. This work, to the best of our knowledge, presents the first approach demonstrating stable multi-

wavelength generation in the 2-m band by using this type of interferometric device. 

In this manuscript, the MMI effect in both a tapered and a non-tapered fiber structures that implement a multi-

mode optical fiber is analyzed. The MMI filter relies on a coreless optical fiber (COF) spliced in between two 

single-mode fibers (SMFs), forming a SMF-COF-SMF structure. The filter is suspended in air and fixed at one 

end to a linear translation stage to induce bending after displacement. Initial experiments were performed with 

a non-tapered MMI filter, achieving commutable dual-wavelength operation with a narrow bandwidth of ~50 

pm, signal-to-noise ratio (SNR) over 50 dB, and maximum output power of 13.35 mW. For the tapered case, 

laser operation at single-, dual-, and triple-wavelength emission is obtained with characteristics of narrow 

linewidth (50 pm) and high SNR (~60 dB), with many of its laser lines centered beyond the 2000 nm. Compared 

with recently reported TDFLs schemes that include a MMI filter, our proposal is easy reproducible. It preserves 

the simplicity and robustness of all-fiber arrangements and could be considered a reliable fiber-optic device that 

provides a high degree of repeatability.  

 
2. Experimental setup 

A schematic view of the experimental setup is shown in Fig. 1. The fiber laser consists of a ring cavity with 

total length of 22.81 m. The scheme utilizes a 6-m long double-clad thulium-doped fiber (TDF, Coractive DCF-

TM-10-128) as the gain medium, which in turn is pumped through a (2+1)×1 multimode pump combiner 

(Lightcomm C170115271). Following a counterclockwise direction, an in-line polarization controller (PC) is 

included to adjust the intracavity polarization state before the MMI spectral filter. Next, a fiber isolator is 

incorporated to force unidirectional light propagation, and the cavity is closed by splicing a 75/25 fiber coupler 

to the thulium fiber. The laser output is obtained from the 25% port of the fiber coupler. For proper adjustment 

of the PC and appropriate control of the MMI filter spectral response, stable multi-wavelength CW emission is 

achieved beyond 2000 nm. 

 

Fig. 1. Schematic of MMI thulium-doped all-fiber laser. 

Laser emission was analyzed using an optical spectrum analyzer (OSA, Yokogawa AQ6375 with 50 pm 

resolution) and the output power monitored with a thermal detector (ThorLabs S303C). All the elements that 

compose the laser system are commercially accessible and available, no special fiber optic components were 

added in this setup. 

 
3. The MMI filter 

The spectral filter is composed of a short section of COF (Thorlabs, FG125A) spliced in between two single 

mode optical fibers, as shown in Fig. 2. The COF performs a similar behavior to that of a multi-mode optical 

fiber with step-index profile when the surrounding refractive index is lower than the silica rod. Therefore, the 

filter arrangement is easily implemented in air. Its operation principle relies on the self-imaging effect caused 

by the MMI phenomenon along the coreless fiber. In this manner, the excitation and interference of high-order 

modes depends on the diameter and length of the COF segment. A theoretical estimation of the peak wavelength 

response as a function of the diameter and length of the MMI filter is obtained from the following equation 

[34]: 



λ0 = (p nMMF D2
MMF) ∕ L, with p = 0, 1, 2, … 

where nMMF, DMMF and L are the refractive index, diameter, and length of the multi-mode fiber (MMF), 

respectively, while p is the self-image number. A precise length of the COF segment is crucial for an optimal 

wavelength filter design. Our setup is designed to operate with the fourth self-image number, where it was 

found that insertion loss was lower and wavelength bandwidth narrower compared to the other image numbers, 

i.e., p = 0, 1, 2 or 3 [35].  

 

Fig. 2. Structure of the SM-COF-SM spectral filter 

The filter structure is composed of a COF segment of 43 mm in length which is spliced in between two SMF-

28 fibers sections. One SMF-28 fiber end is positioned over a standard micrometric mount with 0.01 mm 

resolution and 25.4 mm of maximum displacement, while the other fiber end is fixed to an aluminum base to 

support the filter in air. The arrangement provides bending and easy control of the filter after displacement, see 

the schematic view of the filter depicted in Fig. 2. The moving end is displaced along the horizontal plane to 

produce a controlled bending of the coreless fiber that leads to a blue shift response of the peak wavelength 

transmission of the MMI filter. The characterization of the MMI filter was performed with a fiber-based 

supercontinuum light source covering a wavelength range from 1860 to 2200 nm [3] and the transmittance 

spectrum was measured as the ratio between the output and the input optical spectra. Fig. 3(a) shows the 

