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Abstract—We present a passively mode-locked Erbium-doped 

fiber laser with tunable parameters including central wavelength, 

3dB bandwidth and pulse duration. The mode-locking mechanism 

of the laser is realized by using single-walled carbon nanotubes 

polyvinyl alcohol (SWCNTs-PVA) composite film as saturable 

absorber. The tunable operation is implemented via a fiber 

birefringence filter consisting of a polarization maintaining (PM) 

fiber and a Brewster fiber grating.  The laser achieves a maximum 

spectral tuning range of 36 nm with 8 cm PM fiber. The maximum 

spectral width variation of 5.19 nm is acquired when the PM fiber 

is 12 cm. Simultaneously, the spectral widths of pulses at different 

central wavelengths are also adjustable. Furthermore, the total 

cavity length is 8.28 m, which is the shortest cavity length to obtain 

such wide tuning range in an Erbium-doped fiber laser based on 

SWCNTs. 

 
Index Terms—Passively mode-locked fiber laser, spectral width, 

pulse width, tilted fiber grating, wavelength-tunable. 

 

I. INTRODUCTION 

AVELENGTH-TUNABLE mode-locked fiber lasers 

have appealed to enormous interest of researchers owing 

to their highly potential applications in wide domains such as 

spectroscopy, optical communications, fiber-optic sensors, 

biomedical research [1]-[3]. The passively mode-locked fiber 

laser has many advantages such as compactness, alignment-free 

structure, and cost-effectiveness [4]. There are a number of 

ways to implement passively mode-locking operation. As well 

known, nonlinear amplifying/non-amplifying loop mirrors [5], 
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[6] and nonlinear polarization rotation (NPR) [7], [8] are very 

common mode-locked techniques. However, the environmental 

factors such as temperature can affect the stability of the 

passively mode-locking operation. The physical saturable 

absorbers (SAs) including semiconductor saturable mirror 

(SESAM) [9], [10], carbon nanotubes (CNTs) [11]-[14], and 

graphene [15] have been proposed to achieve passive mode 

locking. Nevertheless, SESAM has clear disadvantages such as 

complex manufacture process, limited operation bandwidth, 

low damage threshold. In contrast, low-dimensional materials 

such as CNTs and graphene have short recovery times and 

graphene has broadband response [4], [16]. Nevertheless, 

graphene and other types of 2D materials-based SA suffering 

from mass production and quality control issues. 

Nowadays, single-walled carbon nanotubes (SWCNTs) still 

prove to be a type of efficient SAs to realize mode locking due 

to the short recovery time (~1 ps), low saturation light intensity, 

and the possibility of mass production. Since the technology 

was demonstrated in mode-locked fiber lasers firstly [17], many 

approaches have been developed to fabricate SWCNT-SAs 

such as direct deposition [18], evanescent field interaction [19], 

solution [20], dry transfer technique [21], [22], and composite 

film [12]-[14], [17], [23]. Although the method of fiber end 

deposition is simple, it is prone to uneven surface deposition 

and introduces large loss. For the SA type of evanescent field 

interaction, it is necessary to synthesize the SWCNTs onto the 

tapered or D-shaped fibers, which requires excessive 

dependency on the particular fiber structure. And solution-

based SWCNT absorbers require hollow fiber with suitable 
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reflective index and low optical loss, which is also complicated 

to realize. Up to now, the most popular approach to integrate 

SWCNT-SAs is to sandwich a SWCNT polymer composite 

film between two fiber connectors. Although it may subject to 

low damage threshold, the method is promising since the 

composite film shows excellent homogeneous dispersion of 

SWCNTs and the physical parameters are much controllable 

[24]. 

