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A single/dual-wavelength switchable bidirectional Q-
switched fiber laser using a bidirectional fiber polarizer 
is demonstrated. 45° tilted fiber grating (45°TFG) is used 
as a bidirectional fiber polarizer to induce bidirectional 
intracavity birefringence filter in both clockwise (CW) 
and counter-clockwise (CCW) directions. Carbon 
nanotube saturable absorber (CNT-SA) is employed to 
produce Q-switched pulses. Through adjusting 
polarization states, switchable single/dual wavelength 
lasing at 1551 nm, and 1560 nm can be achieved in both 
CW and CCW directions. To the best of our knowledge, 
this is the first demonstration of wavelength switchable 
bidirectional passively Q-switched fiber laser. ©  2018 
Optical Society of America  
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(140.3540) Lasers, Q-switched; (160.4236) Nanomaterials. 
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Bidirectional pulsed fiber lasers with the abilities to generate 
pulses simultaneously in both clockwise (CW) and counter-
clockwise (CCW) directions can find important applications in the 
fields of gyroscopes, sensing [1] and dual-comb spectroscopy [2]. 
Since Khanh Kieu et al demonstrated the first all-fiber bidirectional 
mode-locked laser based on carbon nanotubes  [1], various types 
of all-fiber bidirectional mode-locked lasers have been 

demonstrated [3-6]. Due to the discrepancy in nonlinearity, gain 
and loss caused by the asymmetry of a bidirectional operated laser 
cavity, pulses generated in CW and CCW direction may feature 
distinct properties from each other in terms of frequency, pulse 
duration, output power and spectra. Nevertheless, a dual-
wavelength bidirectional mode-locked fiber laser was 
demonstrated in Ref [7], which can operate at different 
wavelength window in CW and CCW direction as a result of 
different gain profile between counter-propagating directions. On 
the other hand, bidirectional Q-switched fiber lasers also have 
attracted attentions, because they may provide neat solutions in 
areas such as sum-frequency mixing and synthesis of optical 
waveform [5, 8, 9]. Moreover, multi-wavelength Q-switched fiber 
lasers can have wide applications including airborne Lidar, 
terahertz generation, optical communication and microwave 
radiation [10, 11]. It is scientifically and technically interesting to 
implement control over lasing wavelength from a single laser 
cavity, especially when the lasing directionality will have been 
considered. Multi-wavelength bidirectional Q-switched fiber laser 
is firstly observed in Ref [5], however, control on lasing 
wavelength had not been explained in detail. Also, the Q-switching 
operation in ref [5] was an intermediate state from such laser. As a 
consequence of different gain profile, mode competition and 
asymmetry of a bidirectional operated ring laser cavity, it can be 
difficult to flexibly achieve more than one lasing wavelength from a 
stable bidirectional Q-switched fiber laser [5, 7].  
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In standard unidirectional operated laser cavities, due to 
mode competition resulted from homogeneous gain broadening of 
the erbium-doped fiber (EDF) at room temperature [12], laser 
cavities are less prone to produce multiple wavelengths. Some 
methods based on alleviating mode competition in homogeneous 
gain broadening are demonstrated to generate dual-wavelength 
such as techniques based on polarization hole burning (PHB) effect 
[13] and four-wave mixing (FWM) effect [14]. Alternatively, when 
incorporating a nonlinear saturable absorber device, wavelength 
selective devices can be used to realize multi-wavelength 
operation of the fiber laser including fiber Bragg grating [11], fiber 
taper [15]. Compared with the filters mentioned above, fiber based 
birefringence filters [16] provide a better way to realize multi-
wavelength generation with flexibly controlled performance. 

Usually, a polarizer such as polarization dependent isolator 
combining with intrinsic fiber birefringence is able to form a fiber 
birefringence filter in unidirectional ring fiber laser [17]. However, 
it is somehow difficult to obtain two obvious fiber birefringence 
filters in both CW and CCW directions of bidirectional ring fiber 
lasers. Bidirectional polarizer such as polarizing beam splitters 
(PBS), single polarization fiber (SPS) [18]can solve this problem. 
But PBS will destroy the all-fiber structure of the laser and SPS 
would induce extra loss. Fortunately, 45° tilted fiber grating 
(45°TFG) is able to couple the s light out of the fiber core and let the 
p light pass through the fiber core with negligible loss, thus 45°TFG 
can be employed as a kind of ideal fiber polarizer with the 
advantages of low insertion loss, high polarization dependent loss 
(PDL) [19]. Moreover, light can be linearly polarized from any end 
of the 45°TFG. Therefore, 45°TFG can be used as an effective 
bidirectional fiber polarizer, which can be employed in 
bidirectional fiber laser to induce bidirectional fiber birefringence 
filter. 

