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Abstract—The Manakov modulation instability is shown to 
determine the performance limit of long-distance Brillouin fiber 
sensors utilizing orthogonally-polarized pumps. Numerical 
simulations of the Manakov equation are supported by the 
experimental measurement of a 25-km Brillouin fiber sensor to 
verify the model. The study reveals that the use of orthogonally-
polarized pulses decreases the pump depletion due to modulation 
instability leading to an enhancement of the sensing distance.  
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I.  INTRODUCTION 
There has been an extensive effort during the last decade to 

increase the sensing range achieved by Brillouin optical time 
domain analysis (BOTDA) distributed fiber sensors [1]. 
Reaching long sensing distances requires increasing pump and 
probe powers launched into the sensing fiber to provide a high 
enough signal-to-noise ratio (SNR) at the end of the fiber. 
However, using a high peak-power pump excites detrimental 
nonlinear effects like modulation instability (MI) and 
stimulated Raman scattering (SRS), which deplete the pump 
and decrease the maximum sensing distance of the system [2]. 
Compared to SRS, MI shows a lower critical power and thus 
determines the maximum sensing range of a BOTDA sensor 
[2]. The effect of MI on single-pump distributed sensors has 
been studied in [2] and [3], while in [4] the maximum range 
has been derived based on the depletion length induced by MI. 
Using multi-wavelength pumps in parallel [5] and orthogonal 
[6] polarizations has been proposed recently to improve the 
BOTDA performance. In this paper, we show that while in the 
parallel pumps case the system is highly affected by four-wave 
mixing (FWM), the main limitation in the orthogonal case is 
determined by the vector modulation instability.  

II. MANAKOV MODULATION INSTABILITY

Modulation instability in optical fibers is the result of an 
interaction between the group velocity dispersion (GVD) in 
anomalous regime (β2 < 0) and the nonlinear Kerr effect 
represented by the nonlinear coefficient γ. In the time domain, 
MI breaks a CW light into a train of soliton-like pulses, while 
in the frequency domain it produces symmetric sidebands 
around the pump wavelength. Standard single-mode fibers 
(SMFs), mostly used in distributed sensing, have anomalous 
dispersion at 1550 nm and thus suffer from modulation 
instability. In the case of a single pump, the pump pulse 

envelope ,  evolves along the fiber according to the scalar 
nonlinear Schrödinger equation (NLSE) as follows [7]:  

2 22 | | , (1) 

where  is the fiber attenuation. Scalar modulation instability 
in standard BOTDA has been studied thoroughly by analyzing 
(1) and the model has been verified experimentally [4]. 
Considering orthogonally polarized pumps one needs to extend 
the scalar analysis of MI to its vector counterpart where the 
vector NLSE governs the polarization components of the 
lightwave [7]. The form of the vector NLSE depends on the 
birefringence characteristics of the fiber. Any deviation from 
perfectly cylindrical structure of optical fibers due to oval 
cross-section or applied stress can induce an anisotropy that 
leads to birefringence. This anisotropy breaks the degeneracy 
of the two orthogonally polarized modes of the hybrid mode 
HE11 and thus the fiber acts like a two-mode fiber. SMFs are 
categorized as ‘randomly varying birefringent’ fibers in which 
birefringence changes randomly over a length scale ~10 m in 
both amplitude and axis [8]. These random fluctuations force 
the Stokes vector to sweep the entire surface of the Poincaré 
sphere over a length scale ~1 km. For fibers of a few 
kilometers long, averaging over the entire Poincaré sphere 
leads to the following coupled nonlinear Schrödinger equations 
referred to as the Manakov system [7]−[9]:  

22 22 2 | |2 | |2
22 22 2 | |2 | |2 , (2) 

where  and  are two orthogonal polarization components. 

Fig. 1. MI gain spectrum for a 10 km SMF with α = 0.2 dB/km, 
β2 = −22 ps2/km and γ = 1.8 W−1/km in three pump scenarios: single pump, 
two parallel and two orthogonal pumps with a frequency spacing of 20 GHz. 
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 It is worth mentioning that in the Manakov system, as it is 
clear from (2), the self-phase modulation (SPM) and cross-
phase modulation (XPM) of the orthogonal components have 
equal effects on each other. Here (1) and (2) have been solved 
numerically using the split-step Fourier method [7] and in 
order to consider the background noise as a seeding to MI, a 
Monte Carlo simulation has been performed. Fig. 1 shows the 
MI gain spectrum obtained by simulating (1) and (2) for three 
scenarios: single pump with 250 mW peak power, parallel 
pumps with 125 mW each, and orthogonal pumps of 125 mW 
each. Results point out that in the parallel pumps case FWM is 
the most relevant effect, while with orthogonal pumps FWM is 
highly suppressed [9], making the Manakov MI the dominant 
effect. Interestingly, the Manakov MI gain is lower than the 
scalar MI, imposing less restrictive limitations to the system.  

III. EXPERIMENTAL MEASUREMENTS 

 Fig. 2 depicts the concept of the experimental setup. Two 
pulsed pumps with frequency spacing 19.1 GHz are generated 
using a Mach-Zehnder electro-optic modulator [6]. Their states 
of polarization are controlled by a polarization controller, a 
differential group delay module and a programmable optical 
filter to have the three different scenarios: single pump, double 
parallel pumps and double orthogonal pumps. An electro-optic 
phase modulator driven by a 1.3 GHz RF signal generates the 
probe wave (carrier and two sidebands). Since the Brillouin 
frequency of the fiber is 10.85 GHz, the low-frequency pump 
induces Brillouin loss on the upper probe sideband, while the 
high-frequency pump induces Brillouin gain on the lower 
probe sideband. The probe components after propagation along 
the fiber are directed into a photo-detector and the resulting 
signal is demodulated and then captured by an oscilloscope.  

 
Fig. 2. Brillouin interactions of probes and orthogonally-polarized pumps. 

Fig. 3 shows the power evolution along the fiber for the 
three scenarios: single pump, parallel pumps and orthogonal 
pumps obtained by measurement and simulation. As it is 
evident from the figure, the numerical simulations of (1) and 
(2) follows accurately the experimental results demonstrating 
the validity of the model. Fig. 3(a) compares the single-pump 
BOTDA with the double parallel pumps. This clearly shows 
more than 50% pump depletion at the end of the fiber in both 
scenarios when compared to the undepleted exponential decay. 
The deep power oscillation for the parallel pumps at 5 km 
distance confirms that the FWM between parallel pumps 
dominates the sensor response. Fig. 3(b) reveals the reduction 
of MI-induced pump depletion obtained with orthogonal 
pumps compared to a single pump. This actually leads to 
power evolution close to the ideal undepleted case when using 
orthogonal pumps, providing higher SNR at the fiber end.  

Fig. 3. Measured and simulated power evolution in a 25 km SMF for an 
input power of 300 mW for (a) single pump and double parallel pumps, and 
(b) single pump and double orthogonal pumps. The system parameters are: 
α = 0.2 dB/km, γ = 1.0 W-1/km and β2 = −23 ps2/km. The frequency spacing 
is 19.1 GHz and the noise power spectral density is −109 dBm/Hz. 

IV. CONCLUSIONS 
The effect of scalar and vector modulation instabilities on 

the response of Brillouin distributed sensors has been 
theoretically and experimentally studied. Results show that the 
maximum pump power allowed in a BOTDA sensor is defined 
by Manakov MI when using orthogonally polarized pumps. 
With such a scheme the sensor can actually outperform a 
conventional BOTDA as well as schemes using parallel pumps.  
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