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Abstract: Distributed fiber optic sensor based on Brillouin scattering has become increasingly popular due to its advantage of
simultaneously measuring temperature and strain. The Stimulated Brillouin Scattering (SBS) threshold, sensing distance, signal-to-
noise ratio and spatial resolution are critical parameters to the performance of Brillouin Optical Time Domain Reflectometry (BOTDR
sensor. The result had shown SBS suppression by 4 dB to achieve the maximum sensing distance of up to 60 km using opti-system.
Besides, a 3-bit simplex coding is employed when launching the laser pulses to enhance the SNR at the receiver.
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1. Introduction

A fiber optic sensor uses optical fiber either as the sensing
element ("intrinsic sensors"), or as a means of relaying
signals from a remote sensor to the electronics that process
the signals ("extrinsic sensors"). Depending on the
application, fiber may be used because of its small size, or
because no electrical power is needed at the remote location,
or because many sensors can be multiplexed along the length
of a fiber by using light wavelength shift for each sensor, or
by sensing the time delay as light passes along the fiber

through each sensor. Time delay can be determined using a

device such as an optical time-domain reflectometer and

wavelength shift can be calculated using an instrument
implementing optical frequency domain reflectometry.

Compared with other types of sensors, fiber-optic sensors

exhibit a number of advantages:

* They consist of electrically insulating materials (no
electric cables are required), which makes possible their
use e.g. in high-voltage environments.

* They can be safely used in explosive environments,
because there is no risk of electrical sparks, even in the
case of defects.

* They are immune to electromagnetic interference (EMI),
even to nearby lightning strikes, and do not themselves
electrically disturb other devices.

* Their materials can be chemically passive, i.e., do not
contaminate their surroundings and are not subject to
corrosion.

* They have a very wide operating temperature range (much
wider than is possible for many electronic devices).

* They have multiplexing capabilities: multiple sensors in a
single fiber line can be interrogated with a single optical
source

Instead of making measurements at discrete, pre-determined
points Distributed Temperature Sensing (DTS) makes
continuous measurements over the full length of the optical
fibre. As a result DTS is capable of detecting changes in
temperature smaller than 0.01°C without prior knowledge of

where that event might occur. Distributed sensing is also real

time — so we get continuous monitoring at all points along

the cable at all times. Fast, frequent and accurate

measurements of physical factors such as temperature,

pressure or strain play a key role when it comes to ensuring

the smooth operation of processes in many domestic,

commercial and industrial settings. A distributed sensing

system is made up of two basic components: the sensor and

the detector system. The measurements themselves depend

on four variables, or parameters. These include:

e Distance, or range: the distance over which the
measurements will be made

e Speed: the time required for each measurement

e Temperature resolution: the size of temperature changes
that will be detected

e Spatial resolution: the smallest distance over which a
change in temperature can be detected.

The trade-off between these variables determines the
performance of the measuring system, and the choice of
parameters usually depends on the nature of the application.
OTDR is the technique in which an optical pulse is launched
in the fiber & the variation of returned back scattered
intensity is monitored so that the variation in fiber scattering
coefficient or attenuation along its length can be measured.
In sensor, these are wused to detect localized
measurandinduced variations in the loss or scattering coeff of
a continuous sensing fiber. Brillouin scattering is an effect
caused by the y®nonlinearity of a medium, specifically by
that part of the nonlinearity which is related to acoustic
phonons. For intense beams (e.g. laser light) travelling in a
medium such as an optical fiber, the variations in the electric
field of the beam itself may produce acoustic vibrations in
the medium via electrostriction or radiation pressure. The
nonlinear  scattering  processes cause disproportion
attenuation at high optical power levels. It also causes the
transfer of optical power from one mode to other modes in
forward or backward direction at different frequency. In fact
the stimulated scattering mechanisms (SBS or SRS) also
provide optical gain but with a shift in frequency.
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Figure 1: Brillouin scattering

The beam may undergo Brillouin scattering from these
vibrations, usually in opposite direction to the incoming
beam, a phenomenon known as stimulated Brillouin
scattering (SBS).
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where, gg is 5x10-11m/W and Py, is the threshold power and
gg is the Brillouin gain constant.

P = (1

1.1 Contrast with Rayleigh and Raman Scattering

e Rayleigh scattering considers only random and
incoherent thermal fluctuations, in contrast with the
correlated, periodic fluctuations (phonons) that cause the
Brillouin scattering.

e The Brillouin scattering occurs due to phonon of
acoustic frequency & a scattered photon. The Raman
scattering is due to molecular vibrations.

e In SBS frequency shift maximum in backward direction
& reduces zero in forward direction. In SRS frequency
shift maximum.

e SRS optical power threshold up to three orders of
magnitude higher than SBS.

o The scattered light is shifted in frequency by about
10GHz for SBS but by 13THz for SRS.

e The Brillouin gain bandwidth is extremely narrow in
comparison of Raman gain bandwidth.