transmittance spectrum corresponding to 1 mm of displacement of the translation stage. At this position, up to 

five resonances are observed and the minimum insertion loss is reached in the 2-micron region. The 

transmittance spectrum displays peak resonances at 1960.5 nm, 2007.8 nm, 2032.0 nm, 2078.2 nm and 2106.2 

nm, respectively (see markers in Fig. 3(a)), exhibiting insertion losses ranging between 17 and 7 dB. Fig. 3(b) 

shows the evolution of the peak resonance (PR) wavelengths in function of the linear stage displacement. As it 

can be observed, the tracked peaks undergo a blue shift as the linear translation stage is displaced from 0 to 2.5 

mm in steps of 0.05 mm.  

 

Fig.3 (a) Transmittance spectrum of the MMI filter for 1 mm linear stage displacement. (b) Evolution of the tracked 

resonances as a function of the displacement of the linear stage.  

4. Experimental results and discussion 



4.1 The non-tapered MMI filter 

The MMI filter in the laser setup allows the generation of dual-wavelength emissions, which are controlled by 

the gradual adjustment of the micrometric mount displacement, enabling an extra degree of flexibility to 

manipulate the output power and allow wavelength regulation. Characteristics of the dual-wavelength laser 

operation are illustrated in Fig. 4. A comparative view of the MMI filter transmittance (red line) when applying 

a 0.70 mm displacement of the micrometric mount and of the corresponding lasing lines (black line) is provided 

in Fig. 4(a) at the pump power of 4.45 W. Under these conditions, dual-wavelength operation with channel 

spacing (Δλ) of 31.04 nm was observed, the laser lines are located at 1986.34 nm and 2017.38 nm with 

maximum peak spectral powers of −17.65 and −22.87 dBm, respectively. The stability of the laser operation 

was characterized by performing peak spectral power and wavelength measurement of each lasing line at time 

intervals of 5 minutes over a 60-minute observation period, as shown in Fig. 4(b). The maximum wavelength 

fluctuation was 150 pm, whereas the maximum output power variation was measured as 1.59 dBm. The 

spectral evolution is depicted in the Fig. 4(c), where no significant fluctuations are observed. A close-up view 

of the 1986.49 nm laser line is provided in Fig. 4(d), where a signal-to-noise ratio (SNR) of 53.43 dB is observed 

together with a −3 dB bandwidth of ~60 pm. The output spectrum shown in Fig. 4(e) depicts the laser emission 

at 2017.38 nm, from which a SNR of 46.78 dB and −3-dB bandwidth of ~50 pm is observed.  

 

Fig. 4. Characteristics of the dual-wavelength emission by displacing the micrometric mount at 0.70 mm and setting the 

pump power at 4.45 W. (a) Dual-wavelength emission (black line) and MMI filter transmittance (red line). (b) Stability of 

dual-wavelength emission over a 60-minute observation time. (c) Spectral evolution. Close-up view of the generated laser 

lines at (d) 1986.49 nm and (e) 2017.38 nm. 

The scheme also allows switchable single-wavelength operation of the dual-wavelength TDFL by adjusting the 

PC. To analyze the switching process, the displacement of the micrometric mount and the pump power level 

were maintained fixed throughout the experiments. Thus, the switching process consists of conserving only one 

of the two laser lines, either at 1986.34 nm or 2017.38 nm. By carefully adjusting the pressure and rotation of 

the PC, the setup allows switching from dual- to single-wavelength operation. Fig. 5(a) shows the single-

wavelength operation at 2017.43 nm with a peak spectral power of −18.35 dBm. A measurement of the laser 

efficiency was obtained from the linear relation between the output and pump powers. From the inset shown in 

Fig. 5(a), a laser efficiency of 0.28 % was measured. The stability was also characterized over 60 minutes of 

time span with measurement intervals of 5 min. Fig. 5(b) shows the laser fluctuations in peak spectral power, 

output power and wavelength shifting, the maximum fluctuations were measured as 1.16 dBm, 0.04 mW, 

and 413 pm, respectively. The spectral evolution is shown in the Fig. 5(c). In a similar manner, it was possible 

to switch to the other emission wavelength, see Fig. 5(d). A slight adjustment of the PC was necessary, however, 

since there is no well-defined MMI transmission peak at this wavelength, and lasing takes place in the proximity 



of the transmission peak. This is a very common behavior in multi-wavelength fiber lasers [36]. For these 

adjustments, the single-emission wavelength was centered at 1988 nm with a maximum output peak spectral 

power of −17.24 dBm. As can be observed, there exists a redshift in wavelength of 1.67 nm with respect to the 

corresponding line in dual-wavelength operation, this shift was possibly caused by temperature variations 

surrounding the experimental setup, originating a redistribution of the output power along its corresponding 

maximum peak transmittance. The efficiency of this single-wavelength laser was measured as 0.30 %, as 

depicted in the inset. Fig. 5(e) shows the laser stability recorded over 60 minutes at intervals of 5 minutes. 

