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Abstract

:

This paper presents a tunable, switchable multi-wavelength emission from an erbium-doped fiber ring laser, enabled by adjusting the spectral fringe visibility of a fiber interferometer filter. The filter is formed with specially designed concatenated tapered fibers to configure a Mach-Zehnder fiber interferometer (MZFI). The laser emission is highly flexible and reconfigurable, allowing for tuning between single- and dual-wavelength operation. The laser can switch sequentially from one up to six wavelengths by fixing the curvature and adjusting the polarization state. The lasing emission is generated over a stable wavelength range between 1559.59 nm and 1563.54 nm, exhibiting an optical signal-to-noise ratio (OSNR) exceeding ~35 dB. The performance of amplitude and wavelength fluctuations were evaluated, indicating an appropriate stability of ~3 dB and a shift less than 0.1 nm within a 45 min period at room temperature. A detailed comparison with the literature is given.
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1. Introduction


Recently, considerable work has been done employing Mach-Zehnder fiber interferometers (MZFIs) based on two concatenated optical fiber tapers, which have been developed to enhance the lasing performance and functionalities in fiber laser systems. The filter operates by interfering with core and cladding modes. In the first taper, the core mode couples to higher-order cladding modes, acquiring a phase delay due to refractive index differences. The second taper reintroduces the cladding mode, forming a comb-like spectral pattern [1,2]. Typically, the MZFI is included as an intra-cavity filter in a fiber ring laser configuration. The tailorable filtering properties of MZFIs are explored in various forms. The first publication that employs an MZFI by concatenating two abrupt tapers separated by a section of SMF to demonstrate a tunable fiber laser was reported by X. Wang et al. in 2010 [3]. The tapers were fixed on positioning stages in that experiment, and adjustable bending was applied to the first taper. The amplified spontaneous emission of an erbium-doped fiber amplifier (EDFA) was reshaped into a comb-like transmission spectrum, and only higher-intensity peaks were amplified. As the taper’s bending angle was increased, the lasing wavelength decreased consistently, tuning within the ~1550–1605 nm wavelength range. Pursuing this tendency, the same group reported the impact and optimization of the waist diameter of tapered fibers and filter loss in an erbium-doped fiber ring laser (EDFRL), achieving a step-tunable performance from 1547.3 nm to 1563.4 nm [4].



Spectral features depend on taper dimensions and separation length. In this way, fiber spectral manipulation and laser wavelength performance rely, among other factors, on the variable that tunes the fiber filter, i.e., bending, strain, twist, or change in the external refractive index. For example, bending induces stress, thereby altering the effective refractive index of the interacting core and cladding modes and the geometrical dimensions influencing spectral transmission. Changes in the surrounding media also impact the filter’s effective refractive index of the modes supported by the fiber structure. These factors have been utilized to demonstrate improved fiber lasers. For example, an EDFRL with a modified surrounding refractive index of the MZFI was reported in [5]. This modification involved gradually heating a glycerol solution to change the refractive index, achieving a wavelength tuning of 12 nm. A study in [6] also explored the immersion of an MZFI in combination with a fiber Bragg grating for a liquid-level fiber laser sensor, resulting in dual-wavelength modulation.



Conversely, switchable multi-wavelength lasers can be developed by leveraging the comb-like transmission spectrum. For instance, as described in Ref. [7], the realization of switchable multi-wavelength laser emission was successfully demonstrated by implementing a displacement S-bent MZFI configuration. This led to the simultaneous generation of four laser lines within an erbium ring cavity. Additionally, a tunable dual-laser emission spanning a range from 1520 nm to 1530 nm has been documented utilizing dual tapering of a 3 m section of Er-doped fiber [8] or a dual-wavelength single longitudinal mode from 1550 nm to 1554 nm EDFRL with Rayleigh backscattering assistance [9], and the use of mechanically bent in-line tapered MZFI to serve as a variable attenuator for dual wavelengths (1546.23 nm and 1554.76 nm) in an EDFRL [10].



Proposed experimental configurations also offer the capability for wavelength selectivity by tuning or generating multi-wavelength emissions ranging from ~1528 nm to 1562 nm. The proceeding was realized by superimposing two discrete free spectral ranges (FSR) and modifying the curvature of two MZFIs with dissimilar lengths between tapers connected in series [11]. In another approach, the application of external perturbations involving simultaneous changes in curvature and external refractive index directly affects the MZFI succeeding the adjustment of the FSR, extending the multi-wavelength emission in the C band (from ~1544.66 nm–1565.72 nm to ~1530.62nm–1565 nm) [12].



