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Abstract 

Tunable dual-wavelength emission of a Tm-doped fiber laser based on two fiber Bragg gratings 
(FBGs) is experimentally demonstrated. By using two FBGs with central wavelengths at 

2069.30 and 2069.44 nm, stable dual-wavelength laser generation in the 2 μm wavelength region 

is achieved by adjusting the differential loss of the two wavelengths in the laser cavity. Strain 

applied on the FBG allows independent tuning of the simultaneously generated wavelengths 

with separation between the laser lines in a range from 0.54 to 9 nm. The laser has output power 

fluctuations less than 0.093% for an output power of 77.3 mW. 

Keywords: thulium-doped fiber, dual-wavelength fiber lasers, fiber bragg gratings, tunable fiber 
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1. Introduction

Fiber lasers based on the use of a thulium-doped fiber (TDF) 

as a gain medium allow laser emission in the wavelength 

region from 1.8 to 2 μm. This operation feature makes TDF 
lasers (TDFL) attractive for applications in research areas 

such as gas detection, medicine, mechanical processing of 
polymers, light detection and ranging (LIDAR), and free- 

space optical communication [1–3]. Since fiber components 

operating in the 2 μm wavelength region became readily 

accessible, different approaches of all-fiber TDFLs with stable 

dual-wavelength generation at the 2 μm wavelength region 

were demonstrated. Wang et al [4] proposed a 2 μm dual- 

wavelength fiber laser with coupled cavities based on fiber 

Bragg gratings (FBGs). Peng et al [5] employed two high 

birefringence (Hi-Bi) FBGs to achieve dual-wavelength laser 

emission of a Tm3+ fiber laser operating at 1.94 μm. Solta- 

nian et al [6] reported stable dual-wavelength laser emission 

of a TDFL by using photonic crystal fibers acting as the in- 

fiber Mach Zehnder interferometer. However, achieving of 

stable dual-wavelength laser generation is challenging due to 

the strong mode competition caused by homogeneous 

broadening when TDF is used as gain medium. Different 

techniques have been proposed to reduce the competition 

based on the adjustment of intra-cavity losses. These techni- 

ques  include  the  use  of  optical  fiber  devices  such  as 
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Figure 1. Experimental setup of the tunable dual-wavelength TDFL. 

polarization controllers (PCs) [7, 8], variable optical 

attenuators (VOAs) [9], optical fiber interferometers [10–13], 

and narrow bandwidth filters [14]. 
Moreover, the wide gain spectrum of the TDF makes 

TDFLs attractive for their application as widely tunable laser 

sources in optical instrumentation, microwave photonics, and 

terahertz generation at the 2 μm region. Several methods to 

obtain tunable laser emission in TDFL have been reported, 

where the wavelength tuning of the generated laser line is 

based on different fiber devices such as Hi-Bi FBGs [14–20], 
tunable filters [21–23], fiber optical loop mirrors (FOLMs) 

[24, 25], and PCs [26–28]. In this regard, FBGs have proved 

their reliability as spectral filters for wavelength selection and 

tuning in fiber laser approaches. When FBGs are used as 

spectral filters, the laser emission line is tuned by applying 

strain on the FBG [14, 15]. Double-cladding thulium-doped 
fiber (DCTDF) is attractive for design of high power and high 

beam quality fiber laser systems and fiber amplifiers operating 

at 2 μm region. In conventional TDF, high beam quality is 

obtained at the expense of the output power due to the use of 

a single-mode pump in the core of the fiber. In contrast, 

DCTDFs are cladding pumped by a high-power multimodal 

pumping source allowing the increase of output power and 

the transformation of low-quality multimode pumping beams 

into single-mode laser emission with excellent quality of the 

output beams [29]. 
In this paper, we experimentally demonstrate a tunable 

dual-wavelength fiber laser operating in wavelengths over 

2 μm. The ring cavity fiber laser configuration is based on the 

use of a DCTDF as gain medium. The simultaneously gen- 

erated laser lines are independently tuned by using a pair of 
home-made tunable FBGs (TFBG) within the cavity in a 

novel configuration. The FBGs were designed to reach laser 

emission at wavelengths longer than the 2 μm. By strain 

application on the FBGs, dual-wavelength emission with 

tuned wavelength separation between the generated laser lines 

from ∼0.54 to ∼9 nm is obtained. With the maximal wave- 
length separation the laser lines are generated at 2064.61 and 