Maximum fluctuations of peak spectral power, output power and wavelength were measured as 0.76 dBm, 

0.09 mW, and 6 pm, respectively. The spectral evolution of the single laser emission is shown in the Fig. 

5(f). 

 

Fig. 5. Switching behavior of the dual-wavelength emission. Single-wavelength operation at (a) 2017.43 nm and (d) 1988.0 

nm. The inset includes the output power versus pump power. Laser stabilities for (b)-(c) 2017.43 nm and (e)-(f) 1988.0 nm 

wavelengths recorded over a time span of 60 minutes. 

 
From the results presented above, we conclude that the proposed approach based on a non-tapered MMI filter 

structure demonstrates stable operation in both single- and dual-wavelength laser operations, allowing the 

independent switching of each laser line by rotating the polarization controller. Compared with recently 

reported TDFLs based on MMI, our scheme achieves laser emission at the 2-micron band, demonstrating the 

potential of MMI filters based on conventional fibers to perform laser emission beyond this wavelength limit. 

As the next step, with the objective of improving the characteristics of laser emission, a MMI structure based 

on a tapered fiber is described in the next section.  

 
 
 

4.2 The tapered MMI filter 

A schematic view of the tapered MMI filter structure is illustrated in Fig. 6(a). To fabricate this device, a SMF-

28 fiber was initially tapered down to 80 µm in diameter and then cleaved at the middle of its waist, as a result 

two tapered fiber ends were obtained. Subsequently, a uniformly tapered segment of coreless optical fiber was 

sandwiched between the tapered ends of the SMF-28 fibers. The tapering process was performed using a 

standard fusion and pulling technique [37], in which an oscillating flame composed of a controlled mixture of 

oxygen and butane was employed to fabricate a biconical tapered fiber. The MMI structure includes two 

transition sections of SMF-28 fiber at both ends of the structure, exhibiting a long exponentially decaying 

transition profile. The tapered COF has a length of 18 mm and maintains a uniform diameter of 80 µm. Similarly 

to the non-tapered case, the length of the COF is determinant for the peak wavelength response, as discussed in 



[38]. The insertion loss for the tapered MMI filter was measured as 8.74 dB at 2000 nm. The transmission 

spectrum of the filter was estimated in a similar manner as the non-tapered filter, but in this case the 

displacement of the filter was set at its initial position, i.e., 0 mm, the corresponding spectrum is observed in 

Fig. 6(b). The output spectrum shows six maxima transmission peaks within the measured spectral window 

ranging from 1850 to 2150 nm. Compared with the non-tapered case, this structure yields substantial 

improvements in terms of insertion losses, which now range between 9 and 3 dB. This improvement is attributed 

to the reduction in length of the coreless fiber, which is reduced by a factor of ⁓2.4 for the tapered case.  

 

 

Fig. 6. (a) Structure of the tapered MMI spectral filter. (b) Spectral response of the filter at its initial position. 

4.2.1 Switching behavior and triple-wavelength operation  

Substituting the non-tapered MMI filter by the tapered one into the laser cavity offers important improvements. 

One of them is the possibility to operate in a triple-wavelength emission in the 2-m band. The triple-

wavelength operation was obtained when the tapered MMI filter was bent with a displacement of 3.2 mm and 

the pump power was increased to 4.87 W. The rotation of the PC was necessary to equilibrate gain and losses 

between the lasing lines. Fig. 7(a) shows the output spectra obtained by increasing the pump power in a range 

between 2.90 and 4.87 W. It can be observed that laser emission is initially achieved at 2013.27 nm with a pump 

power of 2.90 W. Then, dual-wavelength operation starts at 3.92 W pump power, with an additional lasing 

mode appearing at 1995.41 nm, on the left of the original lasing mode. The triple-wavelength operation is 

reached at 4.87 W pump power, corresponding to simultaneous laser emissions at 1995.41 nm, 2013.27 nm and 

2038.32 nm. A comparative view of the MMI filter transmittance (red line) and the triple-wavelength emission 

(black line) is shown in Fig. 7(b), where a wavelength spacing of ∼21.45 nm between adjacent lines is measured. 

