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A B S T R A C T   

In this paper, a narrow spectral linewidth and wavelength-tunable erbium-doped fiber laser based on a Mach- 
Zehnder interferometer (MZI) as a filter is proposed and experimentally demonstrated. The filter is fabricated 
by splicing a short length of capillary hollow-core fiber (CHCF) between two small sections of multimode fibers 
(MMF). The interference pattern generated by the filter has a free spectral range of 10.5 nm and a maximum 
extinction ratio of 36 dB at 1560 nm. Then, by incorporating the filter inside a ring cavity laser, a single laser 
emission centered at 1566.46 nm with a spectral width around 0.03 nm and a high SNR of 66 dB (also has a 
SMSR of 53 dB) is obtained. By changing the temperature of the filter, the wavelength emission of the laser can 
be tuned from 1566.46 to 1570.09 nm. Considering that the fabrication process of the filter is relatively simple 
and can be easily implemented in an EDFL, we strongly believe that it can have a great deal of interest in telecom 
applications.   

1. Introduction 

For several years, significant effort has been devoted to the study of 
tunable Erbium-doped fiber lasers (TEDFLs) since they can be used in 
diverse applications such as telecommunication systems [1], spectros
copy [2], and optical coherence tomography [3]. The TEDFLs that are 
more appealing for these applications have a tunable wavelength range, 
a narrow linewidth, good power stability, high side-mode suppression 
ratio (SMSR), or signal–noise ratio (SNR). Most of these TEDFLs have 
been constructed by introducing a tunable fiber filter inside a cavity 
fiber laser. It is well-known that these filters are responsible for the 
attractive features of the lasers. For that reason, several fiber optic de
vices that work like a filter have been proposed for tuning EDFL, such as 
fiber Bragg gratings [4,5], Mach–Zehnder (MZI) [6–8] and Sagnac 
[9,10] interferometers, and nonlinear components [11]. Tunable filters 
also include specialty fibers like photonic crystal [12], twin-core [6], 
and polarization-maintaining fibers [9]. Optimizing the performance of 
the filters is critical since this is the key component that ultimately de
termines the characteristics of the laser output. For instance, J. A. 

Martin-Vela et al. [13] fabricated a MZI based on a core-offset technique 
covered with a thin film of aluminum to increase the contrast of the 
output signal (interference pattern). Using this optimized filter, they 
implemented a TEDFL that exhibited a better SNR (55 dB) and a tunable 
range from 1557 to 1560 nm. Additionally, more complex filters have 
been used to implement TEDFLs. For instance, Q. Zhao et al. [14] used a 
cascaded structure of two-segment Sagnac and Lyot filters to improve 
the laser output, obtaining a SMSR of 47 dB and a tuning range from 
1530 to 1560 nm. On the other hand, TEDFLs based on specialty fibers 
have also been proposed; for example, Z. Tang et al. [15] implemented a 
mode interferometer using a four-leaf clover suspended core fiber. By 
placing this filter inside an EDFL, they demonstrated that the optical 
output signal showed an SNR of 55 dB and a tunable range from 1581.5 
to 1546.6 nm in single-wavelength operation. Despite the good perfor
mance of these TEDFLs, it is evident that the complexity of the fabri
cation process increases either because of using additional fiber 
processing steps or when two optical devices are needed to implement 
an optimum laser filter. In the case of specialty fibers, the main draw
back is related to the cost of the optical fiber itself. 
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In recent years, several optical fiber devices have been proposed 
based on capillary hollow-core fibers (CHCFs) such as FPI [16] and anti- 
resonant reflecting optical waveguides (ARROW) [17]. The devices 
based on CHCFs are attractive due to their low cost, the simple fabri
cation methods required to implement fiber optic devices, and because 
they exhibit good performance. Here, we propose a TEDFL based on a 
MZI that is constructed by just splicing a short length of CHCF between 
two sections of multimode fibers (MMF). Although the fiber filter 
structure is quite simple, it allows us to achieve a very narrow laser 
emission with a high extinction ratio. The optimum laser output shows 
single-wavelength emission with a linewidth around 0.03 nm, a SMSR of 
53 dB, and an SNR of 66 dB. The laser emission can also be thermally 
tuned from 1566.46 to 1570.09 nm when the MZI is heated from 30 to 
140 ◦C. We believe that this laser can be used for different applications 
since it shows minimal power and wavelength variations while exhib
iting a good SNR. 

