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Abstract— Different multiwavelength Raman fiber lasers based 

on a hybrid cavity set-up are proposed. The lasing schemes are 
based in highly birefringent photonic crystal fiber loop mirrors 
combined with random cavities. The Hi-Bi PCF loop mirrors are 
characterized by an interferometric output; whereas the random 
mirrors are created by cooperative Rayleigh scattering due to 
Raman gain. This configuration allows suppression of Rayleigh 
associated noise growth, while taking advantage of it as an active 
part of the laser cavity, enhancing the achievable gain. The 
proposed fiber lasers present stable operation at room 
temperature although different output maxima and shapes 
depending on the fiber loop mirror/random mirror combination. 
 

Index Terms—Fiber optics, Fiber laser, Photonic crystal fibers, 
Raman laser, Rayleigh scattering, Random laser.  

I. INTRODUCTION 

ultiwavelength fiber lasers based in Raman amplification 
technology are of great importance in optical 

communication networks as a mean for span transmission 
achievement and capacity. Several approaches have been 
undertaken in order to improve Raman lasers technology and 
efficiency. A dual wavelength Raman laser, 200km long, 
utilizing two different-wavelength fiber Bragg gratings with a 
“random” Rayleigh scattering mirror was experimentally 
demonstrated [1]. Some other approaches were made in order 
to obtain multiple tunable outputs, being by using an all-fiber 
asymmetric cavity composed by wideband chirped fiber Bragg 
grating and narrowband tunable fiber Bragg gratings to obtain 
robust Raman fiber laser [2];or by using a novel free-spectral-
range tunable comb filter based on a superimposed chirped 
fiber Bragg grating and a linear cavity formed by a bandwidth-
tunable chirped fiber Bragg grating reflector for continuously 
tunable spacing multiwavelength lasing [3].Other approaches 
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were based in tunable and stable lasing through power 
distribution among different lasing channels by adjusting the 
pump powers [4], or by using a tunable dual section high 
birefringence fiber Sagnac loop filter [5]. Advances have also 
been made in order to obtain tunable lasing as well as to 
diminish the Rayleigh scattering associated noise typical of 
this kind of lasers, by taken advantage of it as a distributed 
mirror combined with a highly birefringent photonic crystal 
fiber loop mirror [6]. 

Multi-channel filters are of great importance in 
multiwavelength fiber lasers, since they introduce the 
interferometric signal allowing multiwavelength lasing. 
Numerous all-fiber filters have been introduced into fiber laser 
cavities in order to achieve multiwavelength lasing 
oscillations. Of all possible fiber filters, fiber loop mirrors 
(FLMs) stand out due to their low insertion loss, low cost, 
simple construction, polarization independence to input light 
and broadband spectral bandwidth [7, 8]. However, most fiber 
loop mirrors based in polarization maintaining fibers (PMFs) 
are affected by temperature changes, which results in slow 
drifts of the peak transmission power. To solve this problem, 
highly birefringent photonic crystal fibers (Hi-Bi PCFs) are 
being used in the place of PMF. Hi-Bi PCFs have high 
birefringence and ultralow thermal sensitivity. These 
properties make FLMs based in Hi-Bi PCFs extremely 
insensitive to temperature variations when compared to PMF 
based ones, leading to improved stability in multi-wavelength 
fiber lasers based in such filters [5, 9, 10]. Examples of this 
improved stability are multiwavelength fiber lasers based on 
the combination of single mode fiber (SMF) and Hi-Bi PCF 
[4, 11] or on a FLM of two-stage PMFs [12].  

An intrinsic fundamental loss mechanism of an optical fiber 
is Rayleigh scattering (RS). When using Raman amplification 
besides losses due to RS there will also be losses due to double 
Rayleigh scattering (DRS). The long lengths of fiber used for 
Raman amplification make the Rayleigh scattering associated 
noise an issue. As the gain in Raman amplifiers increases so 
will RS and DRS, which eventually limits the achievable gain 
[13]. An interesting approach in order to diminish these losses 
is using this Rayleigh associated noise as an active part of the 
laser. It can be used as a distributed random mirror 
transforming what were losses in gain in the output signal [6, 
14]. Lasers taking advantage of cooperative Rayleigh 
scattering as a self-feedback mechanism of Brillouin-Rayleigh 
scattering have been reported  [15-17]. Schemes have been 
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implemented by using four-wave mixing method through the 
use of reduced high nonlinear Bismuth-erbium doped fiber for 
Brillouin-Raman multiwavelength lasing with comb generation 
[18], or high-reflectivity mirror in the linear cavity for 
distributed feedback [19, 20]. 

