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ABSTRACT 

We evaluate the Brillouin frequency shift (BFS) determination error when using the Brillouin phase spectrum (BPS) 

instead ofthe Brillouin gain spectrum (BGS) in BOTDA setups. We compare the error obtained in the BFS determination 
in both cases, both with theoretical arguments and experimental data. In comparison to the gain, for an equal SNR and 
linewidth, the phase generally provides a better fit of the BFS for smaller frequency spans. This result opens a possible 
way to reduce the measurement time of certain BOTDA systems by using the phase feature. 

Keywords: Fiber optics, Fiber optics sensors, Stimulated Brillouin scattering, Nonlinear optics. 

l. INTRODUCTION

Conventional BOTDA configurations ill exploit typically the gain/loss of the interaction, but rarely the induced phase 
shift. Strain or temperature variations in BOTDA systems are typically measured by fitting a quadratic curve to the 
gain/loss spectrum locally measured at each fiber position G]. However the BPS is also a convenient way to determine the 
BFS, as it exhibits a sharp slope close to the BFS position [3]. Severa! techniques have been recently proposed to retrieve 
the longitudinal BFS profile by fitting a linear curve to the central spectral region ofthe BPS measured along the fiber [3.: 

1], instead ofusing the classical BGS response measured by conventional BOTDA sensors. Nevertheless, it is unclear the 
conditions under which the linear fitting of the BPS provides better ( or worse) accuracy in the BFS determination when 
compared to the use of the classical quadratic fitting over the BGS. In the literature, the performance of standard BOTDA 
sensors has been thoroughly analyzed and evaluated in terms of the best achievable error in the BFS determination .GJ. 
However a similar analysis has never been provided for the phase profile case. 

In this paper we present a comparison of the error produced when determining the BFS profile by employing BPS and 
BGS measurements. Theoretical and experimental results are compared in both cases. The results prove that the use of a 
linear fitting of the BPS can result in a better accuracy under specific conditions, especially when a small frequency range 
is used. 

2. ERROR IN THE BFS DETERMINATION BASED ON BPS MEASUREMENTS

In a standard BOTDA system, the determination of the associated temperature/strain variations is performed estimating 

the center frequency position ofthe measured Lorentzian gain curve (v8) by fitting the BGS to a parabolic polynomial 
curve, as represented in Fig. la. Likewise, it is also possible to determine the BFS obtaining the frequency position at 
which the probe wave suffers no de-phase (see Fig. la) by fitting the BPS to a first-order polynomial curve. 

An error in the frequency estimation of either the peak of the BGS or the zero de-phase of the BPS is typically produced 
due to the presence of noise in the measurements. In this work, a mathematical expression is obtained for the BFS 
determination error based on BPS measurements by following an approach based on the error propagation of a least-square 
linear fit .[fil of the Brillouin phase response curve. Considering measurements with a certain SNR, a number of measured 

frequencies N ( with a fixed step o) and a normalized gain response with a FWHM of � v 
8 

, the obtained expression for the 

error in the BFS determination is: 
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(1) 

Where pis a form factor that depends on the shape ofthe input pulse spectrum, ranging typically from 1.5 to 2. It should 
be noted that the second term in Eq. (1) has been obtained under the assumption that the curves have zero horizontal and 
vertical offset (i.e. the only error is introduced by noise). In general, ifthere exists either a vertical or horizontal offset on 
the phase curves, it will have a direct impact on the uncertainty in the BFS deterrnination. Moreover, it can be shown that 
the impact ofthis offset term will be larger for smaller measurement spans. It is therefore important that BPS measurements 
are not biased by any offset, or that this offset is somehow corrected. 
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Figure l. (a) Graphical representation of experimental gain and phase profiles obtained through a SI-BOTDA [7]. The 
position of the BFS is represented with a red dot as well as the necessary mathematical fits to determine it. (b) BFS 
determination error magnitude definition for the gain and phase profiles. 

Unlike the estimated error using parabolic fitting .11], the expression in Eq. (1) <loes not depend on the frequency step used 
to sean the BPS. This can be explained by the fact that in the quadratic case the spectral range used to fit the BGS is 
essential to properly identify the curvature of the polynomial curve, having in this way a direct impact on the estimation 
of the BFS error. In the case of the a linear fitting the spectral width is not an explicitly important parameter, and what 
really defines the error in the BFS estimation, besides the SNR, is the number of points used in the fitting and the slope of 
the fitted líne (which is related to the inverse ofthe FWHM ofthe BGS). Again, it should be clear that the assumptions 
used imply no vertical or horizontal offset. In case of such an offset, an inevitable error appears which <loes indeed depend 
on the measurement step. This error wíll be more important as the step is reduced. 

3. COMPARISON OF THE BFS ERROR IN THE GAIN ANO PHASE CASES

Equation (1) shows the dependence ofthe error obtained when determining the BFS ( av) in the BPS case as a function of 

the number of points employed in the fitting ( N ),the signal-to-noise ratio (SNR) and the Brillouin FWHM línewidth 

( A v
n 

). We will show a comparison ofthe evolution ofboth parabolíc ill and linear errors (Eq. (1)) as a function ofthese 

magnitudes. Experimental results are added in the comparison by introducing measurements using a SI-BOTDA .[fil. This 
scheme provides a simple baseband method for deterrnining simultaneously the gain and phase profiles of the SBS 
interaction along the fiber. Since BGS and BPS profiles are obtained from simple addition and subtraction of two 
independent measurements I1], the gain and phase responses are obtained wíth the same SNR, and the comparison is 
straightforward. Nevertheless, the conclusions of our study are absolutely general for any kind of phase-measuring 
BOTDA. 