In works regarded with Ytterbium-doped fiber lasers, tunable dual-wavelength emission was performed with the aid of the MZFI and careful adjustments on the polarization states in the ring cavity [13], or applying tension or strain on the MZFI; spectral shifting was performed due to the adjustment of the birefringence within the Ytterbium ring cavity. This demonstrated a highly stable set of spacing tunable dual-wavelength emissions [14].



Alternatively, diverse setup configurations were designed to produce adjustable, tunable spacing dual-wavelength in EDFRLs, wherein the MZFI was driven by an acoustic transductor, as detailed in [15,16,17]. The versatility of integrating MZFI features with various wavelength-dependent fiber optic devices enhances the capability to control and manipulate laser wavelengths. Among the methods frequently utilized is the addition of a polarization controller (PC) to adjust the polarization state of light. This serves as an additional wavelength-dependent loss mechanism, enhancing the tunability and stability of the lasing wavelengths. In this aspect, experiments where the combination of the MZFI and the fine-tuning of the P.C. were implemented, and they reported the different configurations allow up to triple lasing wavelength with high wavelength stability and amplitude [18,19,20,21,22], and also for up to quadruple lasing wavelengths in thulium fiber lasers [23].



This work demonstrates a tunable and switchable multi-wavelength EDFRL progressing sequentially from single-wavelength to sextuple-wavelength emission. This is achieved using an MZFI as an intra-cavity filter which is formed by a pair of concatenated fiber tapers. Applying curvature to the MZFI increases spectral fringe visibility, allowing precise control over the tunable and multi-wavelength emissions through adjustments to both the curvature and polarization state. The laser oscillation can be tuned from 1563.705 nm to 1558.05 nm, while four sets of switchable dual-wavelength emissions are attainable at 1543.21 nm and 1563.66 nm. Additionally, switchable emissions from single up to six wavelengths between 1559.59 and 1563.54 nm exhibit an optical signal-to-noise ratio of 38 dB. The system demonstrates stability, with amplitude variations of less than ~3 dB for most lasing wavelengths. This approach provides a versatile and cost-effective method to achieve tunable multi-wavelength laser oscillation by utilizing intra-cavity wavelength-dependent loss elements.




2. Experimental Setup


Figure 1 shows the experimental setup of the proposed tunable and switchable multi-wavelength EDFRL. Here, the gain medium is provided by 3 m of erbium-doped fiber with a large mode area (LIEKKI Er16-8/125), pumped with a pigtailed laser diode (L.D.) emitting at a central wavelength of 975 nm through a 980/1550 nm wavelength division multiplexer (WDM). A 3-paddle polarization controller (PC) is fusion spliced at the end of the erbium-doped fiber to adjust the polarization state. An optical coupler extracts 30% of the total light from the cavity and is processed with an optical spectrum analyzer (OSA Anritsu 9740A). The remaining 70% of the light is recirculated within the ring cavity. The MZFI is fusion spliced between the P.C. and the input port of the output coupler. Finally, an isolator is used to maintain unidirectional laser propagation.



The MZFI operates based on the interference between the core and cladding modes, as shown in Figure 2a. In the first taper transition, the fundamental core mode transfers energy to high-order cladding modes, acquiring a phase difference while traveling through the region between tapers. Then, the energy is recoupled in the second taper transition and interacts with the core mode, creating an output spectra interference pattern. The proposed MZFI device comprises two equal quasi-abrupt concatenated tapered fiber sections fabricated from SMF-28 fiber using a GPX 3400 Vytran processing system. A crucial aspect of achieving optimal spectral characteristics and performance of the MZFI lies in the geometrical dimensions of each tapered section, described as follows: 2 mm transition length (T.L.), 1 mm waist length (W.L.), 60 µm waist diameter (W.D.), and 10 cm separation length (L) between tapers, as depicted in Figure 2a. The diameter is crucial for spectral positioning, the transition length affects the interference band size, and the waist length influences visibility, while the taper separation determines the fringe period as described in [24].



