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Abstract 

We demonstrate a multi-wavelength mode-locked Yb-doped fiber laser by 

incorporating a pair of polarization maintaining 45° tilted fiber gratings (PM-45°TFG) 

based Lyot filter. Thanks to the functions of the polarizer and the comb filtering 

introduced by the Lyot filter, dissipative soliton (DS) pulses centered at 1035.26 nm, 

1044.93 nm, 1055.62 nm, 1066.11 nm and 1076.63 nm can be generated respectively 

by finely tuning the intracavity polarization controllers (PCs). Moreover, the laser also 

can operate in a multi-wavelength regime via appropriately adjusting the pump power 

and polarization orientation. The high nonlinearity induced by the long cavity length 

leads to the generation of h-shaped mode-locked pulse with a repetition rate of 566.27 

kHz. In the absence of any disturbance, the laser can operate steadily, that can 

potentially be used in various fields including wavelength division multiplexing 

systems etc. 

Keywords: Yb-doped fiber laser, multi-wavelength, dissipative soliton, Lyot filter, 

tilted fiber grating. 

 

1. Introduction 

Multi-wavelength mode-locked fiber lasers have excellent performance in spectral 

selection, which cater the needs of light sources in laser processing, wavelength 



division multiplexing communication systems and sensing [1-3]. As a popular research 

subject, a number of methods to realize multi-wavelength operation of the fiber laser 

have been proposed. A straightforward and effective way is to introduce a wavelength 

selector into the laser cavity. It has been reported that six-wavelength dissipative 

solitons (DSs) mode locking in an Yb-doped fiber laser by using a Lyot-Sagnac filter as 

the wavelength selector and a semiconductor saturable absorption mirror (SESAM) as 

the saturable absorber (SA) [4]. By incorporating a Mach-Zehnder (MZ) 

interferometric filter and carbon nanotube (CNT) in the laser cavity, dual-wavelength 

mode locking can be obtained [5]. The CNT or SESAM can achieve stable mode 

locking, however, the low thermal damage threshold of these physical SAs limits the 

operation of lasers at high pump power. Also, the use of circulator and fiber connectors 

would increase the insertion loss and complexity of the cavity. Fortunately, the 

artificial SA, such as nonlinear optical loop mirror (NOLM), nonlinear polarization 

evolution (NPE) or nonlinear polarization rotation (NPR) etc., have the characteristics 

of high thermal damage threshold, and can also be used to realize multi-wavelength 

mode locking. Xiaojun Zhu et al. used the phase-shift long-period fiber gratings 

(PS-LPFG) to generate dual- and triple-wavelength mode locking in an NPE based 

Yb-doped fiber laser [6]. Combing a hollow-core fiber based Fabry-Perot 

interferometer (FPI) and NOLM, dual-wavelength mode locking can be obtained [7]. 

But in fact, in the aforementioned lasers, although the wavelength selectors effectively 

achieve the multi-wavelength operation of the lasers, the realization of mode locking 

still requires additional mode lockers. This undoubtedly increase the complexity of the 

laser cavity.  

In order to reduce the complexity of the laser cavity, recently, Ling Yun et al. 

generated dual-wavelength DS pulse by using NOLM only [8]. By virtue of the 

intensity-dependent loss induced by NPR, Huaiqin Lin et al. reported a tunable and 

switchable dual-wavelength fiber laser in an all single-mode fiber cavity [9]. However, 

the comb filtering generated by the weak birefringent medium is highly dependent on 

the intracavity polarization state, which greatly limits the number of lasing wavelengths. 

A section of polarization maintaining fiber (PMF) is integrated into the NPR based 

laser to enhance the birefringent and generate comb filtering, then dual- and 

triple-wavelength DS can be obtained [10-11]. Nevertheless, it is not easy to control 

comb filtering and NPR effects at the same time. Alternatively, the all-fiber Lyot filter 

integrating two polarization-maintaining 45° tilted fiber gratings (PM-45°TFG) and a 

section of PMF, proposed by Zhijun Yan et al., can be used as an integrated polarizing 

wavelength selector [12]. In such scheme, the integrated PM-45°TFG acts as a 

polarization maintaining in-fiber polarizer and provides sufficient polarization 

dependent loss (PDL) to realize effective NPR mode locking. More importantly, by 

using a PM-45°TFG, the filter can be more robust, compact when compared to use bulk 

polarizing beam splitter even sometimes these devices are fiberized. Using the comb 

spectrum generated by such Lyot filter, soliton Kelly sideband suppression [13-14] and 

5-wavelength mode locking [15] are demonstrated in Er- or Tm-doped fiber laser. It is 

anticipated that such Lyot filter possess strong capability in multiwavelength DS 

generation in Yb-doped fiber laser. 



