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Abstract—. In this work, narrow-band emission lines are 

generated by means of two random distributed feedback fiber 
laser schemes. Spectral line-widths as narrow as 3.2 pm have 
been measured, which significantly improves previous reported 
results. The laser is analyzed with the aim of obtaining a spectral 
line-width as narrow as possible. Additionally a variation of this 
setup for multi-wavelength operation is also validated. Both 
schemes present a simple topology that use a combination of 
phase-shifted fiber Bragg gratings and regular fiber Bragg 
gratings as filtering elements.  
 

Index Terms—. fiber laser, distributed feedback laser, random 
laser, stimulated Raman scattering, Rayleigh scattering. 
 

I. INTRODUCTION 

INCE the first laser emission in a mirror-less active 
medium was demonstrated in 1966 by Letokhov [1], 

random lasers have not been thoroughly studied until the 
recent years. This increasing interest relies on the singular 
properties of random lasers when compared to conventional 
lasers based on periodic structures [2].  

In particular, a random fiber laser based on the amplified 
distributed feedback (DFB) along a single-mode fiber (SMF) 
was recently proposed by Turitsyn et al. [3]. In this laser, the 
feedback is provided by the weak backscattered light due to 
Rayleigh scattering along tens of kilometers of SMF and the 
amplification is given by the stimulated Raman scattering 
effect. This laser generates stable stimulated light emission in 
a spectral band of a few nanometers by using a simple all-fibre 
configuration. Following this study, a number of works have 
been published exploiting the properties of random DFB fiber 
lasers based on Raman scattering, such as their lower noise 
figure when compared to other Raman pumping schemes for 
telecommunication applications [4,5] or its flat response when 
tuned by means of a tunable filter [6]. Additionally, modulated 
random DFB fiber lasers overcome the locking frequency 
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problems of the conventional fiber laser configurations [7]. 
Other works have demonstrated the flat wavelength response 
when tuned cascaded operation at higher Stokes components 
[8,9] and have also addressed the efficiency issue [10]. 
Sensing is also a promising field of application of random 
DFB lasers with a number of works published on this subject 
during the last years [11-14].  

Together with the broadband gain and high stability, the 
absence of mode competition and mode hopping in Raman 
scattering based random lasers due to its mode-less behavior 
[15] is of special interest in the design of multi-wavelength 
lasers. Numerous works have been published in this regard, 
using Sagnac interferometers [16,17], Fabry Perot filters (FPF) 
[18,19], a Lyot filter [20] or a long-period fiber gratings-based 
Mach–Zehnder interferometer combined with a FFP [21] to 
select the lasing wavelengths. Another approach published in 
[22] uses a programmable filter to attain a fully switchable 18-
wavelength laser.  

Typically, non-filtered random DFB fiber lasers based on 
Raman scattering have a line-width of several nanometers 
which exceed the requirements of many practical applications.  
Recently a few studies have been published in this respect, 
striving for narrow emission lines by using different spectral 
filters. A FPF is used in [19] to obtain a tunable multi-
wavelength random DFB fiber laser with a line-width as 
narrow as 40 pm using a hybrid erbium-Raman gain. In the 
same manner a FPF is also utilized in [18] to realize a multi-
wavelength laser. Moreover, a fiber Bragg grating is used to 
achieve a line-width of 50 pm. Finally a tunable multi-
wavelength random DFB laser is proposed in [21] with a line-
width down to 34 pm by using a combination of a FPF and an 
interferometer based on long period gratings. A good review 
about DFB random lasers can be found in [23]. 

In this work, a random DFB fiber laser with a line-width of 
3.2 pm is presented, which significantly improves any other 
result as far as the authors know. The proposed topology is a 
simple all-fiber setup that uses a combination of fiber Bragg 
gratings as the spectrum filters. In addition, a variation of the 
setup for multi-wavelength operation is also presented. 

II. EXPERIMENTAL SETUP 

The laser topology presented is based on a forward-pumped 
random distributed feedback (DFB) fiber laser. A wavelength 
division multiplexer (WDM) is used to inject the pump laser 
(IPG RLD 3-1445) into the cavity formed by 50 km of 
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standard single mode fiber (SMF). On one side, the SMF 
serves as the active medium for the gain generation due to the 
stimulated Raman scattering effect. On the other side, the 
SMF acts as a distributed mirror, providing a weak feedback 
along the fiber because of the Rayleigh scattering. The 
scattered light travels back into the port 2 of an optical 
circulator which role, together with other components, is to 
filter the light and redirect it into the cavity. The design of this 
filtering mirror is the key point of the study, since depending 
on the setup particularly narrow band emission lines can be 
attained. Accordingly, in this study two different topologies 
are presented. 