Consequently, the MZFI was optimized to operate in the 1400–1600 nm range to interact with the Erbium ASE band. The filter undergoes controlled curvature to adjust the output spectral characteristics of the MZFI. The setup for applying curvature is depicted in Figure 2b, where the interferometer is positioned in a thin metallic strip and secured between two translation stages—one fixed, and the other capable of being displaced by a maximum of 2.54 cm—with a total separation of 30.5 cm.




3. MZFI Performance


The spectral response of the MZFI under controlled curvature conditions was measured using amplified spontaneous emission (ASE) from the erbium-doped fiber as the input light source before implementing the laser cavity. Figure 3 shows the baseline ASE spectrum (black line) and reshaped ASE (red line) obtained with the MZFI maintained straight (no curvature added). The reshaped ASE spectrum exhibits a weak comb-like shape from 1540 nm to 1560 nm. This phenomenon is due to the weak higher-order coupling modes resulting from the geometrical dimensions of the MZFI and the adiabaticity criteria (quasi-abrupt tapers) in the fabrication process [24]. The adiabaticity criteria define the gradual transition of fiber diameter in tapered structures, light mode propagation and coupling to higher-order modes. Quasi-abrupt tapers feature a slow tapering transition length that allows for weak higher-order coupling modes without significant energy loss.



Additionally, waist length, waist diameter, and separation taper length impact the comb-like spectrum’s fringe visibility, spectral positioning, and free spectral range, necessitating a trade-off to achieve optimal light transmission and spectral characteristics. As the applied curvature increases, the stress induces a modification in the refractive index profile via the elasto-optic effect, which reconfigures the spectral characteristics of the MZFI [25]. Consequently, according to [25], increased fringe visibility is expected to result in greater interference peaks and more defined comb shapes, highly desirable characteristics in multi-wavelength fiber lasers. The measured insertion loss of the MZFI was about ~1 dB. By closing the ring laser cavity and increasing the pump power to 40.5 mW, a single laser wavelength was stabilized at 1563.705 nm, reaching an OSNR of approximately 45 dB, as depicted by the blue line in Figure 3.



The controlled curvature was applied by displacing the translation stage in steps of approximately 1.27 mm. The curvature is inversely related to the bending radius and can be calculated using the expression [26]:   C =    1   R    =     24 x   (   L   0     − x )   3        , where L0 represents the initial distance between the two mounts, x denotes the linear displacement of the translation stage, R is the bending radius, and C is the curvature in units of m−1. Figure 4a depicts the modified ASE spectral transmission of the MZFI under different applied curvature levels (from 0 m−1 to 2.93 m−1). As can be observed, a more defined comb-like spectral modulation is achieved by increasing the curvature, which strengthens the depth of the attenuation bands (increasing fringe visibility) and furthermore induces a wavelength shift. This detailed spectral response is shown in the inset of Figure 4b between the wavelengths of 1541 nm and 1560 nm. The same behavior occurs in all ASE spectra, but it is less apparent due to the peak shape between 1520 nm and 1540 nm and the marked intensity decrease beyond 1560 nm, resulting from the unique fluorescence emission of erbium-doped fiber (EDF). The measured free spectral range (FSR) is about 5 nm (inset Figure 4b) and remains relatively stable due to fiber curvature. In this context, the FSR mainly depends on the separation length between the tapers; a longer distance L results in a narrower FSR.



It is crucial to characterize aspects such as the wavelength shift and fringe visibility in response to applied curvature. A blue shift is observed as the curvature is applied by selecting and monitoring the peak at 1555.8 nm (corresponding to 0 m−1). The MZFI achieves a total wavelength shift of approximately 12 nm, as depicted by the black line in Figure 5. This behavior is highly advantageous for the generation of tunable and switchable multi-wavelength fiber emissions.



Fringe visibility, on the other hand, is a measure of the contrast between the interference quality patterns for interferometric systems. The visibility was determined using the established expression   V =      I   m a x   −   I   m i n       I   m a x   +   I   m i n       , where Imax and Imin are the maximum and minimum intensities of the comb-like transmission output spectra [27]. The red line in Figure 5 shows that fringe visibility increases with curvature, reaching a maximum value of 0.56. This trend reflects the nonlinear relationship between curvature and fringe visibility. Specifically, the visibility rises as curvature increases, indicating an enhanced mode coupling efficiency. However, this effect is not linear, as fringe visibility can both increase and decrease with varying curvature values. This behavior stems from the complex interplay between curvature-induced stress and its impact on the effective refractive index, which affects the mode coupling efficiency.