In this paper, different multiwavelength Raman fiber lasers 
based in the same structural set-up are presented. The set-up is 
based in highly birefringent photonic crystal fiber loop mirrors 
combined with random mirrors. The Hi-Bi PCF loop mirrors 
are characterized by an interferometric output spectrum 
dependent on the length of the fiber; while the random mirrors 
are created by cooperative Rayleigh scattering in the 
dispersion compensating fiber (DCF) as a result of the high 
Raman gain. The multiwavelength Raman fiber lasers will be 
presented while demonstrating that by changing the parameters 
of the DCF inducing the random mirror and the length of the 
Hi-Bi PCF in the FLM, different stable multiwavelength fiber 
lasers can be obtained.  

II. PRINCIPLE OF OPERATION 

The multiwavelength Raman fiber lasers proposed in this work 
are the result of a fiber structure that uses distributed random 
mirrors based in cooperative Rayleigh scattering. The fiber 
loop mirror acts as one discrete mirror having an 
interferometric signal output; the cooperative Rayleigh 
scattering is a direct consequence of the Raman gain in the 
DCF, which acts as a distributed random mirror. The principle 
of operation of both mirrors is exposed below. 

A. Fiber loop mirror based in a Hi-Bi PCF 

The Hi-Bi PCF loop mirror is formed by an optical coupler 
spliced to a Hi-Bi PCF. The optical coupler splits the input 
signal equally into two counter propagating waves. These 
waves travel trough the optical path with different velocities, 
due to the birefringence of the fiber. After propagating around 
the loop, these waves will recombine at the coupler. The 
difference in the propagating wave’s velocities will lead to a 
variable interference term in the output port.  

The different propagation velocity of the waves in the FLM 
is due to the high birefringence (β) of the fiber. Birefringence 
is the physical parameter that relates the difference in 
refractive indices of the propagation’s axis: β= ny - nx. This 
difference in refractive indices leads to a phase difference (∆φ) 
between the waves propagating in the Hi-Bi PCF:   

2 Lπβϕ
λ

∆ =           (1) 

, where L is the length of the fiber and λ the wavelength of 
operation. The transmission spectrum of the Hi-Bi FLM is 
approximately a periodic function of the wavelength: 
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where θ1 and θ2 are the angles between light in the propagation 
axis at the end of the Hi-Bi PCF. The wavelength spacing (∆λ) 

between two consecutive interference channels in the 
transmission spectrum is given by: 
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From Eq. (3), it can be seen that the wavelength spacing 
between two consecutive channels in a FLM is inversely 
proportional to the birefringence and length of the fiber. Its 
spectral characteristics are only dependent on these two 
parameters and, as so are independent of the polarization state 
of the input light [21].  

The lasers proposed in this paper use the same Hi-Bi PCF 
(which means the same birefringence).  Consequently from Eq. 
(3) one can expect that the wavelength spacing between two 
consecutive channels of the FLMs will only depend on the 
length of the Hi-Bi PCF used in the fiber loop mirror. This in 
turn means that the number of interference channels per nm as 
well as the spacing between them can be easily tailored by 
changing the length of the Hi-Bi PCF. Therefore, by simply 
altering the length of the Hi-Bi PCF one can insert more or 
less channels into the fiber loop mirror, which will be reflected 
on the final multiwavelength fiber laser. The multiwavelength 
fiber lasers are based in two fiber loop mirrors with different 
lengths of Hi-Bi PCF:  FLM1 is composed by ~3 m of Hi-Bi 
PCF and FLM2 has ~30 m of Hi-Bi PCF.  Fig.1 presents the 
experimental transmission spectra for both FLMs, when 
illuminated by a broadband source. Since FLM1 has less 
length of Hi-Bi PCF its transmission spectrum presents more 
wavelength spacing than FLM2, and consequently fewer 
channels for the same wavelength range. FLM1 has ~11 
channels in a 10 nm range, with wavelength spacing between 
two consecutive channels of ~0.9nm; meanwhile FLM2 has 
~11 channels in 1nm range with a wavelength spacing of 
~0.09nm.  