A. Single line emission. 

 

Fig. 1. Setup of the single-line random distributed feedback fiber laser. 
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Fig. 2. Reflected and transmitted spectra of the tunable FBG and PS-FBG 
respectively. 

The first proposed setup can be seen in Fig. 1. The main 
purpose of the system is to obtain a random laser by using the 
narrow central transmission peak of a phase shifted fiber 
Bragg grating (PS-FBG). The full width at half maximum 
(FWHM) of the central transmission peak is 11 pm. To select 
the central peak of the PS-FBG, the light is initially filtered by 
a fiber Bragg grating (FBG) centered at λ=1545 nm (FWHM = 
0.35 nm) which is properly connected to an optical circulator 
that allows the FBG to operate in reflection. The next 
component placed in the loop is a PS-FBG centered at λ in a 
serial configuration which function is to narrow the emission 
line. In this manner, the resulting transmitted line of the loop 
is the combination of the reflected spectrum of the FBG and 
the PS-FBG response in transmission as depicted in Fig. 2. 
Finally, an optical coupler is included in the loop mirror in 
order to extract part of the signal and use it as the main output 

port. Additionally, an alternative output will be taken from the 
far end of the fiber (output 2 in Fig.1).  

B. Multi line emission. 

 

Fig. 3. Setup of the multi-wavelength  random distributed feedback fiber 
laser. 

A second scheme is also presented with the aim of 
increasing the number of emission lines. In this regard, four 
pairs of PS-FBGs and FBGs corresponding to the wavelengths 
λ1=1539.8 nm, λ2=1545 nm, at λ3=1549.6 nm and λ4=1552.9 
nm are utilized. The FWHM of the central transmission peaks 
are 14.5, 11, 19.2 and 29.9 pm for the PS-FBGs placed at λ1, 
λ2, λ3 and λ4 respectively. A  multiplexer/demultiplexer (MUX/ 
DEMUX) is used as can be seen in Fig. 3. The MUX/DMUX 
has four 200 GHz-wide channels (ITU channels C31, C35, 
C41 and C47) with insertion losses of 1.8 - 2.2 dB per 
channel. This device permits the inclusion of a variable 
attenuator (VA) in every branch to independently control the 
losses of each channel, adding the lowest possible losses to the 
cavity as reported in [24] . In this case, the PS-FBGs are 
concatenated in a serial configuration. It is worth saying that 
in order to avoid undesired reflections every fiber end of both 
setups was immersed in refractive index matching gel. 

III.  RESULTS AND DISCUSSION 

A. Single line emission. 

In order to investigate the performance of the proposed 
setups, a series of experiments have been carried out. Initially, 
a single emission line was analyzed by means of a Brillouin 
optical spectrum analyzer (BOSA by Aragon Photonics) with 
a resolution of 0.08 pm. As can be seen in Fig. 4, the 
narrowest emission line obtained has a quasi-lorentzian shape 
with a FWHM of 3.2 pm, which is more than ten times 
narrower than other reported random lasers as far as the 
authors know [18,19,21]. This emission line corresponds to a 
pump power of 1.42 W and a coupling ratio of 70/30 with a 
30% of the power re-inserted into the cavity. It can be also 
noted in Fig. 4 that the stimulated Brillouin scattering has a 
suppression ratio higher than 40 dB for that configuration. The 
first anti-Stokes line arises after increasing the pump power; 
reaching a suppression ratio close to 35 dB for a pump power 
increment between 70-110 mW depending on the setup.  
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Fig. 4. Optical spectrum of the generated emission line. 
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Fig. 5. Line-width variation with the Raman pump power for different 
coupling ratios. 

 The dependence of the line-width on the pump power has 
been also studied. With the aim of finding the optimal 
coupling ratio of the optical coupler placed in the loop, the 
experiment was repeated for different coupling values (Fig. 5). 
The results show that there is a clear increase of the line-width 
with the pump power as previously reported in [6,18,25,26], 
obtaining the narrowest possible line-width right above the 
lasing threshold in every case. Furthermore, the increase rate 
of the line-width with the pump power varies with the 
coupling ratio. After applying a linear fitting, the gradient 
increases from 14 to 22 pm/W as the re-injected power into 
the cavity increases from 10 % to 90%. The selected coupling 
ratio also implies a trade-off between lasing threshold and 
peak power as can be seen in Fig. 6. The maximum peak 
power achieved is 1.2 dBm which corresponds to the case of a 
10 % of re-inserted power with a pump power of 1.67 W. 
Since the output port of the laser is placed inside the loop 
mirror, the attained peak power values are smaller than in 
other random lasers but are close to 0 dBm when the extracted 
power from the loop mirror goes beyond the 50 %. 