Fringe visibility plays a crucial role in the performance of fiber lasers. An increase in fringe visibility leads to a more defined interference pattern, enhancing the laser cavity’s feedback mechanism. This improvement directly influences key parameters like the OSNR and the side mode suppression ratio (SMSR), as a stronger interference pattern helps amplify the desired signal wavelengths while suppressing noise and unwanted side modes. Consequently, this enhanced control over the laser’s feedback facilitates the generation of multi-wavelength, switchable, or tunable lasers with greater stability and precision.




4. Tunable and Switchable Performance


Following the evaluation of the filter performance, the ring cavity was closed and the pump power was adjusted to 50.6 mW; single-wavelength laser oscillation at 1563.705 nm was achieved (refer to Figure 3).



The fiber laser performance was evaluated by increasing the curvature level of the MZFI from 0 m−1 to 2.79 m−1. During the process, distinct output laser characteristics were observed, including tunable single-wavelength, dual-switchable, and switchable multi-wavelength emissions with up to six wavelengths. Figure 6 displays the tunable single emission ranging from 1563.705 nm to 1558.05 nm when the curvature is gradually increased from 0 m−1 to 1.97 m−1, resulting in a maximum tunable range of 5.65 nm. The measured OSNR is about 55 dB for most of the lasing wavelengths, while the amplitude power difference of each wavelength is less than 1.6 dB.



In contrast, four sets of switchable dual-wavelength emissions were generated between 1543.21 nm and 1563.66 nm for curvatures of 1.53 m−1, 2.33 m−1, 2.5 m−1, and 2.75 m−1, as depicted in Figure 7. The wavelength separations were as follows: 4.59 nm for 1.53 m−1 (1559.07 nm and 1563.66 nm, Figure 7a), 6.07 nm for 2.33 m−1 (1543.21 nm and 1549.287 nm, Figure 7b), 5.05 nm for 2.5 m−1 (1554.61 nm and 1559.667 nm, Figure 7c), and 5.01 nm for 2.75 m−1 (1556.8 nm and 1561.877 nm, Figure 7d). These lasing wavelengths demonstrated an optical signal-to-noise ratio (OSNR) above 40 dB.



The curvature was carefully increased to 2.363 m−1 to induce switchable multi-wavelength laser emission. This adjustment caused the lasing line to exhibit a slight blue shift, resulting in a single wavelength centered at 1562.22 nm with an amplitude of 38.4 dB, as illustrated in Figure 8a. From the figure, the optical spectrum in the range of 1558 nm to 1567 nm exhibits a slight comb-like pattern with a flattened profile at the upper portion. This effect, resulting from the MZFI being subjected to curvature, leads to a flattened gain profile of the erbium-doped fiber, thereby promoting mode competition and allowing multiple longitudinal modes to oscillate simultaneously. These adjacent modes, observable in both directions relative to the actual laser emission, can be further amplified to generate more laser lines by precisely controlling the polarization states and the curvature applied to the MZFI.



By maintaining the current curvature and adjusting the polarization state via P.C., switchable multi-wavelength laser emission was realized, resulting in the sequential production of laser lines. Dual-wavelength (1562.22–1562.875 nm), triple-wavelength (1560.175–1562.22–1562.88 nm) and quadruple-wavelength (1560.85–1561.51–1562.26–1562.86 nm) emissions were obtained, as shown in Figure 8b,c and Figure 9a, with an OSNR of 35.7 dB, 35 dB, 34.9 dB, respectively.



To excite and amplify additional adjacent modes beyond the quadruple-wavelength laser emission, the curvature was slightly adjusted to 2.417 m−1. This adjustment resulted in a slight gain flattening across the spectral range of the multi-wavelength emission.



As depicted in Figure 9b,c, when combined with a gradual adjustment of the polarization state, this change facilitated the generation of five-wavelength (1559.59–1560.91–1561.58–1562.93–1563.61 nm) and six-wavelength (1560.25–1560.97–1561.63–1562.29–1562.98–1563.64 nm) laser oscillations with OSNR of 35 dB.