There are various approaches to achieve wavelength-tuning 

in mode-locked fiber laser. For example, a micro-mechanically 

controlled Fabry-Perot interferometer was employed in mode-

locked fiber laser [25]. Commercial band-pass filter was 

demonstrated to realize tunable fiber laser. Li et al. have 

achieved the tuning range of 34 nm and pulse duration changes 

from 545 fs to 6.1ps by using a tunable filter [26]. Yet, the band-

pass filter has the limited bandwidth and introduce large 

insertion loss. A better way is based on fiber Bragg grating. He 

et al. have reported a graphene based mode-locked fiber laser 

with the tuning range of 4.5 nm and 6.6 nm via controlling 

chirped fiber Bragg grating [27]. Recently, a special cavity 

structure of drop-shaped topology composed of dual-fiber 

optical collimator (DFOC) and diffraction grating was proposed, 

which allowed implementing the tuning range of 78 nm without 

adjusting any cavity elements (other than the grating) [28]. In 

addition, a recent developed cascaded long period grating (LPG) 

has been demonstrated to acquire the wider tuning range of 44 

nm by changing the temperature from 23℃  to 100℃ [29]. 

However, such filter mechanism is difficult to fabricate and 

unstable. Besides, since the limited tuning range dependents on 

the gain profile of the laser gain medium, Meng et al. presented 

an Er: Yb-doped doubled-clad fiber laser with a wide tuning 

range of 75 nm by adjusting polarization controllers (PCs) [30]. 

Also, wavelength-tunable fiber laser with NOLM has been 

reported which achieved the tuning range of 20 nm [31]. 

Although tunable mode-locked fiber laser can be realized by 

adding other elements (such as tunable filter or attenuator), 

extrinsic components make the structure complex and less 

compact. It is well known that the intracavity fiber 

birefringence can generate artificial band-pass filter in a ring 

cavity. For example, in an NPR-based Erbium-doped mode-

locked fiber laser, 38 nm tuning range has been obtained due to 

the invisible fiber birefringent filtering effect and the total 

cavity length is 37.4 m [32]. Due to the weak intracavity 

birefringence, it is necessary to increase the length of SMF to 

form an effective birefringence filter. However, the total cavity 

length can be shortened by inserting a polarization maintaining 

(PM) fiber with strong birefringence. Thus the fundamental 

repetition rate of the tunable mode locked fiber laser could be 

elevated which would be useful in many applications. 

Furthermore, a shorter laser cavity may feature characteristics 

such as low loss and easy integration. Zhang et al. have 

demonstrated an Ytterbium-doped mode-locked fiber laser with 

tuning range of 16.7 nm, where a PM fiber with the length of 

17.1 cm is used [33]. In a ring fiber laser, polarizer is an 

indispensable part to form the artificial birefringent band-pass 

filter. And in-fiber polarizer has many advantages such as high 

coupling efficiency, low insertion loss, and light weight, 

compared with bulk polarizer. Recently, the 45° tilted fiber 

grating (45°-TFG) with strong polarization dependent loss 

(PDL), also known as Brewster fiber grating, was employed in 

the ring all-fiber laser structure as an in-fiber polarizing 

component. Based on the well-known Brewster effect, the 45°-

TFG is a type of fiber grating device that possesses the unique 

characteristics of lossy s-light allowing highly polarized p-light 

to propagate [34]. 

In this paper, we demonstrate a short cavity wavelength-

tunable all-fiber mode-locked Erbium-doped laser based on 

engineered intracavity fiber birefringence. The cavity length is 

8.28 m with a wide tuning range of 36 nm, which is the shortest 

cavity to acquire such wide tuning range of wavelength. This 

cavity achieves mode-locked operation through employing 

SWCNTs-PVA composite film as SA. The collaborative 

operation of PM fiber and 45°-TFG forms a fiber birefringence 

filter. When different lengths of PM fiber are inserted into the 

cavity, the fluctuation of the corresponding tuning range is 

found to be tiny. Also, the cavity can achieve spectral width and 

pulse duration tuning upon the birefringent filter. By changing 

the length of PM fiber, it is also found that the largest variation 

of spectral width is 5.19 nm when the intracavity PM fiber is 

set to be 12 cm. Such fiber laser with flexible output 

performance may found applications in many fields. 