B. Distributed random mirror 

The random mirror is created by Rayleigh and double 
Rayleigh scattering in the DCF as an outcome of the Raman 
gain. In the moment that there is Raman gain in the DCF, RS is 
created. This first RS takes place in the counter-propagating 
direction of the signal and can undergo a second scattering 
event and co-propagate with the signal. This second RS is 
called double Rayleigh scattering. The DRS light will pass 
through the amplifier experiencing gain, and as a consequence 
appearing at the output as a noise source. Since these 
reflections will occur all along the fiber, the phase of the DRS 
light will fluctuate at the fiber output. As so, there will be 
time-delayed replicas of many signals guided in the 
propagating direction, leading to superpose signals and, 
consequently, noise. The Rayleigh associated noise when 
amplified by the Raman gain becomes the major source of 
power penalty in Raman amplified lightwave systems. As the 
gain in the Raman amplifier increases, so will the Rayleigh 
associated noise, which will eventually limit the achievable 
gain of the Raman amplifier [13].  
Two different DCFs were used in this work: DCF1 with a 
dispersion of -343 ps/nm at 1545 nm, a compensation length of 
20km and an effective area of 21µm2, at 1550nm; and DCF2 
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with a dispersion of -975 ps/nm at 1545 nm, a compensation 
length of 60km and an effective area of 19µm2, at 1550nm. 
The measured RS and DRS presented incoherent and instable 
spectra for both fibers. Rayleigh scattering presented higher 
power intensity (of the order of units of mW) than double 
Rayleigh scattering (of order of hundreds of µW), for both 
DCFs. The order of magnitude of these scatterings is 
understandable since RS is a direct consequence of the Raman 
scattering, while DRS is a consequence of the Rayleigh 
scattering. The DCF with less dispersion presented less 
powered spectra for both RS and DRS. Since RS and DRS 
depend on the Raman amplification, and this in turn depends 
on the amplification medium, it is to be expected that the fiber 
with less dispersion presents less powered distributed mirror.  

 

III.  EXPERIMENTAL CONFIGURATION  

Four multiwavelength Raman fiber lasers are proposed based 
in the same structural set up, presented in Fig. 2. The set up 
consists in a high pump Raman laser at 1445 nm (maximum 
power of 3.3W), an isolator (ISO), a fiber loop mirror, two 
wavelength division multiplexers (WDMs) and a dispersion 
compensating fiber. The signal output is read by an optical 

spectrum analyzer with a maximum resolution of 10 pm. The 
fiber loop mirror is formed by a 3 dB optical coupler (OC) 
with low insertion loss, a Hi-Bi PCF, and an optical 
polarization controller (PC) for optimized adjustment of the 
output spectrum. The Hi-Bi PCF (Thorlabs PM-1550-01) is a 
polarization maintaining photonic crystal fiber with optimal 
wavelength at 1550 nm, a beat length of 4 mm and an 
attenuation of 1.0 dB/Km (photograph in inset of Fig. 2). This 
Hi-Bi PCF presents two large holes around the core with a 
diameter of 4.5µm and small holes in the cladding region with 
2.2 µm of diameter.  The pitch (spacing between the center of 
two adjacent holes) of this PCF is 4.4 µm, and the diameter of 
the holey region is 40 µm, whereas the outer diameter is 125 
µm. The Hi-Bi PCF was spliced in both ends to a SMF using a 
conventional arc-electric fusion splicer machine [23], having 
the splices a maximum loss of 2dB each.  

The differences between the four fiber lasers configuration 
consist on the length of the Hi-Bi PCF used in the FLM and/or 
in the value of dispersion of the DCF, as presented in table 1.  

 
Table 1. Lasers detailed constitution. 

