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Abstract: We have studied the effect of Raman amplification on the performance of a fiber optic distributed sensor based 
on Stimulated Brillouin scattering. A comparison between the results obtained without amplification and with three 
different Raman pumping configurations (co-propagating, counter-propagating and bi-directional) is presented. 

 

1.- Introduction. 
Optical fiber-based sensors provide an interesting solution for the monitoring of civil infrastructures. 

This kind of sensors is of particular interest when the infrastructures are located in an electrically noisy 
environment (where electrical sensors are more problematic) or the distance to monitor is large. Among the 
optical fiber sensors, the distributed sensors offer the possibility to monitor a large number of measurement 
points, avoiding the need for thousands of point sensors. These sensors are normally employed for the 
measurement of physical quantities, such as the temperature or the strain across long distances [1,2,3].  

In this context, distributed Brillouin sensors have raised a notable interest in the last years [4,5], since 
they allow a continuous monitoring of temperature and/or strain in an optical fiber with a spatial resolution 
between 1 and 2 meters and distances up to 30 km [3]. These systems have a measurement range limitation of 
20-30 km basically due to the fiber attenuation, which is about 0.2 dB/km in modern optical fibers working at 
1.5 µm. As the optical signals travelling through the fiber are attenuated, the recovered signal quality is lost 
and the uncertainty of the measurement grows. This power loss can be compensated by using distributed 
Raman amplification, which induces a distributed gain along the fiber that compensates for the loss caused by 
the fiber. However, while this idea has been used in reflectometer-type (BOTDR) Brillouin sensors [6,7], they 
have not yet been tested for analyzer-type Brillouin sensors (BOTDA). The aim of this paper is to explore this 
possibility in BOTDA sensors. To this aim, we have experimentally developed a Raman-assisted BOTDA 
sensor. We investigate the use of Raman amplification in counter-propagating, co-propagating and bi-
directional configurations. We show that in some of these configurations, the assistance of Raman 
amplification enables to monitor longer interaction distances, although special attention to the issue of 
Relative Intensity Noise (RIN) transfer from the Raman pump has to be paid.  

 
2.- Experimental setup. 

Figure 1 shows the experimental setup used. The setup involves the use of a conventional (home-
made) BOTDA sensor working at 1550 nm. The only difference is that the fiber under test incorporates 
WDMs in both ends. Through this ends, emission from a Raman pump at 1455 nm can be introduced.  

Both Brillouin pump and probe signals are obtained from the same laser diode (LD). The LD emits at 
1553.59 nm and has a narrow-linewidth (below 1 MHz). The output power of the LD is ∼4 mW. We adjust the 
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wavelength of the laser through a current and temperature controller. To obtain the pump and the probe we 
split the beam through a 50/50 optical coupler. The probe is obtained by a suitable amplitude modulation of 
the pump laser (Modulator 2 in Figure 1). The amplitude modulation creates two sidebands, separated from 
the pump by approximately the Brillouin shift νB (∼10.5-10.8 GHz) of the fiber under test. The carrier 
frequency is suppressed by properly setting the DC bias on the modulator. We are interested in the lower-
frequency sideband, which will be filtered out before detection. 

 
Figure 1: Experimental setup of the distributed Brillouin sensor. LD: Laser Diode; PC: Polarization controller; SGEN: Signal generator; 

PID: Proportional-Integral-Derivative; EDFA: Erbium Doped Fiber Amplifier. RF: Radio-frequency generator; PS: Polarization Scrambler; WDM: 
Wavelenght Division Multiplexer. 

 

To form the pump pulse we use Modulator 1 shown in Figure 1. The working point of this modulator 
is set to minimum transmission and fixed by an electronic PID circuit. The pulse duration has been chosen to 
obtain the target sensor resolution, in our case 1-3 m. The repetition rate is defined by the maximal length of 
the test fiber. The pulse train obtained at the output of Modulator 1 is amplified to generate Brillouin 
scattering in the fiber under test. For this purpose we use a +23 dBm saturation output power Erbium Doped 
Fiber Amplifier (EDFA) and a tuneable attenuator to control the output power. Since the EDFA delivers a 
substantial Amplified Spontaneous Emission (ASE) at the output (on top of the amplified signal), we need to 
filter the pump. For this purpose, a tuneable fiber Bragg grating is used. The spectral profile of this Bragg 
grating is approximately Gaussian and its spectral width is 0.8 nm. We monitor the pump power using a power 
meter after the filter. A polarization scrambler is used to eliminate the dependence of the Brillouin gain on 
polarization. The fiber is connected to the common band arms of two WDMs. The Raman and Brillouin 
signals are introduced in the fiber under test through the corresponding arms of the WDMs. In detection, the 
probe signal is amplified by another EDFA (EDFA 2). After amplification, the probe is filtered by a tunable 
Bragg grating that works in reflection and that has a 0.16 nm bandwidth. A tunable attenuator controls the 
output power before detection, to avoid saturation of the InGaAs detector.  

In our system, the Raman pump is supplied by a Raman Fiber Laser (RFL) at 1455 nm The power of 
this laser can be tuned up to 2.4 W. The RFL beam is divided by a 50/50 coupler in two beams. Each of them 
will be coupled to the points X and/or Y represented at Figure 1 into the reflective band arm of the WDM 
(1470 nm - 1490 nm), depending on the tested experimental configuration for Raman pumping. When point X 
is disconnected and Y is connected, we have counter-propagating Raman amplification (counter-propagating 
refers to the Brillouin pump pulse). When point X is connected and Y is disconnected, we have co-
propagating Raman amplification. When points X and Y are connected, we have bi-directional Raman 
amplification. 
 