In this letter, we demonstrate a single/dual-wavelength 
switchable bidirectional Q-switched all-fiber laser based on a 
45°TFG and carbon nanotube saturable absorber (CNT-SA). CNT-
SA plays the role of generating Q-switched pulses and 45°TFG 
functions as a bidirectional polarizer that is used to help induce the 
bidirectional intracavity birefringence filter. Through adjusting the 
two intracavity polarization controllers (PCs), the bidirectional Q-
switched fiber laser can operate at switchable single /dual-
wavelength of 1551 nm and 1560 nm in both CW and CCW 
direction. To the best of our knowledge, this is the first 
demonstration of a wavelength switchable bidirectional Q-
switched fiber laser. It may have potential applications in the fields 
of dual-laser source design, synthesis of optical waveform, 
terahertz generation etc. 

Fig. 1. exhibits the schematic configuration of the 
demonstrated bidirectional Q-switched fiber laser setup. The fiber 
laser consists of 0.83 m EDF (OFS, EDF 80) as gain fiber, 0.48 m 
wavelength division multiplexer (WDM) with pigtailed fiber (OFS 
980) and 3.49 m standard single mode fiber (SMF), the total length 
of the laser cavity is 4.8 m. The EDF is pumped by a 980 nm diode 
laser (OVLINK) through WDM. A small piece of carbon nanotube/ 
polyvinyl alcohol (CNT-PVA) composite film with 31% non-
saturable loss and 6% modulation depth is incorporated between 
two standard fiber ferrules to act as an all-fiber saturable absorber. 
Detailed fabrication method of the CNT-PVA composite film can be 
found in elsewhere[20]. The used CNT is single walled and 
commercial available, which is fabricated by high pressure carbon 
monoxide conversion. A home-made 45°TFG combined with 

intracavity fiber birefringence can realize birefringence comb filter. 
The PDL of the 45°TFG at 1550 nm is 16 dB which is high enough 
to act as an in-fiber bidirectional polarizer [19]. The absence of 
optical isolator and a 40% 2×2 output coupler (OC) therefore help 
realize bidirectional operation of the fiber laser.  
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Fig. 1.  Experimental configuration of the bidirectional fiber laser. 

 

 
 

Fig. 2.  Pulse trains evolution under different pump power: (a) in 
CW direction, and (b) in CCW direction; (c) Pulse repetition rate and (d) 
output power evolution versus pump power in CW and CCW 
directions. 

 
When the pump power increases to 13.3 mW, Q-switched 

pulses can be generated simultaneously in both CW and CCW 
direction at 1560 nm. Fig. 2. (a) and (b) shows the pulses train 
evolution under different pump power in both CW and CCW 
directions, respectively. It can be clearly observed that with the 
elevation of pump power, the number of pulses increases 
correspondingly in both lasing directions. The evolution of 
repetition rate and output power versus pump power is depicted 
in Fig. 2. (c) and (d), respectively. As shown in Fig. 2. (c) and (d), 
when the pump power increases from 33.7 mW to 155 mW, the 
repetition rate monotonically increases from 38.35 kHz to 99.2 
kHz in CW direction and 40 kHz to 104.8 kHz in CCW direction. 
The output power also monotonically increases from 0.95 mW to 
2.88 mW in CW direction and 0.357 mW to 1.42 mW in CCW 
direction The phenomena that the repetition rate and output 
power of the Q-switched pulses increase with the elevation of the 
pump power are consistent with the typical characteristics of the 
Q-switched fiber laser [21].  To investigate the characteristics of 
the pulses in both directions, laser operating at 87.6 mW pump 
power is chosen for analysis. Fig. 3. (a) shows the optical spectra at 
1560 nm single wavelength lasing scenario in both directions. The 
central wavelengths from CW and CCW directions are almost the 