 

 DCF1 DCF2 

FLM
1 

Laser 1 Laser 2 

FLM
2 

Laser 3 Laser 4 

 
By using the scheme presented in Fig.2, it is possible to take 

advantage of the RS associated noise as an active part of the 
laser, i.e. as a random mirror in the laser cavity, leading to the 
enhancement of the laser’s performance. When there is Raman 
gain, the RS will be created in the DCF. Since RS contra-
propagates with the signal it will travel to the FLM. During 
that path, a part of the RS will suffer again RS, thus creating 
DRS, and another part will reach the FLM. After traveling the 
FLM, the signal will travel throughout the DCF, experiencing 
Raman gain in the DCF, and thus RS and DRS again. These 
Rayleigh backscattered signals will induce incoherent multiple 
path interference, which are associated with the beating of 
multiple delayed replicas of the signal itself creating the 
distributed random mirror. The distributed mirror has a 
similar effect as two discrete reflectors with effective 
reflectance proportional to the ratios of total backscattered to 
incident power [24, 25]. 

IV. RESULTS AND DISCUSSION 

By varying the properties of the DCF inducing the random 
mirror and the Hi-Bi PCF constituting the FLM, four 
multiwavelength Raman fiber lasers with distinct 
characteristics were achieved. The multiwavelength fiber 
lasers based in FLM1 are presented in Fig.3. For the same 
pump power, laser 1 and laser 2 present different wavelength 
range and number of channels. Laser 1 is characterized by 
stable and defined lasing channels in a wavelength range of 8 
nm. The channel wavelength spacing is ~0.875 nm. It presents 
a signal-to-noise ratio (SNR) of ~17dBm. In contrast, laser 2 

 
 

 
 

Fig. 1. Transmission spectrum of a) FLM1 and b) FLM2. 
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presents an output spectrum with lasing channels in a 
wavelength range of 16 nm. 

The channel wavelength spacing is ~0.85nm and the SNR is 
~23dBm.Despite of the fact that both lasers use the same 
FLM, laser 2 presents slightly smaller wavelength spacing 
between peaks. Even more, laser 2 presents higher SNR and 
wider wave length range and more lasing channels.  

The number of lasing channels in the laser, and 
consequently the wavelength spacing between them, is limited 
by the Raman gain range and the length of the Hi-Bi PCF. The 

Raman gain range is imposed by the dopant, effective area and 
dispersion of the DCF. Since both DCFs present the same 
dopant, but different core effective areas and dispersion 
characteristics they have different Raman gain. The fiber with 
higher dispersion and lower effective area will present wider 
wavelength range and higher value of lasing channels, since 
the Raman gain is inversely proportional to effective area. But 
due to the fact that DCF2 has a wider lasing wavelength range, 
which leads to spread of the Raman gain throughout it, the 
final absolute output power of the laser is lower.  
The multiwavelength fiber lasers based in FLM2 are presented 
in Fig. 4 and 5. Laser 3 output spectrum presented in Fig. 5 is 
characterized by ~11 lasing channels per nm in a wavelength 
range of 10 nm. The channel wavelength spacing is ~0.1nm. 
Meanwhile, laser 4 presents an output spectrum also with ~11 
lasing channels per nm but in a wavelength range of 16 nm 
(see Fig. 5). The channel wavelength spacing is ~0.09nm.  
Similar to what occurred in lasers 1 and 2, lasers 3 and 4 
present different wavelength ranges and slightly different 
wavelength spacing, due to the dispersion and effective area of 
the core in the DCFs used in each of the lasers. Laser 4, which 
uses the most dispersive and lower effective area DCF, 
presents a wider working wavelength range, but as a 
consequence the distributed mirror is spread over a wider 
range of wavelengths creating a less powerful laser, as it can 
be seen in Fig.5. A common characteristic observed in lasers 3 
and 4 that was also present in lasers 1 and 2 is the dislocation 
of the laser output spectrum for higher wavelengths due to the 
Raman gain. The higher the pump power is, more the spectrum 
shifts to higher wavelengths, transferring the power to higher 
wavelength channels. As a result, there is an increase of power 
for peaks situated at higher wavelengths. This characteristic 

 
Fig. 3. Output spectra for laser 1 and laser 2.  

 
 

Fig. 2. Experimental set up for the multiwavelength Raman fiber lasers. 
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behavior is a consequence of Raman amplification, given that 

the Raman gain is directly proportional to the pump power. 
 
