Optical Time Domain
Reflectometry
The spatial resolution of an OTDR is determined by the
width of the pulse sent into the fiber.
A tradeoff exists between the measurement range
and the spatial resolution.
High measurement range requires high power ( large
pulse width)
High spatial resolution means narrow pulse width ( so
the OTDR can distinguish betwees 2 consecutive
Faults)
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Scattering
In any inhomogeneous material light waves are scattered due to density fluctuations,
impurities or thermal particles motion.
The scattering process can be spontaneous or stimulated:
Spontaneous light scattering is the scattering processes under conditions such
that the intensity of the incident light is not sufficient to modify the optical
properties of the material system.
The stimulated light scattering comes from the fact that the susceptibility of the material
is dependent from the propagating electric field when the optical intensity
increases above a certain threshold.
Different scattering processes exist in the material, giving rise to different spectral
components such as Raman, Brillouin, Rayleigh.
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Scattering
Rayleigh scattering: is the scattering of light from nonpropagating density fluctuations (impurities) and leads to
spectral broadening without any frequency shift.

Brillouin scattering: it is considered to be the scattering of
light from acoustic phonons (sound waves) arising from the
pressure waves propagating within the fiber. Due to Doppler
effect, the frequency of the scattered light is related to the
velocity of the acoustic waves in the silica fiber and it is
shifted of the order of 10 GHz in such fibers.
Raman scattering: it results from the interaction of light with
the vibrational modes of the molecules constituting the
scattering medium and can be described as the scattering of
light from optical phonons, the frequency of the
scattered light is shifted of the order of 13 THz in silica fibers.
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Fiber optic sensors
Optical fiber sensors have been developed to measure a wide variety of physical
parameters:
•
•
•
•
•
•
•
•
•

Chemical changes
Strain
Electric and magnetic fields,
Temperature
Pressure
Rotation
Displacement
Flow and liquid level
Vibration
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Fiber optic sensors
Advantages of FOS:

• Offer immunity to radio frequency interference and electromagnetic
Interference
•

Provide high sensitivity, resolution and dynamic range

• Require small cable sizes and weights, so can be used in aeronautical
and space applications
•

Are dielectric devices, so the process and the instrumentation are electrically
isolated

•

Possibility of operating at high temperatures
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Fiber optic sensors
Market FOS:

Optical fiber sensors are expected to expand
and develop due to their rapidly progressing.
It is expected that optical fiber sensors will
replace most of the conventional devices for
the measurement of various physical, chemical
and biological parameters.
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Fiber optic sensors
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Basic components of fiber optic sensor:
We will following focus on some types of fiber sensors which are composed by the basic
components:
1. Optical source
2. Transducer
3. Receiver

The fiber itself is the transducer!!!
• Fiber optics have the capabilities to perform distributed sensing.
• possibilities to efficiently multiplex several point fiber sensors or several wavelengths in a single
optical network.

Fiber optic sensors
Fiber sensors are classified in 3 types:
1. Discrete sensors:
They provide the possibility to measure a particular
physical parameter at a particular location.

Their main limitation is due to the fact that the
specific location where to place the sensor must
be predicted in advance (critical position).
Usually they allow the monitoring of temperature,
strain, vibration, acceleration, humidity….
They are based on Fiber Bragg Gratings (FBG)
sensors.
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Fiber optic sensors
2. Quasi distributed sensors:
Many sensors can be multiplexed in a single system,
offering the possibility of large number of
sensors being supported by a single optical fiber line.
They allow the sensing at specific points along the fiber
network.
Usually time, wavelength and polarization multiplexing
can be used to discriminate one sensor from others.
Among these techniques time and wavelength division
multiplexing are the most attractive multiplexing
techniques.
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Fiber optic sensors
3. Distributed sensors:
All segments of the optical fiber act as sensors.
Distributed sensors are able to spatially discriminate the
physical parameter to be measured along the whole
sensing fiber.
This powerful feature cannot be offered by
conventional sensor technologies.
Usually they are used for distributed acoustic,
temperature and/or strain measurements, exploiting
the Rayleigh, Raman or Brillouin scattering effects in the
fiber.
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Fiber optic sensors
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Main applications:

Fire detection (tunnels)

Power cable monitoring

Leakage detection in oil & gas tanks and pipelines

Fiber optic sensors
Main applications:
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Control the continuous deterioration conditions of civil Infrastructures.

Monitor the frequency vibrations

Fiber optic sensors
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Fiber Bragg Grating (FBG)
Fiber Bragg grating is a simple intrinsic sensing element inscribed into a short section of single-mode
optical fiber in which the core refractive index is modulated periodically.