2073.63 nm. The output power fluctuations of the generated 

laser lines in dual-wavelength operation for wavelength 

separations of 1.7 and 3.7 nm were less than 0.093%. 

2. Experimental setup

The laser consists of a ring cavity with fiber gratings con- 
nected in parallel as it is shown in figure 1. Three meters of a 
DCTDF are used as a gain medium. The DCTDF, provided 

by Coractive (DCF-TM-10/128), exhibit octagonal shaped 

pump inner cladding with the diameter of 128 μm, the num- 

erical aperture of 0.45, and the absorption of 4 dB m−1  at

790 nm. The DCTDF is pumped by a multimode laser at 

793 nm through a (2 + 1) × 1 beam combiner (Lightcomm, 
China) used to combine pump and signal wavelengths at 793 

and 2000 nm, respectively. The beam combiner fiber pigtails 
have  appropriated  dimensions  to  minimize  mismatch  and 
losses in fiber splices. An optical isolator (ISO) is used to 

force unidirectional light propagation along the cavity. In 
order to obtain independent control of both generated laser 

lines, an optical subsystem is formed with a 50/50 optical 
coupler. Each port of the coupler is connected to a TFBG 
through  a  VOA.  The  TFBGs  are  used  as  narrow  band 

reflection spectral filters with maximal reflection at central 

wavelengths of 2069.30 nm for TFBG1 and 2069.44 nm for 

TFBG2. The FBGs are placed on a mechanical device which 

allows strain application on the FBGs by a micrometric screw 

displacement as it was reported in [24]. The VOAs were 

placed to independently adjust the cavity losses for each 

generated laser line by the TFBGs. The unconnected ends of 
the TFBGs (Output 1 and Output 2) are used for indepen- 

dently  measurement  of  the  TFBGs  transmission  and  the 

generated laser lines. The 10% output port of a 90/10 optical 
coupler (output 3) is used to measure simultaneously the laser 

wavelengths in the Output 3. The output spectra are measured 
in each output (Outputs 1, 2, and 3) by an optical spectrum 

analyzer (OSA, Yokogawa AQ6375) with a resolution of 

0.05 nm. 
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Figure 2. Transmission spectrum of the TFBGs for ASE of the 
DCTDF as input signal. 

3. Results and discussion

Figure 2 shows the transmission spectrum of each TFBG at 

the central wavelength without strain application. In order to 

measure the transmission spectrum of the FBGs, the amplified 
spontaneous emission (ASE) of the DCTDF was used as input 

signal with pump power below the lasing threshold of 1 W. 

The transmission spectrum of the TFBG1 and TFBG2 were 

measured at the Output 1 and the Output 2, respectively. The 

transmission spectra of both TFBGs were compared with the 

ASE spectrum of the DCTDF measured at the splice between 

the VOA and the TFBGs. The measurements were obtained 

without attenuation applied with the VOAs. As can be 

observed, the transmission spectra of the TFBGs exhibit 

transmission   notches   at   the   central   wavelengths   of 

2069.30 nm and 2069.44 nm in which maximum reflection 
for TFBG1 (blue curve) and TFBG2 (red curve) are respec- 