     
In order to determine the stability of all four fiber lasers 
presented, the power fluctuations of the laser’s lines were 
measured during one hour, in time intervals of 3 minutes. Fig.6 
presents the optical power fluctuation for the central line of 
each of the proposed Raman fiber lasers. As it can be 
observed, the four lasers present little power fluctuations. In a 
time window of 60 minutes none of the emission lines 
exceeded 0.05 dBm of power fluctuations. High stability of 
these lasers was expected since they use FLMs, which have 
poor sensitivity to environmental noise, as well as temperature 
variations (due to the Hi-Bi PCF), and the Raman laser is 
known to be stable at room temperature. Specific applications 
such as long distance sensing illumination schemes and 
sensing interrogation [26] are adequate for this kind of lasers. 
 

 

A. Other considerations 

Using the schematics presented in Fig. 2 and progressive pump 
power growth, it was observed that for pump powers lower 
than 1.3W, the lasers present a different behavior than the 
presented above. For lower pump powers than 1.3W, these 
lasers present two distinct regions of operation: a region 
characterized by a broadband output spectrum and another 
characterized by high instability. The broadband region starts 
when the first output spectrum of the laser can be obtained 
until reaching the instability region. The pump power for 
which this region starts depends on the FLM used in the laser. 
For lasers 1 and 2 (FLM1) the broadband region starts for a 
pump power of 0.2W. While for lasers 3 and 4 (FLM2) this 
region only starts at 0.3W pump power. Despite of the Hi-Bi 

 
Fig. 6. Power fluctuations of an emission line of each of the four Raman 
fiber lasers. 

 

 
 
Fig. 4. Output power of laser 3 for a) full span and b) 3nm span in the 
center of the spectrum; pump power 1.3W.  

 

 
 

Fig. 5. Output power of laser 4 for a) full span and b) 3nm span in the 
center of the spectrum; pump power 1.3W. 
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PCF low insertion loss, for higher length this loss is more 
pronounced, leading to this difference. In this region, the 
output signal is characterized by a broadband spectrum 
presenting the interference due to the FLM of each laser. 
Lasers 1 and 3 present a lower output power value than lasers 
2 and 4, owing to the DCF used to perform the laser. Lasers 2 
and 4 were made with DCF2 which has more dispersion per 
km and lower effective area, leading to higher Raman gain. 
Notice that for such low powers the generation of DRS is so 
weak as to be negligible. As so, the backscattered Rayleigh 
scattering combined with the FLM and the Raman 
amplification will generate a broadband Fabry-Perot source in 
the gain wavelength range. The instability region starts at 
0.7W pump power for the lasers composed by DCF1 and 
0.5W for the lasers composed by DCF2. Is saying the pump 
power for which the instability starts depends on the DCF used 
in the laser. This instability region presents a corresponding 
optical spectrum with random spikes and dips characteristic of 
stochastic pulse generation. This high stability in the spectrum 
in the lower pump powers is followed by slowly development 
of the lasing spectrum, with lots of random spikes, until 
reaching the laser’s threshold value, which is 1.3W for all four 
lasers. This instability can be explained as the result of a 
destructive interference from all the time-delayed replicas of 
many multiple scattering signals guided in the propagating 
direction, which is the same as saying that there is a non 
cooperative rapport between the multiple Rayleigh scattering 
events. As the pump power increases, and the multiple 
scattering get stronger because there is higher Raman gain, 
these non cooperative rapport or destructive interference 
between the multiple scatterings will be less and less, until  the 
pump power reaches its threshold value and a cooperative 
rapport or constructive interference between the replicas of the 
scattering events is obtained. 