The FSR between adjacent laser lines was measured to be approximately 0.66 nm. The maximum spectral distance achieved between laser lines was about 4.05 nm.



Ensuring the stability of multi-wavelength laser emission is crucial for consistent performance across various applications. Stability characterization is essential for evaluating how the laser is affected by environmental conditions, which is critical to maintaining the integrity of the laser system and ensuring that outputs are consistently reliable and repeatable. For a detailed assessment of amplitude and wavelength stability, nine sequential scans of the lasing spectra were conducted at 5 min intervals, comprehensively covering all the obtained multi-wavelength spectra.



Figure 10 illustrates the spectral distribution stability of a single laser oscillation at 1562.22 nm, showing high-intensity uniformity across the spectrum. Figure 10b shows a maximum wavelength shift of 0.01 nm, while Figure 10c presents output power fluctuations of less than 0.12 dB, reflecting consistent power.



Figure 11a presents the power spectrum of the dual-wavelength laser. The lasing lines centered at approximately 1562.22 nm and 1562.875 nm exhibit a wavelength shift of approximately 0.07 nm, as observed in Figure 11b. Figure 11c illustrates the power fluctuations of the two lasing lines, with maximum values of 1.11 dB and 0.25 dB, respectively.



Figure 12 presents the power stability characteristics exhibited by the triple-wavelength laser system. An evaluation of the 1560.182 nm laser line reveals a maximum wavelength shift of 0.07 nm (Figure 12b) and a maximum amplitude fluctuation of 0.51 dB (Figure 12c). It is important to note that the remaining wavelengths in the triple-wavelength configuration demonstrated power stability levels exceeding the measurement parameters, indicating superior performance for those specific lines.



Additionally, the stability of the four-wavelength emission is presented in Figure 13. In this case, the maximum wavelength shift is approximately 0.022 nm for the wavelength at 1562.83 nm, indicated by the blue line with triangular markers in Figure 13b. This wavelength also exhibits the most considerable fluctuation in power, with a maximum variation of 3 dB, as shown in Figure 13c.



For the following quintuple-wavelength and sextuple-wavelength stability analyses, as shown in Figure 14 and Figure 15, the maximum wavelength shift of 0.07 nm was estimated at 1562.93 nm (indicated by the pink dotted line in Figure 14b). The maximum amplitude deviation recorded was 1.7 dB for the wavelength of 1561.58 nm, as depicted in Figure 14c. For the sextuple-wavelength configuration, the wavelength shift was effectively negligible, while a maximum power fluctuation of 2.71 dB was noted at the wavelength of 1562.98 nm, as illustrated in Figure 15b and Figure 15c, respectively.



Overall, these results highlight a notable stability as the number of lasing wavelengths increases, demonstrating the effectiveness of this approach in improving the performance and reliability of the switchable multi-wavelength laser system. The observed stability underscores the system’s robustness, reflecting its ability to maintain consistent operation across a broad lasing spectral range.




5. Discussion


The observed ability to tune the laser, produce switchable dual wavelengths, and sequentially switch between multiple wavelengths is due to the combined effects of the MZFI’s spectral shaping, the EDF gain dynamics, and intracavity polarization control. The MZFI generates a comb-like spectrum through periodic phase shifts and interference resulting from the designed geometry and changes in the effective refractive index of the coupled light modes due to the elasto-optic effect produced by inducing curvature. As curvature increases, these modifications make a series of spectral peaks corresponding to resonance conditions for specific wavelengths. Figure 4 and Figure 5 illustrate that increased curvature enhances the prominence of the comb-like spectrum, improves fringe visibility, and causes observable wavelength shifts, indicating the system’s sensitivity to curvature changes. Minor variations in visibility or wavelength shifts can redistribute the EDF gain profile, preferentially enhancing laser oscillation and stabilization at the comb peaks. At relatively low curvatures (Figure 6), while fringe visibility is still insufficient for multi-wavelength oscillation, spectral shifts still occur, resulting in a single wavelength tuning by 5.65 nm with an optical OSNR above 50 dB. At higher curvature levels, there is a notable increase in fringe visibility, with the switchable dual-wavelength emission feature becoming evident in the 1543.21 nm and 1563.66 nm range (Figure 7) with an OSNR exceeding 40 dB. The increased curvature refines the spectral comb pattern and adjusts the gain profile, supporting the dual-wavelength operation and improving laser performance.