tively obtained. The wavelength separation between the two 

central wavelengths is of 0.14 nm. From a previous char- 

acterization of the TFBGs, the estimated attenuation at Bragg 

wavelength is of ∼25 dB. 
With the proposed configuration, dual-wavelength laser 

operation with equal powers can be achieved by adjusting the 

cavity losses by the use of the VOAs for the laser lines at the 

central wavelength corresponding to each TFBG. Figure 3 

shows dual-wavelength laser generation of the TDFL with 

pump power of 2.5 W. The output spectrum was measured at 
the output 3. Figure 3(a) shows the simultaneously generated 

laser lines in dual-wavelength operation. Without strain 

application on the TFBGs, the cavity losses were adjusted by 

the use of the VOAs in order to achieve dual-wavelength laser 

emission with equal powers. As it can be observed, two laser 

lines at wavelengths λ1 = 2069.3 and λ2  = 2069.44 nm are 
obtained. Figure 3(b) shows the single-wavelength laser 

emission measured at Output 2. As is shown, the shorter laser 

line of the dual-wavelength operation λ1 corresponds to the 

wavelength filtered by the TFBG1. Likewise, the single laser 

wavelength λ2 obtained at Output 1 corresponds to the laser 

wavelength generated by the TFBG2, as it is shown  in 
figure 3(c). The full width at half maximum (FWHM) for both 

generated laser lines is measured as 0.05 nm. This value is 

equal to the OSA resolution, so the FWHM of the lines is less 

or equal to 0.05 nm. 

Figure 4 shows the optical spectra of dual-wavelength 

operation of the TDFL. The measurements were obtained for 

different wavelength separation by application of stretching to 

FBG2 and compression to FBG1. The measurements were 

obtained at Output 3 with the OSA. As it can be observed in 
figure 4(a), the laser lines were initially tuned to 2068.98 and 

2069.53 nm for minimum wavelength separation of 0.5. 

Then, the generated laser lines were tuned to achieve a 

maximum wavelength separation of 9 nm, as it is shown in 
figure 4(b). When micrometric displacement is applied in the 

center of the flexible metal sheet where the FBG is attached, 

the metal sheet is bent applying strain on the FBG. The FBG 

deformation leads to a displacement of the Bragg wavelength 

which allows the wavelength tuning of the generated laser 

line. When the linear displacement is applied on the side of 

the metal sheet where the FBG is attached, compression is 

applied on the FBG leading to a Bragg wavelength dis- 

placement to shorter wavelengths that can be linear fitted with 

a −96 μm nm−1. On the other hand, when the FBG is stret- 
ched, Bragg wavelength displacement to longer wavelengths 

of 93.7 μm nm−1, is observed [24]. In order to obtain dual- 
wavelength with approximately equal output powers for each 

laser lines tuning, the cavity losses were adjusted by using the 

VOA in each arm of the TFBGs. As can be observed, the 

generated laser lines are wavelength tuned independently. The 

tuning range was limited to avoid damage of the TFBGs 

under stretching/compression; however, the wavelength 
range  can  be  enlarged  by  improving  the  construction 

robustness of the TFBGs. 

As mentioned above, by adjusting the VOAs in the two 

arms of the cavity, the TDFL can operate as tunable single- 

wavelength laser and also can be switched to operate as stable 

dual-wavelength laser. Figure 5 shows the stability of the 

dual-wavelength laser. The output spectrum stability of the 
dual-wavelength laser generation is shown in figure 5(a).  A  

set  of  25  laser  output  spectra  measured  each  2 min  was 

obtained at room temperature. The results were obtained at 

Output 3 by the OSA with pump power of 2.5 W. The laser 

lines were adjusted to generate output lasing at the wave- 

lengths of 2069.00 and 2070.7 nm. The data is presented in 

linear scale, as it can be observed, the dual-wavelength laser 

emission exhibit good stability. The proposed laser config- 

uration allows carrying out a detailed study of the output 

power  stability  for  each generated  laser  line.  The  output 

power  fluctuations  of  each  generated  laser  line  in  dual- 

wavelength operation with equal output powers is shown in 
figures 5(b) and (c) for wavelength separations of 1.7 and 

3.7 nm, respectively. The independent output power fluctua- 

tions of the generated laser lines were measured by using 

thermal power meters at Outputs 1 and 2, and monitored by 
two consoles (Thorlabs-PM100D). The output power fluc- 

tuations were real-time recorded by software (Thorlabs Power 



4 

Figure 3. Laser spectrum of single and dual-wavelength operations. (a) Dual-wavelength 2069.30 and 2069.44 nm, single-wavelength: (b) 
2069.30 nm and (c) 2069.44 nm. 