By measuring each fiber laser’s output power for each 
pump power a characteristic response was founded. This 
response is similar for fiber lasers which use the same DCF. 
Laser 1 and laser 3 present almost identical responses, as do 
laser 2 and laser 4. Fig. 7 presents the normalized response of 
laser 3 and 4 as a function of the pump power. The lasers 
response is similar almost for all pump powers measured, 
excluding the higher pump powers. Both have an exponential 
response at lower pump powers (inset in Fig.7), which is to be 
expected due to the Raman growth in the amplification 
medium. For higher pump powers a direct linear relationship 
between the laser output powers and the pump powers was 
obtained which was predictable since after passing the Raman 
threshold the Raman gain is proportional to the pump power. 
For pump powers reaching 1.7W appears the main difference 
between both lasers regarding their dependence on the pump 
power. Laser 1 and laser 3, which structure contains DCF1, 
continue to have an almost directly linear relationship. 
However, when reaching and passing this pump power, laser 2 
and laser 4 demonstrate an inverse relationship with the pump 
power. It seems like 1.7W is the threshold value for saturation 
of DCF2’s distribute mirror. This is saying, the cooperative 
rapport between RS and DRS saturates at 1.7W in DCF2, 
having afterwards a disparaging rapport. The value of the 
saturation power will be then dependent on the characteristics 
of the DCF. Since Raman gain depends on the gain medium 
(DCF), and Rayleigh scattering depends on the high Raman 
gain in the gain medium, one can conclude that the DCF 
characteristics will limit the Raman gain and distributed 
mirror, as well as its saturation pump power. Consequently, is 
should be expected that DCF1 presents the same behavior, 
although for higher pump powers than DCF2 since it was less 
dispersion. 

 

V. CONCLUSION 

Different multiwavelength Raman fiber lasers based in the 
combination of highly birefringent photonic crystal fiber loop 
mirrors combined with distributed random mirrors were 
presented and demonstrated. The Hi-Bi PCF loop mirrors had 
different interferometric output spectra dependent on the 
length of the fiber, which tailors the laser output spectrum 
shape. The distributed random mirrors presented different 
characteristic wavelength range and peak powers due to the 
different dispersion and effective area values of the DCFs 
used. The dispersion and effective area values of the DCF 
directly influence the Rayleigh scattering events created in the 
fiber, tailoring the characteristics of the distributed random 
mirror. Lasers containing a DCF with less dispersion and high 
effective area present higher maximum output peak power but 
lower wavelength range and less lasing channels; while lasers 
containing a DCF with more dispersion present a spread of the 
Raman gain throughout a wider wavelength range and more 
channels leading to a lower maximum output peak power. All 
lasers showed stable operation at room temperature, having 
maximum power fluctuations lower than 0.05dBm over a one 
hour time window. For low pump powers the lasers act as 
broadband Fabry-Perot sources. The operation of each 

 
Fig. 7. Multiwavelength Raman fiber laser output power vs pump power, 
for laser 3 and laser 4. Inset: exponential growth of both lasers output for 
low pump powers, below the threshold pump power. 
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multiwavelength fiber laser has a characteristic dependence on 
the pump power, which is different for lasers that use different 
DCFs. From the proposed lasers it can be seen that lasers 1 
and 2 present suitable characteristics to be used for sensing 
interrogation and multiplexation systems, whereas lasers 3 and 
4 present proper qualities for dense wavelength division 
multiplexed systems. More different lasers can be obtained 
using this set up by only changing the length of the Hi-Bi PCF 
and/or the characteristics of the DCF. The set up proposed 
shows the ability for flexible tuning of the output spectrum 
shape and power. The laser’s output characteristics can be 
easily tuned depending on the final intended application. 
Moreover, by simply adding more Raman pumps to the 
proposed set up, it is possible to equalize the output peak 
powers of the obtained fiber lasers by carefully adjusting the 
pump power of the additional Raman pumps.  

One of the biggest advantages of using this configuration is 
the Rayleigh associated noise suppression, a known limitation 
of Raman lasers in communications systems. Using this 
configuration, the Rayleigh associated noise is suppressed 
while taking advantage of it as an active part in the laser 
cavity, the distributed random mirror. And, since higher 
Raman gain leads to higher Rayleigh associated noise, using 
this set up the consequence will be a stronger random mirror. 
This represents an important improvement in fiber optics 
communications, since there is an upgrade of the achievable 
gain in the amplifier. This ability to tailor the output spectrum 
and to suppress the Rayleigh associated noise makes lasers 
based on this set up suitable for lots of applications such as 
optical fiber sensors and optical sensing multiplexation 
systems, spectroscopy, optical instrument testing and 
measurements,  microwave photonic systems and fiber optical 
communications systems. 
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