The switchable multi-wavelength performance is caused when the curvature is adjusted at 2.363 m−1, producing a comb-like output showing a flattened profile. This effect is clearly comparable with the profile at 2.31 m−1 from Figure 4b (pink line), where the comb-like spectrum is reduced (visibility of 0.35), leading to consistent gain across the spectral lasing peak (see Figure 8a). The reduction in visibility likely indicates a more uniform distribution of the optical power across the spectrum. This condition promotes strong mode competition within the laser cavity, causing side modes to oscillate as the gain flattening equalizes the lasing conditions for multiple wavelengths. Simultaneously, by fine-tuning the polarization state, the side modes experience more favorable conditions for amplification by receiving sufficient gain to exceed the lasing threshold, resulting in the excitation of additional lasing wavelengths to be selected sequentially. The demonstrated stability of this configuration highlights its suitability for advanced multi-wavelength laser systems, meeting rigorous performance benchmarks.



Stability is essential for reliable operation, validating system performance, and ensuring consistent output in practical applications. Several external factors can significantly influence stability variations. Small mechanical vibrations arising from the manipulation of setup components can disrupt stability. Temperature fluctuations in the surrounding medium of the tapered region can induce thermal expansion, altering the path length of the MZFI, and the effect of humidity can affect their refractive index and transmission properties. Furthermore, fluctuations in pump power can contribute to these instabilities, affecting the system’s overall performance. The approach’s robustness and adaptability confirm its effectiveness, making it a superior choice for high-performance laser systems and paving the way for future advancements.



Our proposal leverages the simplicity, relatively low cost, and versatility of a single intra-cavity filter with comb-like spectral features for tunable and multi-wavelength emission. This approach offers significant advantages over complex, hard-to-manufacture systems. For example, a two-mode fiber section spliced between SMF segments requires long nonlinear fiber (120 m) or SMF (3 km) to generate up to 10 lasing wavelengths with relatively high power fluctuations [28]. Other methods, like triple-core photonic crystal fiber or cascaded LPFGs, achieve fewer switchable wavelengths [29] and limited tunability due to the spectral finesse [30]. Twin photonic crystal fiber filters can achieve SMSRs above 57 dB for single-wavelength and 40 dB for multi-wavelength emission, though stability fluctuations reach 8.09 dB [31]. The SMF-SCF-SMF structure with enlarged splices allows tunable and multi-wavelength features via temperature, curvature, and polarization perturbations [32]. However, cross-sensitivities may affect output performance. Asymmetric LPFG demonstrates switchable multi-wavelength performance up to six wavelengths sequentially, comparable to the performance achieved in our research, but with larger output power variations of up to 6 dB [33]. The MMF-PMF-MMF filter induces the PHB effect for tunable single to sextuple wavelengths, requiring modification of the cavity by adding a Sagnac filter, complicating the design [34]. Our results demonstrate comparable or superior performance to previous studies, achieving superior stability with less complicated and relatively low-cost filters. Enhanced wavelength performance, characterized by precise tuning and minimal drift, makes this design an efficient and reliable solution for various practical applications. Compared to more complex designs, our approach offers significant advantages in terms of stability, performance, and cost-effectiveness.



Finally, a comparative analysis of the tunable, switchable multi-wavelength fiber laser versus those utilizing concatenated tapered fibers and other structures is presented and summarized in Table 1. The study covers key aspects such as fiber filter structures, operational wavelengths, performance metrics, side-mode suppression ratios, and stability, highlighting significant differences and advantages. This examination emphasizes the impact of these factors on optimizing laser functionality and performance.