In this work, a wavelength switchable DS mode-locked Yb-doped fiber laser by 

incorporating a PM-45°TFG based Lyot filter is firstly proposed and demonstrated. The 

Lyot filter composing of a section of PMF sandwiched between two PM-45°TFGs 

provides functions including both comb filter and polarizer, so that the proposed laser 

can generate DS pulse at 1035.26 nm, 1044.93 nm, 1055.62 nm, 1066.11 nm and 

1076.63 nm, respectively. In addition, multi-wavelength mode locking has also been 

obtained when increasing the pump power. The operation wavelengths are 

simultaneously lasing at 1036.89 nm, 1046.74 nm, 1057.45 nm, 1068.18nm, 1079.41 

nm and 1090.46 nm. Furthermore, due to the high nonlinearity in the cavity, the 

generated pulse with the repetition rate of 566.27 kHz has the h-like shape. The 

maximum output power can reach 32.7 mW. The comb filtering generated from this 

filter does not need rely on the intracavity polarization orientation. There is no doubt 

that this is a reliable and integrated component for designing multi-wavelength light 

sources. 

 

2. Experimental setup 

 Two PM-45°TFG separated by a section of PMF with a special splicing angle, the 

Lyot filter, which is used in the experiment, can not only be used as a comb filter with 

an all-fiber structure, but also as an in-fiber polarizer. The 45°TFG structure is inscribed 

in the principal axis of PMF (slow-axis) by UV inscription using the phase mask 

scanning technique. More details of such all-fiber Lyot filter and PM-45°TFG 

fabrication have been reported in [16-17]. The schematic of the filter is given in Fig. 

1(a). The first PM-45°TFG couples the TE polarization component out of the fiber and 

makes the TM polarization propagate in the fiber core to generate linearly polarized 

light [17]. The linearly polarized light is perfectly maintained when propagating in the 

PM fiber pigtail. Then the linearly polarized light accumulates a relative phase shift in 

PMF due to the designated splicing angle between PMF and PM-45°TFG. Finally, the 

relative phase shift converts to amplitude modulation in the second PM-45°TFG to 

generate comb filtering [18]. In order to get the maximum modulation depth of the 

comb filtering, the splicing angle between the axis of the two PM-45°TFG and PMF is 

designed to be 45°. The corresponding transmission spectrum of such all-fiber Lyot 

filter measured by a home-made broadband light source is depicted in Fig. 1(b). A 10.2 

nm free spectral range (FSR) determined by the ~24 cm PMF is given in Fig. 1(b). 

 



 

Fig. 1 The (a) schematic, (b) transmission spectrum of the PM-45oTFG based Lyot filter 

with ~24 cm PMF. 

 

The experimental setup of the Yb-doped fiber laser designed for this experiment is 

shown in Fig. 2. A 96 cm Yb-doped fiber (YDF) is driven by a 980 nm bench-top pump 

source (Thorlabs CLD1015) through a wavelength division multiplexer (WDM). Then, 

10% of the light is extracted out of the cavity by a 10:90 coupler. In order to make it 

easier to achieve multi-wavelength mode locking, ~350 m HI1060 is used to increase 

the intracavity nonlinearity. An all-fiber Lyot filter also delivers the function of a 

polarizer and is placed between two polarization controllers (PCs) to form an artificial 

SA to realize NPR mode locking. The filter provides an FSR of 10.2 nm, and the 

corresponding filtering bandwidth is 5.4 nm. Unidirectional operation of the laser is 

ensured by an isolator (ISO). The total cavity length is ~360 m, and all the intracavity 

fibers and components have normal dispersion. 

The extracted 10% light is simultaneously measured to analyze the optical 

characteristics of the laser pulse. The laser spectrum is displayed by an OSA 

(Yokogawa AQ6370B). A photodetector (PD, Newport 818-BB-51F) is connected to a 

40GSa/s oscilloscope (OSC, KEYSIGHT DSO90804A) to measure the output pulse 

sequence and a spectrum analyzer (SA, SIGLENT SSA3032X) to monitor the radio 

frequency (RF) response. And the autocorrelation trace is recorded by an autocorrelator 

(A.P.E PulseCheck600). 