1.1 SBS Suppression Factors

Fiber optic nonlinearity, SBS is suppressed to increase the
threshold level. When the SBS threshold is increased, higher
power can be launched into the sensing fiber and thus, a
greater sensing distance can be achieved. 2.2. SBS
suppression factors. In general, the SBS threshold can be
evaluated approximatelyusing the following equation:

Pgps =21 K A/ gg Legr s (2)

where Pggs is the SBS threshold power that we wish to
increase, K is the polarization factor, Ay is the effective core
area of the sensing fiber and gg is the Brillouin gain constant
which is about 5x10'"" m/W for fused silica glass. Lqg is the
effective length which is given by the following equation
Ley= (1'e_uL)/ a (3)

where a is the fiber attenuation coefficient and L is the length
of the fiber.

Thus the SBS threshold power, Psgs depends on the
following:

 Polarization factor, K.

» Effective core area, A

* Brillouin gain coefficient, gg.

* Length of fiber, L.

 Effective length of fiber, L.

* Fiber attenuation coefficient, a.

It is found that one of the fiber optic nonlinear effects,
namely the Stimulated Brillouin Scattering (SBS) can greatly
degrade the performance of the sensor in terms of sensing
range and backscattered power level.

1.2 SBS Suppression Techniques

Since SBS is identified as the major nonlinearity affecting
the sensor performance, various SBS suppression techniques
are studied. There are variations of SBS threshold definition.
These definitions will be investigated theoretically and
through the use of simulation software. The best definition
will be employed by the constructed sensor to represent an
accurate interpretation of the SBS threshold value.
Evaluation of SBS threshold is critical to the accuracy of the
simulation result because a comparison of before and after
SBS threshold value is needed. Literature review is carried
out to verify and to choose the most accurate SBS threshold
definition that correctly describes the simulation result.
Simplex coding is demonstrated to show the signal-to-noise
ratio enhancement of the Brillouin sensor. Besides,
increasing the SNR at the receiver of the sensor, Simplex
Coding effectiveness in suppressing the SBS threshold
power will be investigated theoretically and through
simulations. SBS threshold power is increased by employing
a 3-bit simplex coding.

2. Experimental Set-Up

The optical spectrum analyzer is wused to plot the
backscattered power versus the backscattered frequency.
Comparing to the propagated power, the backscattered power
is rather low due to the fact that the backscattered signal in
spontaneous Brillouin frequency is extremely weak.

Pulse Signal .¥ BOTDR

Optical fiber

. Frequency
(C)

Brillouin scattered power

Distance
(B)

Brillouin scattered power Brillouin scattered power

Figure 2: Experimental setup and change in Brillouin
scattered power with respect to distance and frequency

The source frequency is compared to the backscattered
frequency: The propagated signal is 193.1 THz and as shown
below and the backscattered frequency is 193.089 THz. Thus
the frequency Shift is 193.1 THz -193.089 THz = 11 GHz.
11 GHz is equivalent to the Brillouin Frequency Shift. Thus,
the simulated result had accurately shown the effect of
Brillouin scattering on frequency shift and power level.

The constructed BOTDR sensor in simulation.
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Figure 3: Circuit diagram
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Figure 4: Optical spectrum analyzer output of Brillouin
scattering.

The SBS threshold is determined as the input power where
the Brillouin Power Change Coefficient starts to degrade. A
more suitable definition of SBS threshold would be the input
power for which the Brillouin backscatter is equal to the
Rayleigh backscatter at the input face. Backscattered power
with value higher than the Rayleigh backscatter is considered
as the Stimulated backscattered power. To obtain the correct
Rayleigh backscattering power level, the Rayleigh
backscatter coefficient is 0.0004786, calculated from the
Rayleigh backscattering reflectance. The SBS threshold level
is defined at the intersection between the Brillouin
backscatter power and the Rayleigh backscatter power. Thus,
the SBS threshold power is defined as the input power for
which the Brillouin backscatter is equal to the Rayleigh
backscatter at the input face. The value of the SBS threshold
power for the initial configuration of the sensor is 0 dBm.
The powers percent change are calculated using the
backscattered power of temperature 300 K which is used as
the reference temperature. The reference temperature can be
of any desired values as long as it is fixed throughout the
calculation of the Brillouin Power Change Coefficient.