6. Conclusions


In conclusion, this study successfully implements a tunable and switchable multi-wavelength erbium-doped fiber ring laser (EDFRL) based on an MZFI formed with a pair of tapered fibers. The system allows wavelength-switching from a single wavelength to up to six wavelengths by adjusting the fringe visibility of the MZFI and the polarization state, covering a spectral range from 1543.21 nm to 1563.705 nm. Our results show that the laser exhibits excellent power stability, with fluctuations typically less than 3 dB and some wavelengths showing variations of less than 0.7 dB at room temperature. The simplicity and low cost of the fabrication process offer significant advantages over more complex systems. Additionally, the performance and stability of our design are competitive and, in many aspects, align with those reported in the literature.
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Figure 1. Experimental erbium-doped fiber ring laser cavity setup for tunable and multi-wavelength emission. 
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Figure 2. (a) MZFI structure formed with a pair of tapered sections fabricated on SMF-28, (b) displacement mechanism to used induce curvature in the MZFI. 
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Figure 3. ASE spectrum as the light source from the EDF (black line) and the modified spectrum after passing through the MZFI (red line). The laser oscillation at 1563.07 nm is shown by the blue line. 
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Figure 4. (a) The progressive modification of ASE spectrum with increasing curvature applied to the MZFI, (b) an inset in the range of 1541 to 1560 nm demonstrates an FSR of 5 nm. 
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Figure 5. The wavelength shifts as a function of curvature (0 m−1 to 2.93 m−1) and the variation of the measured fringe visibility. 
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Figure 6. Tunable single laser wavelength between 1563.705 nm to 1558.05 nm for the curvatures from 0 m−1 to 2.79 m−1. 
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Figure 7. (a). Switchable dual-wavelength emissions generated at curvatures of 1.53 m−1 with 1559.07 nm and 1563.66 nm, (b) 2.33 m−1 with 1543.21 nm and 1549.287 nm, (c) 2.5 m−1 with 1554.61 nm and 1559.667 nm, (d) 2.75 m−1 with 1556.8 nm and 1561.877 nm. 
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Figure 8. (a) Single-wavelength oscillation at 1562.22 nm, (b) dual-wavelength oscillation (1562.22–1562.875 nm), (c) triple-wavelength oscillation (1560.175–1562.22–1562.88 nm). 
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Figure 9. (a) Quadruple-wavelength emission (1560.85–1561.51–1562.26–1562.86 nm), (b) quintuple-wavelength emission (1559.59–1560.91–1561.58–1562.93–1563.61 nm), and (c) sextuple-wavelength emission (1560.25–1560.97–1561.63–1562.29–1562.98–1563.64 nm). 
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Figure 10. (a) Spectral distribution stability of a single laser oscillation at 1562.22 nm, with high-intensity uniformity across the spectrum, (b) a maximum wavelength shift of 0.01 nm, and (c) output power fluctuations of less than 0.12 dB. 
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Figure 11. (a). Stability of the dual-wavelength laser oscillation at 1562.22–1562.785 nm with uniform intensity, (b) a maximum wavelength shift of 0.07 nm, and (c) output power fluctuations of less than 0.25 dB. 
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Figure 12. (a) Power stability of the triple-wavelength laser system, (b) maximum wavelength shift of 0.07 nm, and (c) maximum amplitude fluctuation of 0.51dB for the 1562.88 nm line. 
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Figure 13. (a) Power stability of the quadruple-wavelength laser system, (b) maximum wavelength shift of 0.22 nm, and (c) maximum amplitude fluctuation of 3 dB for the 1562.83 nm line. 
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Figure 14. (a) Power stability of the quintuple-wavelength laser system, (b) maximum wavelength shift of 0.07 nm, and (c) maximum amplitude fluctuation of 1.7 dB for the 1561.58 nm line. 






Figure 14. (a) Power stability of the quintuple-wavelength laser system, (b) maximum wavelength shift of 0.07 nm, and (c) maximum amplitude fluctuation of 1.7 dB for the 1561.58 nm line.



[image: Applsci 14 09846 g014]







[image: Applsci 14 09846 g015] 





Figure 15. (a) Power stability of the sextuple-wavelength laser system, (b) negligible wavelength shift, and (c) maximum amplitude fluctuation of 2.71 dB for the 1562.98 nm line. 
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Table 1. Comparative analysis of tunable, switchable multi-wavelength fiber lasers with concatenated tapered fibers and other structures, highlighting key parameters such as filter configurations, wavelengths, performance, side-mode suppression, and stability.
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	Ref
	Filter Type
	Laser Performance
	Laser Lines
	Wavelength Operation
	SMSR
	Power Fluctuation
	Wavelength Fluctuations
	Control





	This work
	MZFI pair of concatenated tapered fibers
	Tunable single/switchable M.W.
	6
	1543.21–1563.705nm
	40 dB
	3 dB
	0.07 nm
	Curvature Polarization