First, we analyze the dependence ofboth errors ( ªv-li
near 

and uv-parabolic) on the number ofmeasured frequency points N 

around the BFS. The measurements were performed with 20 ns optical pump pulses, which led to a Brillouin linewidth ( 

A v
8

) of56.7 MHz. The traces were averaged 300 times providing an equivalent SNR of 13.4. Fig. 5 shows a representation 

of each parabolic and linear error ( experimental and theoretical for each case) for different frequency sampling steps ( 8 = 
0.25, 1, and 2 MHz). Obviously, as long as the sampling step increases the numbers of points to determine the error is 

consequently reduced (note that the number ofpoints used in the fittings is in all cases bounded to a region of A v
n 

around 

the BFS). As can be observed, for an elevated number of sampling points ( N > 100), and consequently a small sampling 

step ( 8 = 0.25 MHz), the error for both cases rernains below 1 MHz and fits quite well the theoretical tendency. As long 



as N is reduced, the error rapidly increases for the parabolic case and the match among theory and experiment starts to 
diverge, in agreement with results reported in U]. Contrary to this, in the linear case, the error remains quite bounded for 
almost all values of N (note that for N < l O the results may not be statistically significant enough). It should be reminded 
that the linear fitting is only possible considering the scanned spectral points within the FWHM of the BGS (linear region 
ofthe BPS). For the linear case, as determined by Eq. 1, the error dependency with ó <loes not exist, what determines that 
even with a large sampling step (3 MHz) and a low number ofpoints (- 10) the error is still close to 1 MHz. This is very 
interesting, as in any case this type of fitting could be used to reduce the number of sampling points and therefore also the 
measurement time. 
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Figure 2. Linear and parabolic BFS determination error vs. the number of fitting points. The analysis has been 
performed for different frequency sampling steps ( ó = 0.25, 1 and 2 MHz), with experimental results retrieved 
with 20 ns pulses and a 13.4 SNR equivalent to 300 average number. Toe results show theoretical simulations as 
well as experimental results. 

Taking into account Eq. (1) and reference U], ifwe represent the linear and parabolic errors as a function ofthe sampling 
step ó , the linear error will in principie experience no variations as it is not affected by this variable. Fig. 3 shows the 
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cited representation for the particular case of a spectral width of 56. 7 MHz (20 
ns optical pulses) and N = 18 points. This particular number of points has 
been selected in order to be able to represent all the acquired sampling steps 
for the particular � v 

B 
used. As it can be seen, the evolution of the error using 

the linear fit remains basically constant for frequency sampling steps greater 
than 1 MHz. For sampling steps smaller than 1 MHz, the offsets in the 
centering (vertical and horizontal) become non-negligible and have an o·

a 

increasing influence in the error as mentioned in the previous section. The 
parabolic fitting <loes show an inverse dependence with the frequency step in 
both the theoretical expectation and the experimental points. Again, the offsets 
have an increasing effect for smaller sampling steps, as it is visible in the 
divergence between theory and experiment as the sampling step is reduced. 

It is interesting to compare mathematically when the use oflinear or parabolic 
fitting should be preferable. If a ratio between both errors is performed, the 
following expression can be obtained: 

ªv-paraboliJz) ./3·p 

ªv-linear (z) 2·; 

(2) 
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Figure 3. Error comparison as a function of 6 
for 20 ns pulses (�v

B 
=56.7 MHz) and 

N = 18. The linear error has no dependency 
with the sampling step, as predicted by 
equation 1. Only experimentally diverges 
when 8<1MHz. 

As it can be seen, as the measured spectral span diminishes, linear fitting ofthe BPS becomes favored. When this quantity 
is larger than 1, it meaos that linear fitting ofthe BPS should be preferred. This condition is fulfilled when the normalized 
measurement span (; = Nó / � v

s 
), is smaller than -1.3 (under our conditions). As a general tendency, considering that 

most ofBOTDA applications need to perform a frequency sweep at least two times larger than � v
s

, with sampling steps 



close to 1 MHz, a large number of sampling points will normally be necessary, which benefits the parabolic fit. However, 
in sorne specific applications where small frequency sweeps could be feasible (homogeneous fibers, dynamic systems), 
the linear fit would be more beneficia!. 

4. CONCLUSIONS

In conclusion, we have evaluated theoretically and experimentally the performance a linear fitting of the BPS response 
against a parabolic fitting ofthe BGS in BOTDA setups as a function ofthe different experimental parameters (number of 
sampling points, SNR, sampling step and spectral width). To obtain the BFS from the BPS profile the simplest way is to 
perform a linear fit around the zero de-phase point ofthe SBS interaction. The results show that the linear fit used for the 
BPS profile performs better than the conventional parabolic one used for BGS measurements when the measured spectral 
span is small in comparison to the SBS width. However, these measuring conditions are not possible in all scenarios, as 
they would typically involve the need of a high-resolution setup and a homogeneous fiber with small BFS variations. 

Typically, for a robust sweep demanded in most applications, a measurement over twice the SBS width � v
s 

would be 

required, favoring the use ofthe parabolic fit over the BGS. One remarkable feature is that the error in the linear fit ofthe 
BPS has theoretically no dependency with the frequency-sampling step unlike the parabolic fitting ofthe BGS which does 
have a strong dependence on the sampling step. 

It is clear that the BPS response is still under-explored for sensing applications. Considering the above conclusions, we 
believe that the BPS measurement may open the way to achieving a reduced measurement time in certain distributed 
Brillouin sensors, by simply reducing the number of sampling points required to achieve the same BFS deterrnination 
error. This is clearly an important aspect to be explored in the future. 
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