II. FABRICATION AND CHARACTERISTICS OF CNT-SA 

A passively Erbium-doped mode-locked fiber laser with 

stable pulse output can be implemented by using a SWCNTs-

PVA composite film as SA. Generally, we fabricate SWCNTs-

PVA film with the features of commercially available and 

purified by using high-pressure CO conversion. For the 

preparation of SWCNTs-PVA composite film, we can divide it 

into three steps. Firstly, the SWCNTs of 2 mg are added into 10 

ml deionized water mixing with 10 mg sodium dodecylbenzene 

sulfonate surfactant. Later, a commercial ultrasonicator 

(Nanoruptor, Diagenode) is used to process the mixed 

dispersion for sonic degradation with one hour under 200W and 

20KHz. The second step is to ultracentrifuge the resulting 

dispersion at 25000 rpm with one hour using an Optima Max-

XP ultracentrifuge (Beckman Coulter). Finally, the dispersion 

mixing up the PVA powder is set in a Petri dish. And we can 

acquire the SWCNTs-PVA film by placing the sample in the 

desiccator for a couple of days until it is fully dried. 

The measured linear optical absorption spectrum of the 

SWCNTs-PVA composite film is shown in Fig.1(a). Due to the 

transition between the SWCNTs bands, the spectrum features 

typical three main absorption bands E11, E22, and M11 separately. 

The obtained optical spectrum displays an optical density of 

0.17 near the absorption wavelength of 1550 nm, which 

matches the lasing wavelength of Erbium-doped fiber lasers. 

The measured Raman spectrum of the SWCNTs-PVA SA with 

an excitation wavelength of 532 nm is depicted in Fig. 1(b). The 

radial breathing modes (RBMs, 150-300 cm-1), the disorder 

mode (D, ~1350 cm-1) and graphite mode (G, ~1590 cm-1) are 

the crucial characteristics in the Raman spectrum of SWCNTs. 

The obtained spectrum for SWCNTs-PVA composite film 

displays a strong peak at 272 cm-1. The average nanotube 
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diameter is calculated to be 0.89 nm because the RBM is related 

to the diameter [35]. Furthermore, the obtained Raman 

spectrum presents strong G peak and an insignificant increase 

in the D peak. This indicates that SWCNTs’ preparation does 

not alter the electronic properties of the source materials. Fig. 

1(c) shows the measured nonlinear transmission. The 

modulation depth can be estimated as about 3.0%, which further 

proves that the SWCNTs-PVA film can be used as an ideal 

mode-locked element. 

III. CHARACTERISTICS OF 45°-TFG 

The 45°-TFG is UV inscribed in a commercial single mode 

fiber by the standard phase mask scanning technique. The 

fabrication process can be found elsewhere in ref [36]. The 45°-

TFG exhibits a strong PDL owing to the Brewster law [37]. We 

measure the PDL response using a commercial optical vector 

analyzer (from LUNA system). The measured transmission 

spectrum from 1526 nm to 1610 nm is shown in Fig. 2(a). The 

insertion loss is -5.1 dB at 1550nm, which includes the loss 

induced by s-light coupled into cladding and other loss due to 

the non-ideal connection and splicing. Fig. 2(b) shows that the 

45°-TFG has a strong PDL of 29 dB at 1550 nm.  

IV. EXPERIMENT SETUP AND PRINCIPLE 

The schematic of the laser cavity is shown in Fig. 3. A section 

 
(a) 

 
(b) 

Fig. 2.  (a) The transmission spectrum of the 45°-TFG, (b) the PDL response of 
the 45°-TFG. 
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Fig. 3.  Schematic of the tunable fiber laser. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 1.  (a) Absorption spectrum of the SWCNTs-PVA film, (b) the measured 

Raman spectrum of the SWCNTs-PVA film, (c) nonlinear transmission of the 
SWCNTs-PVA film. 
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of 1.08 m highly doped Erbium fiber (EDF Er80-8/125 from 