 



 

Fig. 2 Experimental configuration of the Yb-doped fiber laser. 

 

3. Results and discussion 

Until the pump power reaches the mode-locking threshold, the demonstrated laser 

operated in continuous wave (CW) state. By fine-tuning PCs as the pump power 

increases, stable mode-locked pulse sequence displayed on the OSC can be observed. 

While the ~350 m HI1060 provides sufficient nonlinearity, the mode-locking threshold 

is 69.2 mW. The characteristics of the generated pulse from the designed fiber laser are 

depicted in Fig. 3. Fig. 3(a) depicts the optical spectrum with 3 dB bandwidth of 3.21 

nm at 1035.26 nm. From the figure, there is an un-mode-locked pulse at 1044.90 nm, 

which shows the wavelength selection characteristics of the filter. Fig. 3(b) is the 

spectrum in the range of 10 nm, which is steep-edge rectangle-like, that is, typical 

spectral feature of dissipative solitons. Here, stable mode-locking pulse sequence with 

a temporal interval of 1.77 μs is shown in the inset of Fig. 3(c), giving a frequency 

repetition rate of 566.27 kHz. Generally speaking, multi-pulses can be observed in a 

multi-wavelength mode-locked laser. In order to verify the mode locking without wave 

breaking induced by the un-mode-locked pulse at 1044.90 nm, the single-pulse 

waveform is given in Fig. 3(c). It must be mentioned here that the autocorrelation 

cannot scan the complete output pulse (duration over 200 ps) due to the dispersion 

introduced by the ~350 m delay line. The time-domain waveform is recorded from the 

OSC with a sampling rate of 40 GSa/s. Such OSC would be able to support direct 

observation of long pulse which is similar to an autocorrelator. The RF spectrum with a 

signal-to-noise ratio (SNR) of 39 dB is shown in Fig. 3(d). The inset shows the RF 

spectrum with a scanning span of 100 MHz and a resolution bandwidth (RBW) of 1 

kHz without obvious spectral modulation, which further proves the stability of the 

single-pulse mode locking. The output average power under this pump power is 

measured to be 0.55 mW. 

 



 

Fig. 3 Characteristics of dissipative-soliton pulses generated from the proposed fiber 

laser at 69.2 mW. (a) The optical spectrum in cover range of 80 nm. (b) The optical 

spectrum in cover range of 10 nm. (c) The pulse waveform. Inset, the pulse sequence. (d) 

The RF spectrum. Inset, RF spectrum with 100 MHz scanning span. 

 

The wavelength switching operation of the laser can be observed by finely tuning 

PCs while keeping the pump power of 69.2 mW. These results are shown in Fig. 4(a). 

With the change of intracavity polarization orientation, the laser can operate at 1035.26 

nm, 1044.93 nm, 1055.62 nm, 1066.11 nm, 1076.63 nm, respectively. At each 

wavelength, the laser maintains in the DS regime, which is shown in Fig. 4(b) - Fig. 4(f). 

Due to the uneven gain profile and the variation of polarization state at each wavelength, 

the edge-to-edge bandwidth of the spectra are slightly different. However, they are well 

matched the filtering bandwidth of the Lyot filter. The variation ranges of edge-to-edge 

bandwidth are from 3.4 nm to 4.75 nm and the average power varies from 0.55 mW to 

0.7 mW, as presented in Fig. 5(a) and Fig. 5(b). It can be clearly seen from the figure, 

the DS pulse get the maximum gain at 1040 nm to 1070 nm, and the corresponding 

edge-to-edge bandwidth and output power obtain the larger values than the pulse at 

1030 nm or 1080 nm. The mode locking at each wavelength can be maintained stable 

for more than 30 mins. When the pump power is increased after obtaining the 

mode-locking state, the spectrum tends to lose the shape of DS, and the pulses begin to 

split while the pump power is further increased more. However, once the pump power 

returns to 69.2 mW, the mode locking returns to single-pulse DS. This is a repetitive 

process. 



 

 

Fig. 4 Wavelength switching of single pulse DS. (a) The laser operates at different 

wavelength. (b) Center wavelength at 1035.26 nm, (c) 1044.93 nm, (d) 1055.62 nm, (e) 

1066.11 nm, and (f) 1076.63 nm, respectively. 