2. Fabrication of the tunable fiber filter 

The fabrication process of this MZI (filter) requires cutting precise 
fiber segments. For that season, we implemented an experimental setup 
with the objective of cleaving fiber segments as accurately as possible. 
The system contains a translation stage with a micrometer screw where 
the SMF is fixed in a v-groove with two magnets; the rest of the optical 
fiber rests on the fiber cleaver, see Fig. 1 (a). After cleaving the SMF, it is 
spliced either with an MMF or a CHCF. To establish the zero position of 

the cutting systems, the fiber is put back into the cleaver where the 
splicing section is above the blade. Then, the translation stage moves to a 
specific length with the help of the micrometer screw, and finally, an 
accurate segment of fiber (MMF or CHCF) is cut with the cleaver. It 
should be mentioned that the complete process is carried out without 
removing the magnets that fixed the SMF to the translation stage. 
Moreover, the entire process is carefully tracked with a microscope 
connected to a computer to control the cutting process better. 

The interferometers were constructed using a CHCF whose inner and 
outer diameters are 65.5 and 125 µm, respectively, and an MMF (105/ 
125 µm). The MZIs were constructed by splicing different CHCF lengths 
(0.3, 0.4, 0.5, 0.6, and 0.7 mm) between two sections of MMF (length of 
1 mm); after that, this structure was spliced between two conventional 
single-mode fibers (SMF), see the zoomed image in Fig. 2. It is important 
to highlight that the MMF sections work as beam splitters (mode 
coupler). A customized program was used to splice the MMF to the 
CHCF, it was developed in a commercial splicer (Fitel, model s179). The 
most important splicing parameters are 1st Arc start power 30, 1st Arc 
end power 20, 1st Arc duration 2000 ms, Z push length 15 µm, Z pull 
start time 250 ms, and Z pull length 10 µm. The software in the splicer 
does not mention any unit regarding the arc power, it just lets us choose 
values from 0 to 255. 

The experimental setup that was used to test the tunable fiber filters 
is shown in Fig. 2. A superluminescent diode (SLD) was used as a 
broadband source (SLD-1550S-A40, Thorlabs) with an available band
width of 100 nm, centered at 1550 nm. The output signal of the filters, 
which are shown in Fig. 3 (a), were measured by an Optical Spectrum 
Analyzer (OSA) (MS9740A, Anritsu). It should be mentioned that three 
sensors were fabricated for each CHCF length, and just one was selected 
to be shown in Fig. 3 (a). Table 1 shows some parameters of the spectrum 
of each filter. We consider that the insertion loss and the signal contrast 
are fundamental parameters for choosing the MZI tested in the laser 
cavity. Then, based on the results shown in Table 1, we decided to use 
the filter constructed with the CHCF length of 0.5 mm since the signal 
contrast is the largest (31.18 dB); coincidentally, it exhibits the lowest 
insertion loss. It is important to highlight that the CHCF lengths in 
Table 1 are the design lengths. The actual physical lengths will be 
evaluated using experimental data. 

In order to determine the number of modes that generates the 
interference pattern, the Fast Fourier Transform (FFT) was applied to the 
spectra as shown in Fig. 3 (b). In all the plots, an amplitude at zero 
spatial frequency is observed, indicating the presence of the funda
mental mode (the mode that is traveling in the free space, hollow section 
of the CHCF). The other amplitude whose spatial frequency changes as 
the CHCF length varies is related to a specific cladding mode that travels 
in the ring cladding (silica) of the CHCF. The working principle of this 
MZI can be explained with this information. First of all, it is well-known 
that the refractive index (RI) and the length (L) of the silica increase as 
the temperature augments; this is due to the thermo-optic coefficient 
(TOC) (8.5 × 10–6/K) [18] and the thermal expansion coefficient (TEC) 
(4.1 × 10–7/◦C) [19]. Therefore, when the MZI is warming up, the phase 
of the cladding mode is modified causing a wavelength shift of the 
interference pattern. It should be noted that the fundamental mode is 
also affected by the change of the CHCF length. This mechanism can be 
used for tuning the laser emission. 