	[17]
	AO-MZI taper-shaped sandwich-like fiber
	Tunable/switchable dual W
	2
	1563.82–1569.16 nm
	40 dB
	3 dB
	0.02 nm
	Acousto-optic



	[20]
	Two-taper MZFI
	Switchable M.W.
	3
	1557.2–1570.2 nm
	33.72 dB
	2.482 dB
	—
	Polarization



	[21]
	Dual biconical fiber taper
	Switchable M.W.
	3
	1978.8–1991.8 nm
	30 dB
	4.73 dB
	Negligible
	Polarization



	[22]
	IFMZI based on ABTF
	Switchable M.W.
	3
	1558.36–1562.36 nm
	51.1 dB
	1.64 dB
	0.76 nm
	Polarization



	[23]
	Two-taper fiber
	Tunable single/switchable M.W.
	6
	1952.06–1975.62 nm
	31.87 dB
	0.9 dB
	0.3 nm
	Polarization



	[28]
	TMF core offset structure
	Switchable M.W.
	10
	1550.56–1553.77 nm
	30 dB
	3.82 dB
	0.01 nm
	Polarization



	[29]
	TCPCF and MMF segment
	Tunable single/switchable M.W.
	3
	1540.32–1568.9 nm
	50 dB
	0.96 dB
	0.06 nm
	Strain

Polarization



	[30]
	Cascaded FBG
	Switchable M.W.
	4
	1550–1562 nm
	47 dB
	0.966 dB
	0.044 nm
	Polarization



	[31]
	TCPCF and SLF
	Tunable single/tunable switchable W.M.
	3
	1531–1568.5 nm
	40 dB
	8.09 dB
	0.09 nm
	Bending

Polarization



	[32]
	MZI based on SCF and waist enlarged
	Tunable single/switchable M.W.
	3
	1539.36–159.63 nm
	51 dB
	1.344 dB
	0.1479 nm
	Temperature

Curvature

Polarization



	[33]
	Asymmetrically LPFG
	Switchable M.W.
	6
	1546–1553 nm
	38.02 dB
	6.9 dB
	0.28 nm
	Curvature



	[34]
	MMF–PMF–MMF
	Switchable M.W.
	6
	1528.73–1560.99 nm
	41 dB
	0.1 dB
	0.15 nm
	Polarization



	[35]
	MZFI two waist enlarged bi-taper
	Tunable singe/switchable M.W.
	3
	1554.4–1563.5 nm
	30 dB
	0.59 dB
	—
	Polarization



	[36]
	MZI based on two-taper
	Tunable/switchable W.M.
	4
	1527–1563 nm
	15 dB
	2.98 dB
	0.71 nm
	Curvature



	[37]
	MZI and S.I. bi-tapered PMFs
	Switchable M.W.
	3
	1530.1–1560.8 nm
	42.2 dB
	Not reported
	Not reported
	Polarization



	[38]
	MZFI bi-tapered PFMs
	Q-switched/switchable M.W.
	4
	1529.8–1532.9 nm
	34.9 dB
	—
	—
	Polarization



	[39]
	FPI and MZFI
	Switchable M.W.
	4
	1525-1534 nm
	30 dB
	1.2 dB
	0.05 nm
	Curvature



	[40]
	Sagngac and Lyot filters
	Tunable/switchable M.W.
	7
	1530–1560 nm
	40 dB
	3 dB
	0.4 nm
	Polarization



	[41]
	Core offset MZI based on NZ-DSF
	Switchable M.W.
	3
	1546–1564 nm
	56 dB
	2.2 dB
	0.02 nm
	Polarization



	[42]
	Core offset ACMZFI
	Tunable single/switchable M.W.
	3
	1557–1562.32 nm
	55 dB
	5 dB
	0.02 nm
	Temperature

Polarization



	[43]
	SE-HSOFF
	Switchable/tunable M.W.
	4
	1526.2–1556.3 nm
	30 dB
	1.93 dB
	0.1 nm
	Polarization



	[44]
	PSBG and MZI
	Tunable/switchable M.W.
	4
	1527–1550 nm
	50 dB
	Not reported
	0.025 nm
	Optical attenuation

Temperature

Strain
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