 

 
Fig. 5 Relationship of (a) edge-to-edge bandwidth, (b) output power at different center 

wavelength. 

 

Further increasing the pump power to 430 mW while rotating the PCs, 

multi-wavelength mode locking can be achieved from the demonstrated laser. The 

output characteristic of the multi-wavelength operation is given in Fig. 6. The spectrum 

shown in Fig. 6(a) reveals the lasing wavelengths of 1036.89 nm, 1046.74 nm, 1057.45 

nm, 1068.18nm, 1079.41 nm and 1090.46 nm. The spacing between the lasing 

wavelengths is approximately 10 nm, which agrees well with the FSR of the Lyot filter 

perfectly. The time-domain pulse sequence and the corresponding single pulse is 

exhibited in Fig. 6(b) and the inset respectively. The pulse sequence has the same 

repetition period of 1.77 μs as the single-wavelength mode locking, which matches the 



cavity length. The single pulse shows an h-like shape, which is normally generated 

from the laser cavity with high nonlinearity [19]. Meanwhile, it is also the results of the 

superposition of pulses from different wavelengths [15]. Fig. 6(c) depicts the RF 

spectrum with 50 kHz scanning range and 10 Hz RBW, revealing a 52 dB SNR and 

566.27 kHz repetition rate. The broadband RF spectrum with 100 MHz span and 1kHz 

RBW given in Fig. 6(d), showing a slight periodic frequency modulation. The output 

power at this pump power is 19.03 mW. It is worth mentioning that such 

multi-wavelength mode locking can only be observed when the cavity length is long 

enough to provide sufficient nonlinearity. We also designed the frequency repetition 

rate of laser to the MHz scale, and such multi-wavelength mode locking has not been 

realized. 

 

 

Fig. 6 Multi-wavelength mode locking with six lasing lines. (a) The optical spectrum. 

(b) The single pulse. Inset, the time-domain pulse sequence. (c) RF spectrum with 50 

kHz span and 10 Hz RBW. (d) RF spectrum with 100 MHz span and 1 kHz RBW. 

 

Once the laser enters the multi-wavelength mode-locked state, the mode-locked 

operation can be maintained within a larger range of pump power variation. To further 

study the effects of pump power on the multi-wavelength mode locking and h-shaped 

pulse, we change the pump power from 149 mW to 691 mW without any PCs rotation. 

In the time domain, the pedestal of h-shaped pulse is broadened continuously with the 

pump power enhancement, which is plotted in Fig. 7(a). However, there is no obvious 

change of wavelength number in the spectrum, only the intensity of the signal increases 



in Fig. 7(b). During this period, the mode-locking pulse sequence can be observed all 

the time. The average power varies from 2.6 mW to 32.7 mW, and the slope efficiency 

of 5.6% is given from Fig. 7(c). Without any disturbance, the multi-wavelength 

mode-locking laser can work steadily for more than 30 mins at the room temperature. 

 

 

Fig. 7 The (a) single-pulse waveform, (b) spectrum, and (c) output power with the 

increasing of pump power. 

 

4. Conclusions 

In conclusion, we successfully incorporate an integrated all-fiber Lyot filter as an 

in-fiber polarizer and comb filter into the laser cavity. A single wavelength switchable 

DS and multi-wavelength mode-locked Yb-doped fiber laser has been demonstrated. 

When the pump power reaches the mode-locking threshold of 69.2 mW, stable DS 

pulse sequence with the repetition rate of 566.27 kHz are generated. The center 

wavelength of DS can be switched to 1035.26 nm, 1044.93 nm, 1055.62 nm, 1066.11 

nm and 1076.63 nm respectively by rotating the PCs while keeping the pump power. In 

addition, multi-wavelength mode locking also can be obtained by increasing the pump 

power to 430 mW. The number of wavelengths for mode locking can reach up to 

6-wavelength at the same time. The time-domain pulse has an h-shaped envelope, 



which is the result of high nonlinearity in the laser cavity. The corresponding SNR is 52 

dB, and the max output power can reach 32.7 mW while the pump power is enhanced to 

691 mW. However, the multi-wavelength mode locking is not in DS regime. For future 

work, such integrated Lyot filter can be applied to generate multi-wavelength DS mode 

locking. Furthermore, by optimizing the gain and loss in the cavity, multi-wavelength 

mode locking and single-wavelength switching with more wavelengths can be realized. 
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