Liekki) whose nominal dispersion is -20 ps²/km, serves as the 

gain medium in the cavity. It is pumped by a benchtop 980 nm 

laser module (OV LINK) through a 980/1550 nm wavelength 

division multiplexer (WDM) whose pigtail is 2.47 m OFS980 

fiber with +4.5 ps2/km normal dispersion. After that, a 45°-TFG 

is inserted between two PCs. The purpose of using two in-line 

PCs in the proposed laser scheme is just simply to make sure 

that a broader range of polarization state would be covered. The 

function of PM fiber is to enhance intracavity birefringent effect, 

so as to realize the parameter tuning of output pulse by 

combining with the 45°-TFG. And they are necessary to obtain 

the wavelength tuning mechanism. The unidirectional 

operation is maintained by the polarization independent isolator 

(PI-ISO). The SWCNTs-PVA composite film is clipped 

between two fiber connectors to provide self-starting mode 

locking. The cavity extracts out 40% energy via a 40/60 optical 

coupler for signal detection. The laser output optical spectra are 

monitored by an optical spectrum analyzer (OSA, Yokogawa 

AQ6370C). The pulse train are studied by high speed 

oscilloscope (KEYSIGHT DSO90804A) with a fast detector 

(Newport 818-BB-51F,12GHz). The pulse stability is studied 

by a radio frequency analyzer (SSA, 3032X). And the pulse 

width is analyzed by using a commercial autocorrelator 

(FEMTOCHROME, FR-103WS). 

The transmission modulation function of intracavity 

 
(a) 

 
(b) 

Fig. 4.  Calculated tunable transmission spectra of changing (a) the length of 

PM fiber and (b) the angle by rotating the PCs. 

 

 
              (a) 

 
              (b) 

 
              (c) 

 
             (d) 

Fig. 5.  (a) Optical spectrum, (b) oscilloscope trace, (c) the RF spectrum, (d) 

autocorrelation trace of the pulse. 
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birefringence-induced filter can be described as [38], [39]: 

T = 𝑐𝑜𝑠2𝛼𝑐𝑜𝑠2𝛽 + 𝑠𝑖𝑛2𝛼𝑠𝑖𝑛2𝛽 

                           +
1

2
𝑠𝑖𝑛(2𝛼)𝑠𝑖𝑛(2𝛽)𝑐𝑜𝑠(∆𝜑𝐿 + ∆𝜑𝑁𝐿) 

In this formula, α and β are defined as the angles between the 

polarization directions of the 45°-TFG and the fast axis of the 

fiber. ∆𝜑𝐿 is the linear cavity phase shift, expressed as ∆𝜑𝐿 =

2𝜋𝐿(𝑛𝑦 − 𝑛𝑥) 𝜆⁄ , and ∆𝜑𝑁𝐿 is the nonlinear cavity phase shift, 

which is given by ∆𝜑𝑁𝐿 = 2𝜋𝑛2𝑃𝐿𝑐𝑜𝑠 (2𝛼) (𝜆𝐴𝑒𝑓𝑓)⁄ . Here, L 

represents the length of PM fiber, 𝑛2 is the nonlinear coefficient, 

λ is the operating wavelength, P is the peak power of the input 

signal and 𝐴𝑒𝑓𝑓 is the effective mode field. It is well known that 

the transmission channel spacing ∆𝜆 can be described as ∆𝜆 =

𝜆2 (𝑛𝑦 − 𝑛𝑥)𝐿⁄ , which is related to the birefringence and the 

PM fiber length. Hence, the transmission channel spacing will 

be changed when we set PM fiber to different lengths. The three 

transmission curves are drawn with PM fibers of 8 cm (red line), 

16 cm (blue line), and 24 cm (green line), respectively, as 

shown in Fig. 4(a). Moreover, the transmission peak position 

depends on the value of 𝛼 and 𝛽, which can be tuned by rotating 

the PC. Thus, the wavelength-tunable mode-locked pulse can 

be achieved by rotating the PC properly. In the simulation, three 

sets of angles are taken when the length of PM fiber is fixed to 

8 cm, and the birefringence is 4.21 × 10−4. The three curves 

are drawn out with parameters of α= 7π/9 and β= 3π/5 (red line), 

α= 6π/5 and β= 4π/9 (blue line), α= 25π/22 and β= 11π/3 (green 

line) in Fig. 4(b).  

V. EXPERIMENT RESULTS 

Firstly, an 8-cm-long PM fiber with the birefringence ∆n of 

4.21 × 10−4 is placed in the fiber laser. The total cavity length 

is 8.28 m. It is calculated that the net dispersion of the cavity is 

-0.12 ps2, which indicates the passively mode-locked fiber laser 

operates in net anomalous dispersion regime. When the pump 

power reaches 200 mW, stable mode-locked pulses can be 

observed. Generally, the mode-locked operation based on NPR 

requires high pump power. The fiber laser realizes mode 

locking only by CNT-SA since the pump power is not enough 

to achieve NPR-based mode locking. The view is verified by 

the experimental phenomenon in which removing the SWCNT 

composite film failed to achieve passive mode locking. Fig. 5(a) 