same.  However, spectrum in CCW direction is much smoother 
than the spectrum in CW direction. Moreover, irregular ripple 
oscillation can be found on the spectrum in CW direction. We 
speculate that this may be caused by the multimode oscillations 
and intracavity disturbances in CW direction [22]. The measured 
pulse width is 2.49 μs and 1.7 μs in CW and CCW directions as 
depicted in Fig. 3. (b), respectively. The corresponding RF spectra 
of CW and CCW directions are shown in Fig. 3. (c) and Fig. 3. (d) 
individually manifesting that the Q-switched bidirectional fiber 
laser operates in a stable state. This is because the signal to noise 
ratio (SNR) is 41 dB at 66 kHz in CW direction and 42.4 dB at 71.89 
kHz in CCW direction [11]. Both insets of the Fig. 3. (c) and (d) are 
the RF spectra in 600 kHz span under CW and CCW direction, 
respectively. This discrepancy in repetition rate, output power, 
pulse width and spectra is the result of laser cavity asymmetry 
which lead to different gain, loss, nonlinearity and output power in 
two directions [1].  

 

 
 

Fig. 3.  (a) Output optical Spectra, (b) pulse width in CW and CCW 
direction; RF spectra (c) in CW direction and (d) in CW direction, inset: 
RF spectra in 600 kHz span. 

 
Under the same pump power of 87.6 mW, we find that central 

wavelength in CW and CCW direction can be switched from 1560 
nm to 1551 nm by adjusting two PCs as shown in Fig. 4. (a). The 
repetition rate and output power are 66.4 kHz, 1.72 mW in CW 
direction, and 65.46 kHz, 0.201 mW in CCW direction. Compared 
to lasing at 1560 nm, the optical spectra at 1551 nm in both 
direction have narrower spectral contour which may be caused by 
lower nonlinearity, gain and larger cavity loss at 1551 nm. The 
measured thresholds of Q-switched pulses generated in CW 
direction and CCW direction are 20 mW and 33.7 mW, 
respectively, which are higher than those at 1560 nm. Compared 
to the output power, both directions at 1551 nm are also lower 
than 1560 nm under pump power of 87.6 mW. Through further 
adjusting PCs, dual-wavelength operation of 1560 nm and 1551 
nm with a wavelength spacing of 9 nm are achieved in both 
directions as depicted in Fig. 4. (b).  At this moment, the repetition 
rate and output power are 66.4 kHz, 1.5 mW in CW direction, and 
66.27 kHz, 0.574 mW in CCW direction. Interestingly, as shown in 
Fig. 4. (c), dual-wavelength oscillation of 1560 nm and 1551 nm in 
CW direction, and single wavelength oscillation at 1560 nm in 
CCW direction can be simultaneously generated in the 
demonstrated bidirectional fiber laser. On the other hand, dual-

wavelength oscillation of 1560 nm and 1551 nm in CCW direction, 
and single wavelength oscillation at 1551 nm in CW direction can 
also be simultaneously achieved in this bidirectional fiber laser as 
depicted in Fig. 4. (d). Additionally, these single/dual-wavelength 
switchable phenomena also can be achieved at other available 
pump powers by simply adjusting the PCs. The ability to generate 
single/dual-wavelength switching pulses in both CW and CCW 
directions makes this bidirectional fiber laser equivalent to two 
versatile laser sources. 

 

 
 

Fig. 4. Measured optical spectra of (a) Single wavelength (1551 
nm) in both directions, (b) dual-wavelength (1560 nm and 1551 nm) 
in both direction, (c) dual-wavelength (1560 nm and 1551 nm) in CW 
direction and single wavelength (1560 nm) in CCW direction, (d) dual-
wavelength (1560 nm and 1551 nm) in CCW direction and single 
wavelength (1551 nm) in CW direction. 

 
In our fiber laser, the cavity can be equivalent to a section of 

SMF with two bidirectional fiber polarizers (45°TFG) at both ends.  
This structure can form a birefringent Lyot filter with a comb 
transmission spectrum[17]. Duo to the existence of the 45°TFG, 
both in the CW and CCW direction of the fiber laser can obtained a 
similar birefringent Lyot filter. The typical transmission function of 
the filter can be described by the following equation [23]: 
T = 𝑐𝑜𝑠2𝑤1𝑐𝑜𝑠2𝑤2 + 𝑠𝑖𝑛2𝑤1𝑠𝑖𝑛2𝑤2 

                            +
1

2
sin(2𝑤1) sin(2𝑤2) cos(∆∅𝐿).              (1) 

where w1 and w2 are the angles between the polarization 
direction of the 45°TFG and the fast axis of the fiber. ΔØL =2πL(nx-
ny)/λ is linear phase shift. The linear phase shift strongly depends 
on cavity length L, strength of fiber birefringence Δn=(nx-ny). Here, 
we only consider linear phase shifts ΔØL, because the nonlinear 
phase shift is much smaller compared to  ΔØL.  