To enhance the temperature resolution and the strain
resolution of the BOTDR sensor, it is essential to enhance
the signal-to noise ratio (SNR) at the receiver. The use of
Simplex coding which is based on Hadamard transform will

further increase the SNR at the receiver, and thus improving
the temperature and strain resolution. Besides a good SNR
gain, simplex coding also allows the suppression of
nonlinearity in fiber optic cable. In this case, the dominant
fiber optic nonlinearity is the Stimulated Brillouin Scattering
(SBS) which happens at only a few milli Watt. Stimulated
Brillouin Scattering is suppressed by using simplex coding
because a lower pulsed input power is injected into the cable
for propagation. Thus, the use of simplex coding not only
enhances theSNR at the receiver, but also helps to suppress
the Stimulated [Brillouin Scattering.

3. Optisystem

Optisystem is a CAD environmental tool developed by
Optiwave for drawing and simulating the schematics of the
WDM, TDM, and DWDM based design models. Optisystem
designs are block-based designs, which are interconnected
with the wires. The tool is useful in analyzing nonlinear
effects with respect to dispersion, noise, jitter etc. In
Optisystem, data signal is carried out as a block of data
between the blocks of the design transmitted between the
blocks. Advantage is easy switching between time domain
and frequency domain with the data sent as a block between
the optical design models. Performance analysis is done by
using eye diagram, BER and Q factor parameters and tools
used in Optisystem tool are Spectrum analyzer, Eye Diagram
Analyzer and BER analyzer.

4. Result and Analysis

4.1 Input Power Versus Optical Power

The Back scattered power increases with increasing input
power. The threshold SBS power is calculated from the point

where the transmitted power intersects with backscattered
power. From the graph Pggs=6dB.
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Figure 5: Variation of optical power with respect to the
input power

4.2 Temperature Sensing Accuracy

The value of Brillouin Power Change Coefficient (%K) can
be obtained from the slope of the fitted line. As shown, the
Brillouin Power Change Coefficient or the sensing accuracy
is 8.022%/K.
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Figure 6: Variation of power change with respect to

temperature.

4.3 Length versus Optical power
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Figure 7: Variation of optical power with respect to length
of the fiber.

The value of Transmitted power in dB decreases with
increasing length. But the back scattered power increases up
to a limit of 60km length and after that it goes on decreasing
slowly. Hence, maximum sensing length of a BOTDR can be
specified in the range of 60km.

4.4 SBS Threshold Definition
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Figure 8: Variation of various optical powers with respect to
input power.

Backscattered power with value higher than the Rayleigh
backscatter is considered as the Stimulated backscattered
power. To obtain the correct Rayleigh backscattering power
level, the Rayleigh backscatter coefficient is set as
0.0004786. As shown, the SBS threshold level is definedat
the intersection between the Brillouin backscatter power and
theRayleigh backscatter power.Thus, the SBS threshold
power is defined as the input power forwhich the Brillouin
backscatter is equal to the Rayleigh backscatterat the input
face. The value of the SBS threshold power for the initial
configuration of the sensor is 4 dBm.

4.5 Simplex Coding
Before SBS Suppression

Using Pseudo Random Bit sequence generator (2¢°bits/s)
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Figure 9: Signal output of PRBS before SBS Suppression.
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Figure 10: Signal output of PRBS using user defined bit
sequence before SBS suppression.
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Figure 11: Signal output before and after SBS Suppression
using user defined bit sequence generator

From figures under the SIMPLEX CODING,
Using Pseudo-Random Bit sequence Generator:
Noise level at 8ns- 2.04e-5

Using User-defined Bit Sequence Generator:
Before Suppression:

Noise level at 8ns- 7.06e-6

After Suppression:

Noise Level at 8ns- -2.78e-6

By using Simplex Coding noise level SBS can be suppressed
and there by SNR increases.

5. Conclusion

This paper has presented the application of temperature
sensing using spontaneous Brillouin backscattering based
fiber optic sensor. Brillouin Optical Time Domain
Reflectometry (BOTDR) utilizes spontaneous Brillouin
scattering, which has a weak backscatter power level.
Sophisticated detection method must be used to detect the
weak reflection signal. Thus, the suppression of Stimulated
Brillouin Scattering becomes mandatory and important.
Work has been done to increase the SBS threshold power to
achieve a higher detectable power, longer sensing range, less
equipment cost and higher sensing accuracy. The proposed
improvement of parameters to increase the SBS threshold
power can be achieved by fabricating the SBS suppression
fiber using the Vapor phase Axial Deposition (VAD)
method. VAD is a method of fabricating graded-index
optical fibers in which fine glass particles of silicon dioxide
and germaniumdioxide are synthesized and deposited. The
SBS threshold is increased due to the longitudinal change in
the dopant concentration of the core and cladding. When the
dopant content is changed, theBrillouin frequency shift
changes along the fiber and this in turn resultsin a wide SBS
gain bandwidth. Thus, the proposed improvement of
parameters can be implemented. With the SBS threshold
increased, pre-amplification of pulses before launching into
fiber can be eliminated. Thus, the cost of amplifier, EDFA
can be saved.
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