The equation that describes the spectra of these MZIs can be written 
as [20] 

I = If + Ih + 2
̅̅̅̅̅̅̅̅̅
If Ih

√
cosΔϕ, (1)  

where If and Ih are the intensity of fundamental and cladding modes, 
respectively.Δϕ = 2πLΔneff /λ is the phase difference between the 
modes, where L, λ and Δneff are the length of the MZI, the wavelength of 
the light, and the effective refractive index difference (ERID) between 
these modes, respectively. The Free spectral Range (FSR) of this inter
ference pattern is given by FSR = λ2/yΔneff L, and this can be used to 

Fig. 1. (a) Experimental setup for cutting accurate lengths of optical fiber. (b) 
Lateral view of the MZI and the splicing section between MMF and CHCF. 

Fig. 2. Experimental setup for measuring the MZI spectral response.  
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write a linear relationship between the spatial frequency (ξ) and the 
length (L) [20], 

ξ =
1
λ2 Δneff L, (2)  

where the spatial frequency is the number of cycles per nm. It is vital to 
estimate the value of Δneff since using it, one can estimate the FSR of 
each MZI by knowing its length or vice versa. One way to find the ERID is 
by fabricating some MZIs using different lengths, as shown in Fig. 3 (a). 
The spatial frequencies were evaluated by applying the Fast Fourier 
Transform (FFT) to each spectrum, see Fig. 3 (b). It should be remem
bered that three sensors were fabricated for each CHCF length. Fig. 3 (c) 
shows the average of each spectral frequency related to each CHCF 
length and its associated error (standard deviation). It is possible to 
calculate the slope (ξ/L) with the help of the data of Fig. 3 (c), which is 

0.195 ± 0.005 (nm− 1/mm). Using this slope, the central frequency of the 
spectrum (1575 nm), and the Eq. (2), we found that Δneff = 0.484 ±
0.005. Knowing Δneff and using L = λ2/Δneff FSR, where the value of FSR 
was measured directly from the OSA, we determined the physical length 
of the MZIs. 

The fabrication error of this process can be evaluated by using the 
absolute error of each MZI, see Table 2. Column one shows the design 
lengths that want to be cut, column two exhibits the averages values of 
the FSRs of the devices. Finally, we can observe that the fabrication error 
is less than 3 % for all the CHCF lengths used in the experiment, which 
means that the process is highly repeatable. 

Fig. 3. Five different lengths of CHCF were used to construct MZIs. (a) Transmission spectra, (b) Spatial frequency analysis by applying the FFT to the transmission 
spectra (normalized amplitude), (c) Variation of the spatial frequency as a function of the CHCF length. 

Table 1 
Insertion loss and the contrast of the different MZIs.  

Design CHCF length 
(mm) 

Insertion loss 
(dB) 

Contrast 
(dB) 

3 dB bandwidth 
(nm)  

0.3 − 13.30  9.38  9.92  
0.4 − 10.64  21.01  6.88  
0.5 − 6.52  31.18  5.22  
0.6 − 14.2  22.17  4.52  
0.7 − 13.32  16.05  3.92  

Table 2 
Fabrication error of each length.  

Design CHCF 
length (mm) 

FSR 
(nm)* 

Fabrication length error 
(mm)** 

Fabrication error 
(%)***  

0.3  17.06  0.004  1.397  
0.4  13.16  0.011  2.646  
0.5  9.94  0.012  2.369  
0.6  8.45  0.014  2.280  
0.7  7.41  0.008  1.178 

*Average of the FSR. **Average absolute error of the fabrication process. 
***Average percentage error relative to the sensor’s length. 
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3. Experimental setup 

As mentioned in the last section, the filter with the design length of 
0.5 mm (actual physical length of 0.48 mm, see Fig. 1 (b)) was used to 
implement a TEDFL, see Fig. 4. The ring fiber cavity laser consists of a 
pump laser diode (BL976-PAG700, Thorlabs) that launched light with a 
wavelength of 976 nm into the 4.5 m long EDF (Er80-8/125, Thorlabs), 
whose peak absorption at 1530 nm is 80 dB, through a 980/1550 
wavelength division multiplexer (WDM) fiber coupler. A polarization 
controller (PC) was added in the cavity not only to obtain a higher SNR 
but also to get a more stable output power. An isolator was set in the 
laser cavity to protect the system against reflections and obtain unidi
rectional operation. An optical fiber coupler (90/10) was used to 
monitor the laser output by connecting the 10% port to the OSA, and the 
rest of the signal (90%) was sent back to the cavity for continuous laser 
generation. It is worth mentioning that the laser cavity length is 
approximately 25 m. Moreover, the laser was placed inside an acrylic 
box to avoid temperature fluctuations, and the MZI was kept at its 
operating temperature. 