shows the typical output optical spectrum of the mode-locked 

pulse with the 3dB bandwidth of 4.99 nm centered at 1569.71 

nm. The existence of the Kelly sideband proves that the fiber 

laser works in conventional soliton regime. The corresponding 

pulse train is shown in Fig. 5(b) indicating that the pulse interval 

is 39.06 ns. Fig. 5(c) is the measured RF spectrum showing a 

fundamental repetition rate of 25.6 MHz with the resolution 

bandwidth (RBW) of 1 kHz. And the signal to noise ratio (SNR) 

of 56.4 dB indicates that the laser operates in a stable state. The 

inset in Fig. 5(c) shows the RF spectrum from 0 to 3 GHz with 

the RBW of 10 kHz. Fig. 5(d) exhibits the autocorrelation trace. 

The pulse duration is estimated to be ~1 ps when it is well-fitted 

to a sech2 temporal profile. Thus, the time-bandwidth product 

(TBP) is 0.64, showing that the pulse is slightly chirped. As 

discussed in the simulation above, the mode-locked pulse can 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure. 6.  Typical tuning characteristics of the fiber laser with 8 cm PM fiber. 

(a) Measured spectral tunability of mode-locked fiber laser, (b) 

autocorrelation traces of output pulses at different central wavelength, (c) the 
variation of 3 dB bandwidth and pulse width, (d) the variation of output power   

and single pulse energy. 
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be tuned by rotating two PCs properly. It can be seen in Fig. 6(a) 

that the fiber laser obtains the wavelength tunable range of 36 

nm from 1543.49 to 1579.08 nm. In the wavelength domain, the 

total cavity net dispersion changes slightly. And the shape of 

optical spectra shows minor variation at different central 

wavelength. In particular, the Kelly sideband are not manifested 

at some wavelength. This is because the transmission 

bandwidth of the birefringence filter is variable by adjusting the 

PCs. The Kelly sideband would be filtered out when the filter 

bandwidth is narrow enough. Fig. 6(b) shows the corresponding 

autocorrelation traces at different central wavelengths. The 

pulse width changes from 0.86 to 3.52 ps, and the 

corresponding spectral width varies from 6.32 to 1.53 nm, as 

shown in Fig. 6(c). Therefore, we can clearly see that the pulse 

width and spectral width change obviously. This is simply 

because of the birefringent filter defined spectral transmission 

variation. From Fig. 6(d), we can observe that the output power 

changes from 1 to 2.3 mW while the pump power remains 

constant. By calculation, the corresponding pulse energy 

changes from 0.039 to 0.09 nJ. Relatively lower output pulse 

power and energy at the boundary of spectral tuning range is 

owing to the lower gain compared to the maximum region at 

~1560 nm. It turns out that single-pulse energies and cavity loss 

change slightly against the variation of the central wavelength. 

The variation of pulse energy and power is obviously a result of 

the polarization controller induced spectral change with the 

corresponding transmission alteration. A similar trend in terms 

of the pulse energy and power has been identified while other 

length of PM fiber was incorporated in the laser cavity 

respectively. A maximum output power was found at ~ 1560 

nm which is quite typical in most of the Erbium doped fiber 

mode locked laser system. The laser output power variation 

range is between ~1 mW and ~3 mW. The pulse energy 

variation is between ~0.03 nJ and ~0.1 nJ. Note that, in the 

experiment, we have not explored the pulse properties with 

increased pump power. This is simply because of the well-

known low thermal damage threshold of CNT polymer 

composite SA. The avoidance of multiple pulsing and SA 

damage were considered. 

In the simulation, the transmission channel spacing changes 

depending on the PM fiber length. To further investigate the 

influence of PM fiber length variation on the spectral tuning 

range experimentally, the lengths of PM fibers are set to be 8 

cm, 12 cm, 16 cm, 20 cm, 24 cm separately. As stated in Table 

I, the corresponding spectral tuning ranges are 36, 36, 32, 30, 

and 30 nm, respectively. Note that the maximum and minimum 

spectral tuning range achieved with different lengths of PM 

fiber differ only by 6 nm. Thus, the length of PM fiber has small 

influence on the tuning range realized by mode-locked fiber 

laser. It is because the spectral tuning range is mainly 

determined by the gain of the EDF [3], [40]. 