It is worth noticing that the results depicted in Fig. 6 also 
prove that the studied emission line is a laser itself, clearly 
showing the lasing threshold for each different coupling ratio. 
As it has been reported in studies before [3], one of the main 
properties of the random lasers based on Raman scattering is 
its longitudinal mode-less behavior due to the distributed 
reflection of the light along the fiber because of the Rayleigh 

scattering. In order to demonstrate the full random operation 
of the proposed laser, a test showing this mode-less operation 
was carried out. In this experiment, the output light was 
received by means of a photo-detector (Agilent 83440B) and 
studied in an electrical spectrum analyzer (Rohde & Schwarz 
FSP30) with a resolution as good as 1 Hz. The self-beating 
signal of the emission line can be clearly seen in Fig. 7 with 
different spans (6 GHz, 90 kHz and 10 kHz) and resolution 
bandwidths (100 kHz, 300 Hz and 100 Hz respectively). There 
is no evidence of longitudinal mode beating, thus the random 
laser operation is verified.  
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Fig. 6. Peak power of the emission line vs pump power for different 
coupling ratios. 
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Fig. 7. Laser’s electrical self-beating signal for different spans/resolutions 
(black) and the photo-receiver’s noise level (red). 

Another experiment was performed with the aim of 
comparing the emission lines obtained at the main port (loop 
mirror) with the measured at the output 2 (in Fig. 1). In order 
to avoid reflections and to extract the pump power remaining 
at output 2, an isolator was placed followed by a WDM before 
the measuring device. Additionally, a variable attenuator was 
used to avoid any damage to the equipment. Figure 8 shows 
the spectrum measured at the output 2. The FWHM was in the 
best case (right above the lasing threshold) 6.45 pm, two times 
broader than in the best case obtained at the output placed in 
the loop mirror. Since the main part of the power travels co-
directionally with the pump wave, the peak power measured is 
higher, reaching around 14 dBm. On the other hand, the 
optical signal to noise ratio (OSNR) is 22 dB, about 18 dB 
smaller than the obtained in the loop mirror. Therefore, the 
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output used could vary depending on the application: the one 
placed in the loop mirror provides narrower emission lines 
with higher OSNR but the output 2 offers higher peak power.  
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Fig.8. Optical spectrum of the generated emission line at the output 2. 

Finally, a last test was carried out to evaluate the differences 
between performing the filtering process inside or outside the 
laser’s cavity. In this regard, the tunable and the phase-shifted 
fiber Bragg gratings were removed from the loop and placed 
at the output port (using a 3-port circulator) as depicted in Fig. 
9. The resulting emission line was measured using the BOSA, 
obtaining a FWHM of 12 pm that is essentially equal to the 
FWHM of the PS-FBG. The peak power measured for this 
emission line is -28 dBm, 21 dB lower than in the previous 
case. Additionally, the OSNR measured is close to 20 dB, 
which is 20 dB smaller than the obtained in the case in which 
the filters are located inside the loop. In order to compare both 
emission lines, the normalized spectra measured can be seen 
in Fig. 10. These results clearly evidence that placing the 
filters inside the loop greatly improves the performance of the 
laser in terms of line-width, peak power and OSNR.  

 
Fig. 9. Experimental setup where the filtering process is done out of the 
cavity. 
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Fig. 10. Comparison between the emission lines generated when the 
filtering process takes place inside (red) and outside the laser’s cavity 
(black). 

B. Multi-line emission. 

As previously stated, a significant feature of random lasers 
based on Raman scattering is its mode-less behavior. This 
particularity implies that there is no mode-hopping or mode-
competition. Consequently the wavelength and peak power 
instabilities are smaller than in other fiber lasers as in erbium 
doped fiber-based lasers. Moreover, there is little or negligible 
gain competition between emission lines when operating a 
multi-wavelength fiber laser with the filtering devices placed 
appropriately [20, 27]. In order to exploit these advantages the 
setup reported in section 2.1 has been adapted to a four-
wavelength laser with narrow line-widths. 
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Fig. 11. Spectra of the four emission lines measured at the BOSA with a 
0.08 pm resolution. 
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Fig. 12. Power instability of the four emission lines in 15 minutes. 