Figure 4. Tunable dual-wavelength laser operation with equal powers. 
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Figure 5. (a) The output spectra stability of the laser in dual-wavelength operation. The continuously measured output power fluctuations of 
each generated laser line in dual-wavelength operation for wavelengths separation of: (b) 1.7 nm, (c) 3.7 nm. 

Meter Utility Software). The output power fluctuations were 

time scanned over a period of 2.7 h at room temperature. As is 
depicted in figure 5(b) for wavelengths separation of 1.7 nm, 

the strong gain competition leads to an increase of the output 

power of λ2  at 2069.92 nm as the output power of λ1  at 

2068.22 nm decreases and vice versa. The power fluctuations 

were computed from the standard deviation of the output 

power recorded data for each laser wavelength measured 

separately. Then, with the output power for λ1 of 77.3 mW, 

the fluctuation of the output power is within 0.093%. Like- 

wise, λ2 with output power of 73.3 mW, exhibits output 

power fluctuations within 0.073. In case of dual-wavelength 

generation at wavelengths λ1 = 2067.29 of λ2 = 2071.07 nm 
with wavelengths separation of 3.7 nm shown in figure 5(c), 

the output power fluctuations for λ1 and λ2 with output 

powers of 70.3 mW and 66.2 mW are of 0.058% and 0.067%, 

respectively. 

The proposed dual-wavelength fiber laser can be used as 

single device in applications were multiple wavelengths are 

required [30]. In addition, the independent tunability of the 

simultaneously generated laser lines gives an additional 

degree of freedom that reduces the cost and complexity of 

systems having a large number of optical carriers, for 

instance, allows fast interrogation of self-referenced Bragg 

grating sensors [31] or to reduce by a factor of two the 

number of tunable lasers in continuous microwave phase 

shifters [32, 33]. The detailed results demonstrate stability of 

the generated laser lines in dual-wavelength operation. 

However, different improvements can be taken into account 

in order to reduce the strong mode competition which leads to 

power fluctuation of the simultaneously generated laser lines. 

These techniques are based on the use of an optical device 

which allows the adjustment of the intra-cavity losses to 

reduce competition between the generated laser lines [14–28]. 

In our experience, we have demonstrated stable dual-wave- 

length laser emission of TDFL based on the use of a FOLM 

with Hi-Bi fiber loop [24, 25]. The use of the Hi-Bi FOLM 

allows the fine adjustment of the cavity losses between the 

generated laser lines with stability improvement. The pro- 

posed method has been demonstrated for fiber laser config- 

urations which include the use of FBGs for selection and 

tuning of the generated laser lines [24]. 

4. Conclusions

In this paper, tunable and stable dual-wavelength laser gen- 

eration of a ring cavity DCTDF laser was experimentally 

demonstrated. With a pair of TFBGs operating in the region 

of  2 μm  in  a  novel  configuration,  the  wavelength  of  the 
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generated laser lines are selected and independently tuned 

by strain application. The separation between the generated 

laser lines was tuned in a range from 0.54 to 9 nm. By 

using a VOA for each TFBG, the cavity losses are adjusted 

in order to obtain stable dual-wavelength laser emission 

with equal out- put powers. For wavelength separations of 

1.7 and 3.7 nm in dual-wavelength operation, the output 

power fluctuations of the generated laser lines were less 

than 0.093%. 
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