Fig. 5. (a) exhibits the simulated transmission spectra from 
1520 nm to 1580 nm with different fiber birefringence Δn=3×10-5, 
5×10-5, 9×10-5. It manifests that the smaller the fiber birefringence, 
the larger the wavelength spacing. When Δn is 5×10-5, the 
wavelength spacing is 8.8 nm which is almost consistent with our 
dual-wavelength lasing experimental results with a wavelength 
spacing of 9 nm. As shown in Fig. 5. (b), the calculated transmission 
spectra with different angles of w1 and w2 illustrate that peak 
position and modulation depth of the transmission spectra are 
related to angles of w1 and w2 which can be changed through 
rotating PCs.  

 



 
 

Fig. 5. The simulated transmission spectra with different (a) 
strength of fiber birefringence, and (b) angles of w1 and w2. 

 
On the one hand, owing to the existence of comb 

transmission spectra of two fiber birefringent filters in CW and 
CCW directions, homogeneous gain broadening of the EDF at room 
temperature is suppressed and the gain profile is hence defined by 
the birefringent filter, which alleviates the mode competition and 
leads to the generation of dual-wavelengths. Furthermore, 
changing angles of w1 and w2 through rotating PCs to adjusting 
modulation depth, peak position of the transmission spectrum 
and fiber birefringence strength Δn, the gain distribution and the 
wavelength obtaining maximum gain may also change.  As a 
consequence, single wavelength of 1551 nm and 1560 nm can be 
emitted, and wavelength also can be switched between dual-
wavelength (1551 nm and 1560 nm) and single wavelength (1551 
nm or 1560 nm). 

On the other hand, due to the asymmetric structure of the 
bidirectional fiber laser, pulses pass through the cavity elements in 
reverse order in CW and CCW directions. As a result, gain, loss and 
nonlinearity are different in two directions, which combines with 
fiber birefringent filters in CW and CCW directions will result in 
different gain spectra in two directions. So, in both directions, the 
same wavelength will achieve different gain, which will cause the 
different wavelength lasing in CW and CCW directions. Hence, 
interesting phenomena that dual-wavelength (1551 nm , 1560 nm) 
in CW direction and single wavelength (1560 nm) in CCW 
direction as shown in Fig. 4 (c) or dual-wavelength (1551 nm, 
1560 nm) in CCW direction and single wavelength (1560 nm) in 
CW direction as shown in Fig. 4 (d) will be generated.  

During the experiment, if we remove CNT/PVA composite 
film from laser cavity and let the 45°TFG based filter configuration 
remains in the bidirectional fiber laser. Regardless of changing 
power or adjusting PCs, the bidirectional fiber laser produces 
neither Q-switched pulses nor mode-locked pulses in both 
directions. When replacing the 45°TFG with SMF of the same 
length, the bidirectional fiber laser still operates in Q-switched 
state, but wavelength switching cannot be obtained and dual-
wavelength lasing also cannot be achieved. Consequently, in this 
bidirectional fiber laser, CNT/PVA composite film acts as SA to 
generate Q-switched pulses and 45°TFG based NPR configuration 
plays the role of inducing birefringence comb filter. 

In conclusion, we have successfully demonstrated a 
single/dual-wavelength switchable bidirectional Q-switched fiber 
laser based on a bidirectional fiber polarizer (45°TFG) and CNT-SA 
for the first time. Wavelength can be switched among single 
wavelength of 1551 nm, 1560 nm and dual-wavelength of 1560 
nm and 1551 nm in both CW and CCW directions. Our scheme 
provides an effective way to achieve versatile dual-laser source 
and can reduce cost greatly in laser design. It also gives a guideline 

for achieving single/dual-wavelength switchable bidirectional Q-
switched fiber laser in other wavelength. This fiber laser may find 
applications in sum-frequency mixing, synthesis of optical 
waveform, terahertz generation, optical communication and 
microwave radiation in the future. 
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