Close-up views of the emitted laser lines are provided in Figs. 7(c)–(e). The maximum SNR observed is 

estimated as 58.05 dB for the central wavelength. Moreover, this emission demonstrates narrow linewidths for 

all laser lines, with values around 50 pm.  

 



 

Fig. 7. Laser performance at simultaneous triple-wavelength operation as a function of pump power when applying 3.2 mm 

of linear displacement at the micrometric mount. (a) Spectral evolution as the pump power is increased between 2.90 and 

4.87 W. (b) Detailed view of the triple-wavelength emission (black line) and MMI filter transmittance (red line) at 4.87 W 

pump power. Close-up view of laser linewidths corresponding to (c) 1995.41 nm, (d) 2013.27 nm and (e) 2038.32 nm. 

 
The recorded stability for the lasing lines at 1995.41 nm (black line), 2038.32 nm (blue line) and 2013.27 nm 

(red line) are depicted in Fig. 8 over a total time span of 60 minutes. Fig. 8(a) illustrates the peak spectral power 

fluctuations, where variations of up to ±0.96, ±0.20 and ±3.45 dB were measured for the wavelengths of 1995.41 

nm, 2013.27 nm and 2038.32 nm, respectively. These power fluctuations are significant due to several factors, 

such as strong mode competition, pump power fluctuations, vibrations of the mechanical elements, and room 

temperature variations. These effects alter the laser performance leading to peak spectral power variations of 

up to several decibels. However, laser stability could be improved by implementing active stabilization based 

on the electronic feedback from one of the cavity variables. In addition, Fig. 8(b) shows the variation in 

wavelength, this measurement reveals drifts of ± 33 pm, ± 8 pm and ± 35 pm for the 1995.41 nm, 2013.27 nm 

and 2038.32 nm wavelengths, respectively. These results demonstrate a high wavelength stability and 

reasonably good power uniformity for the proposed all-fiber laser scheme. The spectral evolution of the triple-

wavelength emission is shown in the Fig. 8(c). 

 

Fig. 8. Monitoring of the triple-wavelength emission with 4.87 W of pump power and 3.2 mm of mount displacement for 

the tapered MMI filter. (a) Peak spectral power fluctuation. (b) Wavelength variation. (c) The spectral evolution. 



 
4.2.2 Switchable dual-wavelength performance with the tapered MMI filter 

After a slight adjustment of the PC and setting the pump power at 3.71 W, a dual-wavelength laser emission is 

obtained (black line), this mode of operation is observed when the tapered MMI filter is bent with 0.10 mm of 

mount displacement, as shown in Fig. 9(a), the red line trace depicted the MMI filter transmittance. The laser 

emission lines are centered at 1997.93 nm and 2032.15 nm with a Δλ of 34.27 nm. Variations in wavelength 

and output power were characterized over a time span of 60 minutes, as shown in Fig. 9(b). Whereas the lasing 

wavelengths do not display significant changes, peak spectral power variations of up to 3 dB are observed. The 

spectral evolution of the dual laser emission is depicted in Fig. 9(c). The emitted lines show narrow linewidths, 

the shorter wavelength reveals a 58.77 pm bandwidth with a SNR of 44.81 dB, whereas for the longer 

wavelength a −3 dB bandwidth of 56.87 pm is measured with a SNR of 52.08 dB. Close-up views of the 

generated laser lines are shown in Figs. 9(d) and (e).  

 

Fig. 9. (a) Dual-wavelength emission with 3.71 W pump power (black line) and output spectrum recorded at 0.10 mm of 

mount displacement for the tapered MMI filter (red line). (b) Monitoring of dual-wavelength emission variations 

(wavelength and peak spectral power). (c) Spectral evolution. Zoom-in of the generated laser linewidths corresponding to 

(c) 1997.94 nm and (d) 2032.15 nm. 

 
The proposed scheme also allows switchable operation in dual-wavelength condition by controlling the 

polarization state into the cavity. Fig. 10(a) shows the switched laser line from dual to single operation at 

2031.26 nm, where a peak spectral power of −16.31 dBm is observed. The efficiency was estimated to be around 

0.41 %, as depicted in the inset. The stability in terms of the peak spectral power, output power and wavelength 

is shown in Fig. 10(b), where variations of up to 0.59 dBm, 0.12 mW and 6 pm were measured over a time 

span of 60 minutes. Fig. 10(c) depicts the corresponding evolution of the single-wavelength emission at 2031.26 

nm. Fig. 10(d) illustrates the switching behavior, suppressing the laser line at 2031.26 nm and emerging the 

laser emission centered around 1997 nm, where a peak spectral power of −19.09 dBm is observed. A close-up 

view of this laser emission reveals a close spacing (⁓ 0.6 nm) triple-wavelength generation at 1996.06 nm, 