Fiber optic sensors
Fiber Bragg Grating (FBG)
This structure acts as a highly wavelength-selective reflection filter with the wavelength of the
peak reflectivity, B, determined by the phase matching condition. The Bragg wavelength, or
resonance condition of a grating, is given by the expression:

FBG based sensors exploit the wavelength shift
in the returned Bragg signal induced by
changes in the measurands (e.g., strain,
temperature).
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Fiber optic sensors
Fiber Bragg Grating (FBG)
Perturbation of the grating results in a shift in the Bragg wavelength.

Any Strain or Temperature perturbation results in a Bragg wavelength shift
expressed as:

where ST and S are the temperature and strain sensitivity, respectively, given
by: ST = 10pm/C and S = 1pm/microstrain for silica fibers at 1300 nm.
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Fiber optic sensors
Fiber Bragg Grating (FBG)
Any Strain or Temperature perturbation results in a Bragg wavelength shift expressed as:

where ST and S are the
temperature and strain
sensitivity, respectively.
ST = 10pm/C
S = 1pm/
for silica fibers at 1300
nm.
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Fiber optic sensors
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Fiber Bragg Grating (FBG)
OTDR could be also used in FBG:
✓

Single pulsed narrowband pump source
is sent into the fiber.

✓

FBG reflects light, so a peak could be
detected on the OTDR trace.

✓

Intensity

The amount of reflected light changes
when a physical parameters such

temperature, strain or vibration changes
along the fiber.

Z

Fiber optic sensors
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Fiber Bragg Grating (FBG)
z
OTDR could be also used in FBG:

ZR-FBG

ZL-FBG

✓

Single pulsed narrowband pump
source.

✓

λL-FBG

Pair of Gaussian apodized FBGs with

L-FBG
λP

λR-FBG

low reflectivity and broadband
spectrum.
✓

λ
Pump

Intensity

~ 2m spatial separation between LFBG and R-FBG
Z

R-FBG

Fiber optic sensors
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WDM FBG interrogation
A broadband source is used to encode each FBG sensor with a unique wavelength along a single
fiber.
the spatial separation between two closely FBG sensors can be as short as desired.
The optical signals reflected from the FBG sensor array are detected by a wavelength detection
scheme.

Fiber optic sensors
TDM FBG interrogation
In time division multiplexed (TDM) technique, a pulsed light source is used to
interrogate the FBG sensors.
Since this reflected pulses are then separated in time at the output, the input
pulse width is limited by the round-trip time between two gratings.
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Raman Distributed Sensor
Raman scattering is generated by light interaction with resonant modes of the molecules in
the medium (vibrational modes).
Rayleigh
Raman

Brillouin

T,ε

T

anti-Stokes

Stokes

Large Raman frequency shift due to high
energy vibrational modes ( 13 THz for silica
fibers)
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Raman Distributed Sensor
Temperature (T) / Strain (ε)
spatial distribution
Pulsed
Pump
Back-scattering
Sensing fiber

Anti-Stokes OTDR trace
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The ratio R(T) between PAS/PS is used to
get rid of losses

Temperature? or loss?
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Brillouin Distributed Sensor
✓

The propagating lightwave through the fiber induces a pressure wave.

✓

The pressure wave induces acoustic wave which modulates the refractive index
leading to a generation of a grating which moves at the acoustic velocity.

✓

The interaction between the lightwave and the acoustic wave can be considered
as a Bragg diffraction and a frequency shift is obtained due to Doppler effect.

Light

pressure Phonons

Brillouin
scattering

Density
fluactuation
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Brillouin Distributed Sensor
The wavelength shift of the Brillouin scattering is
given by:

Rayleigh
Raman

Brillouin

T,ε

T

anti-Stokes

Stokes
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Brillouin▪ Distributed
Sensor
Working principle:
A pulsed pump & a counter-propagating CW probe are launched into the sensing fiber.
Pulsed pump

ωp

CW signal

ωs

Laser

Laser

FILTERS +
DETECTION

✓ Pump & Probe interact with an acoustic wave generated through Stimulated

Brillouin Scattering (SBS).
✓ The maximum energy transfer occurs at (vB) Brillouin Frequency Shift (BFS).
✓ The BFS is strain and temperature dependent:

 B = CT T + C 
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Brillouin Distributed Sensor
Energy transfer
▪

Two measurement configurations are possible:

✓

Brillouin gain process.

✓

Brillouin loss process.

Energy transfer

Brillouin loss
BOTDA

Brillouin gain
BOTDA

Distance
Brillouin
Gain
Spectrum

▪

ΔνB

By tuning the probe frequency around BFS, the BGS can be
reconstructed.

Probe
tuning

Frequency
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Brillouin Distributed Sensor

Frequency [GHz]
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Brillouin Distributed Sensor
~17.5 °C

2
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Temperature [°C]

Frequency resolution [MHz]
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Spatial resolution:
~1.0 m
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Temperature resolution along the fiber

Detection of temperature change at
the end of the fiber