3.- Experimental results. 

The goal of our experimental setup is the determination of the Brillouin shift νB at each point in the 
fiber. This provides all the necessary data with respect to strain and temperature variations. When the 
Brillouin pump-probe frequency separation equals the characteristic Brillouin shift νB of the fiber under test, 
the amplification of the probe will be maximized by the Brillouin gain generated by the pump signal. If any 
temperature or strain variation occurs, the Brillouin shift is changed and the probe signal will experience 
maximum amplification at a different frequency. To determine correctly the Brillouin shift, depletion of the 
Brillouin pump due to Brillouin power transfer must be made negligible, since this would create a frequency 
dependent distortion in the trace that would make the measurement incorrect, so one must work at relatively 
low Brillouin pump powers and gain values (normally 1-2%). 

Due to the attenuation of the optical fiber, the system is limited in resolution and in length. In absence 
of Raman pump, the measurable distance spans up to 30-40 km with 1 meter resolution. To try to overcome 



 

 139

this problem we use Raman amplification in the three different configurations described above: co-
propagating, counter-propagating and bi-directional. However, knowing above mentioned need to work at 
relatively low Brillouin pump powers, the idea is only to amplify to achieve as close as possible to 
transparency. More amplification would deteriorate the performance since a strong increase in the Brillouin 
gain would lead to pump depletion and incorrect measurements. 

We present experimental results for the three different configurations that have been presented before 
with 20 ns pulses width over 50 kilometres (Figure 2). With this pulse-width the sensor resolution is two 
meter. The traces are acquired for the characteristic νB of this fiber, around 10.7 GHz. For comparison, we 
also show the trace in absence of Raman amplification. The measurements have been made using a Raman 
pump power of 500 mW, which was basically enough to guarantee transparency of the fiber on an end-to-end 
perspective. Figure 3 shows the contrast enhancement achieved by Raman amplification for each position of 
the fiber. On average, the contrast of the trace is improved in all the configurations, being best for the co-
propagating case. However, it is interesting to inspect the initial end of the fiber (the one closest to the 
detector). Here, the co-propagating configuration has a 6 dB improvement in contrast over the case without 
Raman amplification. This is because the probe signal has been amplified at this point (counter-propagating 
amplification of the probe signal). However, both the counter-propagating and bi-directional configurations 
have a lower signal contrast at the initial end of the optical fiber, -2.5 dB and -5 dB respectively. This can be 
traced back to the transfer of Relative Intensity Noise (RIN) from the Raman pump to the probe signal (the 
Raman pump co-propagates with the probe in this case, which maximizes the effect). This induces spectral 
broadening of the probe signal and a reduction of the gain efficiency. This effect is noticeable only close to the 
pump side and contrast along the rest of the measurement distance is improved. Overall, considering this data, 
one could be misled into thinking that the best results are obtained for the co-propagating configuration.  
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Figure 2: Comparison the oscilloscope traces of the four configurations 
for 20 ns electrical pulses. The total power of the Raman laser pumping 

is 500 mW. 
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Figure 3: Contrast increment (respect of the Brillouin gain) of 20 ns 

pulses width in the three configurations: bi-directional, co-
propagating and counter-propagating Raman amplification. 

 

4.- Advantage of use bi-directional Raman amplification. 
Although the best results, in terms of contrast, are obtained for the co-propagating configuration, there 

are several issues with this configuration. All of them relate to the fact that this is the configuration in which 
the peak power of the Brillouin pump along the fiber is highest. This means that we have to ensure that there 
is no Brillouin pump depletion due to Brillouin gain. Since the maximum amplification of the pump pulse is 
obtained at the beginning of the fiber, this will also be the position of maximum absolute gain and maximum 
power transfer. In addition, since we are working in the anomalous dispersion regime of the fiber, the pump 
may reach powers at which modulation instability plays a detrimental role. 
 The major advantage of the bi-directional Raman amplification configuration, on the other hand, is the 
possibility of equalizing the Brillouin gain along the fiber, so as to have a quasi-lossless line. In this way, we 
can have a close-to-constant signal contrast at any distance in the fiber. In other words, bi-directional Raman 
amplification is the most efficient in compensating fiber losses, leading to best contrast at the far end of the 
fiber. Figure 4 shows the traces with and without bidirectional amplification using 30 ns Brillouin pump 
pulses. The contrast in the trace remains improved for nearly all the distances, being larger towards the final 
far end of the fiber. Figure 5 represents the improvement of the bi-directional configuration with respect to the 
traditional one (without Raman amplification).  
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Figure 4: Comparison between the oscilloscope traces of the Brillouin 

probe without Raman amplification and with bi-directional Raman 
pumping for 30 ns electrical pulses. Total  Raman pump power is 500 

mW. 
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Figure 5: Contrast improvement (with respect to the case without 

Raman) for 30 ns pulses width using the bi-directional Raman 
amplification configuration. 

5.- Conclusions.  
In conclusion, we have presented a Raman-assisted distributed sensor based on stimulated Brillouin 

scattering for sensing temperature and strain. This experimental setup allows us to monitor over up to 50 km 
of optical fiber with a resolution of 2 m, with marked contrast improvement at long distances due to the effect 
of distributed amplification. Three different configurations have been tested: co-propagating, counter-
propagating and bi-directional (referring to the Brillouin pump pulse). The best results are obtained for the co-
propagating and bi-directional schemes. The experimental results suggest the possibility of extending the 
monitored distance up to 100 km in a near future. 
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