1996.50 nm and 1997.29 nm. The efficiency for these laser lines was around 0.35 %, as shown in the inset. The 

recorded variations in peak spectral power and wavelength are presented in Fig. 10(e), these were measured as 

0.33, 2.91 and 0.21 dBm and 5, 50 and 5 pm for the set of wavelengths of 1996.06 nm, 1996.50 nm and 

1997.29 nm, respectively. The corresponding spectral evolution for the triple-wavelength emission is shown in 

Fig. 10(f), where a zoom-in view to observe the laser lines is presented in the inset.  



 

Fig. 10. Switching of dual-wavelength emission with 3.71 W of pump power and 0.10 mm of micrometric displacement. 

Single-wavelength operation at (a) 2031.26 nm and laser emission centered around (d) 1997.29 nm, where a triple-

wavelength emission is observed. The inset includes the output power versus pump power. Laser stabilities recorded over 

a time span of 60 minutes for (b) 2031.26 nm and (e) the set of triple-wavelength emissions. Corresponding spectral 

evolution for (c) laser line at 2031.26 nm and (f) the set of laser emissions centered at 1997.29 nm, where a zoom-in view 

of the triple-wavelength emission is presented in the inset. 

Compared to recently reported fiber lasers based on MMI structures [30-33], see Table 1. It is worth highlighting 

the capacity of the present scheme to provide a direct interaction with the surrounding medium, which is 

achieved via the coreless fiber, potentiating its performance as a sensor device. In addition, our approach 

improves the size of the MMI structure, reporting the minimum length of 18 mm by the inclusion of a tapered 

MMI filter. Beside these benefits, our proposal provides a tight control over the cavity parameters, enabling 

improvements on switching, single-, dual- or triple-wavelength emissions as a function of pump power, 

intracavity polarization state, and filter bending, making our laser system robust and functional. These 

experimental results, to the best of our knowledge, can be considered between the best results demonstrating 

multi-wavelength emission in the 2-m band by using a fiber-based multi-mode interferometric device. 

 

Reference 
Length of the 

MMI filter 

Multimode Fiber 

   Core       Cladding 

Operation 

wavelength 
Losses 

Switching 

mechanism 

30 
49.61 mm NA 

125 m 
1812.75 nm 76% Liquid 

concentration 48.07 mm NA 1871.75 nm 67% 

31 
50 mm 

105 m 125 m 2 m 6 dB Pump power 
200 mm 

32 24 mm 62.5 m 125 m 1900 nm 8 dB  PC and strain 

33 127.1 mm NA 200 m 1812.74 nm 4.44 dB Liquid level 

This work - 

non tapered 

structure 

43 mm NA 125 m 2 m 12.60 dB 
Pump power, 

PC, bending 

This work - 

tapered 

structure 

18 mm NA 125 m 2 m 8.74 dB 
Pump power, 

PC, bending 

 

Table. 1. Comparison of the laser performance with recently reported fiber lasers based on MMI structures [30-33]. 



5. Conclusion 

Stable multi-wavelength and switchable laser emission from a thulium-doped all-fiber laser based on two 

different types of MMI structures is demonstrated. The operation of the MMI filter relies on the induced 

curvature when applying a micrometric displacement on the linear translation stage mount. As a result of 

curvature, the MMI spectral response is blue shifted, allowing fine tuning of the filter response in the 2-micron 

wavelength region. The MMI operation is analyzed considering a tapered and non-tapered filter configurations, 

which in each case are composed of a SMF-COF-SMF arrangement. Using a non-tapered MMI filter, 

commutable dual-wavelength operation with a narrow bandwidth of ~50 pm, signal-to-noise ratio (SNR) over 

50 dB, and maximum output power of 13.35 mW is achieved at 1986.34 nm and 2017.38 nm. For the tapered 

case, a minimum insertion loss of 8 dB is obtained in the 2-micron spectral band, and laser operation with 

single-, dual-, and triple-wavelength emissions are achieved with characteristics of narrow linewidth (50 pm) 

and high SNR (~60 dB) at the wavelengths of 1995.41 nm, 2013.27 nm and 2038.32 nm, respectively. A 

temporal analysis of the laser output reveals that pulsed light emission was not generated in our setup. Compared 

with similar reported TDFLs that include a MMI filter, our scheme is easily reproducible, preserves the 

simplicity and robustness of all-fiber arrangements and could be considered a reliable fiber-optic source that 

provides a high degree of repeatability.  
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