As mentioned above, both pulse width and spectral width are 

also tunable as the central wavelength of the output pulse 

changes. From Fig. 7, we can observe that the realized tuning 

range of the spectral width is subjected to the length of the 

cavity inserted PM fibers. Among these, the variation of 

spectral width reaches the maximum of 5.19 nm when the PM 

fiber is 12-cm long. According to the formula, Δλ is inversely 

proportional to the length of PM fiber. Thence, the channel 

spacing is smaller with the longer length of PM fiber, which is 

not conducive to spectral broadening. However, the shorter PM 

fiber results in a large bandwidth of the filter, so that the filter 

effect is not obvious. Therefore, the 3dB bandwidth of the 

spectrum can be obtained with a large variation range, when the 

length of PM fiber is appropriate. Note that, for all PM fiber 

lengths, the 3 dB bandwidths of the optical spectra with central 

wavelength at 1560 nm are around 6 nm. Besides, the tuning 

ranges of pulse width are almost approximative under different 

lengths of PM fiber, as shown in Fig. 7. The pulse width 

changes from 0.86 to 3.52 ps (from 0.83 to 2.77 ps, from 1.05 

to 2.81 ps, from 0.87 to 3.50 ps, and from 1.02 to 3.43 ps) 

corresponding to the PM fiber length of 8 cm (12 cm, 16 cm, 20 

cm, and 24 cm). We calculate the TBPs of the soliton pulses are 

around 0.7, which indicates that the output pulses are chirped. 

It is mainly due to the existence of the OFS980 fiber with 

+4.5ps2/km normal dispersion. The TBPs of the pulses may be 

close to the transform-limited value by adjusting the length of 

the SMF outside the cavity properly. Moreover, the measured 

SNR of the pulses at the boundary of the implemented spectral 

tuning range are 43 dB approximately, and the SNR of the 

remaining pulses are about 54 dB. This is owing to the lower 

gain of the pulses at the boundary of the spectral tuning range. 

Thus, the proposed fiber laser has stable output mode-locking 

pulses.  

In addition, we evaluate the tunability of the mode-locked 

fiber laser without PM fiber by adjusting the PCs. The fiber 

laser achieves the tuning range of 24 nm. The central 

wavelength changes from 1550.22 to 1574.09 nm. Therefore, 

TABLE I 
COMPARATION OF WAVELENGTH- TUNABLE RANGES WITH DIFFERENT 

LENGTHS OF PM FIBER 

PM Fiber (cm) Tuning Range (nm) 

8 36 

12 36 

16 32 

20 30 

24 30 

 

 
Fig. 7.  The variation of spectral width and pulse width against intracavity 

PM fiber length. 
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PM fiber plays an important role to achieve wide tuning range 

owing to the strong birefringent effect. Such a multi-parameter 

tunable fiber laser demonstrated in this work provides a new 

approach to develop novel ultrafast source. 

VI. CONCLUSION 

In conclusion, we have reported a wavelength and spectral 

width tunable all-fiber mode-locked Erbium-doped fiber laser 

based on PM fiber and 45°-TFG. The cooperative operation of 

PM fiber and 45°-TFG can form an effective fiber birefringence 

filter. The wavelength tunable range of 36 nm is obtained with 

8 cm PM fiber by rotating two PCs. Also, the cavity length is 

8.28 m, which is the shortest cavity length to achieve a mode-

locked fiber laser with wide tuning range. We experimentally 

found that the variation of PM fiber length does not affect the 

tuning range greatly. Simultaneously, the corresponding 

spectral width and pulse duration are tunable. For the PM fiber 

length of 12 cm, the 3 dB spectral width achieves the largest 

tuning range of 5.19 nm, which changes from 1.89 to 7.08 nm 

with a corresponding pulse duration from 0.83 to 2.77 ps. Such 

flexible output wavelength and spectral width tunable fiber 

laser can be applied in fundamental research and commercial 

applications, such as spectroscopy, laser processing and optical 

communication. We also expect our study may provide useful 

guidance in designing parameter tunable mode locked fiber 

lasers. 
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