The spectrum of the four emission lines can be seen in Fig. 
11. Note that the wavelength axis has been clipped in order to 
allow the line-widths to be properly displayed. In this case a 
90/10 coupler was used for the measurements, extracting a 
10% of the power through the output port. Therefore, low 
peak power values are attained in agreement with the case of 
90% of recirculated power shown in Fig. 6. There are also 
some extra losses with respect to the single-line setup due to 
the inclusion of components. Accordingly the lasing 
thresholds are higher in this case, being 1.4, 1.42, 1.44 and 
1.47 W for the first, second, third and fourth emission line 
respectively. The spectral line-widths of the four emission 
lines placed at the wavelengths 1539.8, 1545, 1549.6 and 
1552.9 nm are 5.74, 5.04, 6.36 and 9.16 pm respectively, 
which are greater than the obtained for a single emission line. 
A reason for this increase is that each PS-FBG has a different 
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spectral response, being this particularly evident in λ4. 
Additionally, since the required pump power is in this case 
much higher than the individual lasing threshold, an increase 
of the line-width due to broadening non-linear effects occurs 
(as previously shown in Fig. 5 for a single line). 

The inhomogeneous behavior of the Raman gain permits the 
emission lines to be adjusted independently [27], in contrast 
for instance with EDFLs, where the variation of one emission 
line unavoidably affects the gain provided to the other 
lines[5,28]. In Fig. 11 the multi-wavelength laser was easily 
equalized by means of variable attenuators to achieve identical 
peak power in each emission line. This lack of gain 
competition together with the absence of mode-hopping and 
mode-competition result in low power instability over time. 
Fig. 12 shows the peak power fluctuations of the four emission 
lines every 10 seconds for 15 minutes (pump power = 1.48 
W). The instabilities attained for λ1 to λ4 are 0.042, 0.051, 
0.062 and 0.071 dB respectively. It is worth mentioning that 
power and wavelength stabilities are affected by temperature 
variations. This is due to the wavelength dependence of the 
PS-FBG on the temperature. In addition, the gain provided by 
the Raman scattering effect also varies with temperature. 
Accordingly, these results may possibly be improved by better 
isolating the system. 

C. Discussion. 

Previous published works about narrow random lasers use 
Fabry Perot filters, Mach-Zehnder interferometers and diverse 
types of gratings to obtain a different number of emission lines 
with line-widths of tens of picometers [18,19,21]. Other 
studies have also shown that a random DFB fiber laser 
spectrum can be modified at will by using programmable 
filters [22] appropriately placed in order to avoid or enhance 
power redistribution between lines [20]. A direct conclusion of 
this customizability is that narrower random DFB fiber lasers 
could be straightforwardly achieved if more selective filtering 
devices are used, always taking into account the contribution 
of broadening effects, which should be further studied. But for 
the first time, sub-gigahertz random laser emission lines have 
been reached in this work, allowing the direct real-time study 
of the statistical and temporal properties of DFB random lasers 
[25]. 

In addition, random DFB fiber lasers have interesting 
properties for sensing applications as reported in [11-14] due 
to its good performance in terms of tunability and wavelength 
operation. Moreover, high power and wavelength stabilities 
together with narrow emission lines could give precise 
amplitude and wavelength-based measurements if FBGs are 
used for the wavelength selection. This dependence of the 
Bragg wavelength on temperature and strain can be also 
utilized to control the wavelength of the emission line in the 
proposed setups. Moreover, extra emission lines could be 
generated using the multi-wavelength scheme just by 
increasing the number of channels of the MUX/DEMUX and 
including the corresponding Bragg gratings. Consequently, 
with an appropriate control of the Bragg wavelengths, each 
emission line of the multi-wavelength scheme could be 
independently tuned in both amplitude and wavelength (within 
the MUX/DEMUX channel bandwidth). This versatility is of 
particular interest when compared to Fabry Perot filter-based 

systems, since FFP filters do not allow each line to be adjusted 
independently. 

IV.  CONCLUSION 

In this work, sub-gigahertz line-widths have been reached 
for the first time in a random distributed feedback laser. Two 
random DFB fiber laser schemes based on a simple and 
customizable configuration have been reported. The gain is 
provided by the Raman scattering effect along 50 km of 
single-mode fiber which also act as a distributed mirror. The 
filtering process is realized by fiber Bragg gratings placed in a 
loop mirror at the end of the cavity. In the first topology a 
single emission line is attained with a line-width of 3.2 pm 
which improves significantly (approx. 10 times) any other 
published work up to date. A second scheme is also presented 
for multi-wavelength operation where four narrow emission 
lines have been obtained with line-widths between 5 and 9 pm. 
This topology can be extended for a greater number of lines 
and presents a good versatility since the wavelength and peak 
power of each emission line can be independently adjusted. 
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