4. Results and discussion 

It is important to highlight that the superposition of the transmission 
spectrum of the MZI and the gain spectrum of the EDF determine the 
laser emission wavelength. However, an initial adjustment of some pa
rameters is required for optimum lasing operation. Therefore, using this 
MZI, we found a stable laser emission when the pump diode was set at a 
current of 400 mA. Additionally, the PC was adjusted to obtain a high 
SNR and stable output power, even though the MZI does not depend on 
polarization. After this initial adjustment in the PC and operating at a 
fixed temperature (30 ◦C), it was possible to obtain single laser emission 
centered at 1566.46 nm with a spectral width around 0.03 nm, and with 
a high SNR of 66 dB (also it has a SMSR of 53 dB), see Fig. 5. It should be 
mentioned that the minimum resolution of the OSA is 30 pm. These 

results highlight the usefulness of the MZI as a filter inside a laser cavity 
since it generates a narrow linewidth with a high SNR. Remarkably, the 
improvements in the laser output are due to the MZI, whose total length 
is only 2.5 mm. The small size of the filter offers indisputable evidence 
that our fabrication technique is compelling, requires just a few fabri
cation steps, and is relatively simple compared with other systems 
[13,14,21–23]. 

Taking advantage of the temperature dependence of the MZI, as 

Fig. 4. Schematic of the fiber ring laser cavity developed using a MZI based 
on CHCF. 

Fig. 5. Laser emission obtained from the ring fiber laser experimental setup.  

Fig. 6. Spectral response of the laser for temperatures from 30 to 140 ◦C.  

Fig. 7. Laser peak wavelength shift as a function of the applied temperature.  

Fig. 8. Laser stability analysis.  
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mentioned in section 2, the filter was set on a hot plate (Thermo Sci
entific™, model HP88854100) for detuning laser emission as the tem
perature is increased. By changing the temperature from 30 to 140 ◦C, 
we can tune the laser emission from 1566.46 to 1570.09 nm, as shown in 
Fig. 6. It was found that the temperature sensitivity was 33 pm/◦C, see 
Fig. 7. Moreover, we analyzed the stability of the single laser emission by 
monitoring the laser output every 3 min for one hour. It can be observed 
from Fig. 8 that the power and wavelength variations were 0.1379 dB 
and 0.0108 nm, respectively. These small variations of the laser emis
sion (amplitude and wavelength) are due to the sensor’s small temper
ature sensitivity, causing small temperature fluctuations (lower than 
2 ◦C) that produce slight changes in the laser emission. As a result, a 
stable and tunable single laser emission was achieved. 

In order to compare the performance of our laser to similar systems 
based on interferometer devices, we elaborated Table 3, which sum
marizes the structures and results from other research groups in the last 
years. The laser linewidth is similar in all the cases except structure 
three, which is slightly wider. The SNR and the SMSR of our laser are 
higher than the other lasers listed in Table 3. Regarding power and 
wavelength fluctuations, it can be said that the results of all lasers are 
similar, except for structure four, which demonstrates better perfor
mance. Finally, the sensitivities reported by structures two and four are 
higher than our laser. Nonetheless, the fabrication process of our filter is 
straightforward compared to the other filters since it does not need 
costly and complex methods like metal coating, tapering, or expensive 
specialty fibers. 

5. Conclusion 

In summary, a narrow linewidth and wavelength-tunable EDFL 
based on MZI was proposed and experimentally investigated. The MZI 
filter was fabricated by splicing a short length of CHCF between two 
small sections of MMFs. By inserting this filter into an EDFL, the laser 
emitted at 1566.46 nm, with a spectral width around 0.03 nm and an 
SNR of 66 dB. The TEDFL exhibited low power fluctuations (0.1379 dB) 
and practically no wavelength variations (0.0108 nm). The single- 
wavelength emission was also tuned from 1566.46 to 1570.09 nm by 
increasing the temperature of the filter. We should highlight that the 
fabrication process is cost-effective and highly reproducible, requiring 
minimal components for its operation. 
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