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Abstract. In this thesis, the design, fabrication and characterization of thermal optical probes based on
Fiber Bragg Gratings are presented. The main focus was the optimization and manufacturing of a
proper package for making the probes only sensitive to temperature, thus avoiding errors
associated to the change of other environmental parameters. Depending on the application and
corresponding environment, the probes have been adapted to the required range of temperatures
and their spatial distribution. Very low repeatability errors (0.2 ºC) for devices working at low
temperature have been demonstrated. High temperature sensors have also been developed to
measure up to 1000ºC, with larger repeatability error (5ºC). The developed sensors have already
been tested in the field for monitoring food processing and thermosolar energy production.
Keywords: FBG, thermal, sensor, strain, packaging.

1.Introduction
In the last century, many industrial processes have become automatized and rigorously
controlled with accurate instrumentation. Temperature, concentration or humidity are typical
variables that have to be constantly measured during production. In our case, we will focus on a
way to monitor the temperature by means of optical thermal probes.
There are many electronic sensors that can measure temperature, for example along different
points along in a production chain. However, these suffer from several drawbacks. Thermocouples give a thermoelectric voltage that can be influenced by the corrosion of the wires [1],
they are not able to use in reducing atmospheres of H2 or CO, or in contact with some metallic
or non-metallic vapors like zinc or arsenic, respectively. Thermo-couples also have the problem
of providing low output voltage signals. Furthermore, they can become unstable when they are
taken above 400ºC [2]. Still, the main disadvantage is the limited resolution, i.e. it is difficult to
measure with an error below 1ºC [3]. Another type of electronic device, the resistance
temperature detector (RTD) has the disadvantages of not being suitable for harsh environments
because of the potential self-heating and use of current excitation [4]. Finally, the thermistors
also have self-heating errors and a limited range of temperature sensing, being not so versatile.
To overcome the aforesaid limitations optical sensors for temperature monitoring have been
proposed [5-7]. In this thesis we will focus on those based on Fiber Bragg Grating (FBG), as
they present several advantages, including the fact that the interrogating signal is light, avoiding
the danger of explosion in gas and oil industry, and the electro-magnetic immunity that makes
them ideal in the presence of high voltages [8-9]. In addition, the low loss of optical fibers
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allows long distance remote detection [10] while the multiplexing capability allows multi-points
monitoring with a single and centralised interrogator unit [11].
Following, we will review the principles of a FBG, describe the design of a novel package
for the temperature sensor, the calibration of the packaged device and spatial distribution
depending on the application.
2. Theoretical description of a FBG sensor
The Fiber Bragg Grating is a type of distributed Bragg reflector “written” in a segment of an
optical fiber. This element reflects light with a specific wavelength and transmits the rest. This
is achieved by creating a periodic change of refractive index along the core of an optical fiber.
For certain temperatures, the obtained reflected Bragg Wavelength satisfies the linear equation
(1)
where
is the Bragg wavelength,
the “written” refractive index in the core and the
period of the grating. In figure 1 a scheme of the FBG and its spectral response are shown.

Figure 1. a) Basic scheme of a Fiber Bragg Grating. The refractive indices n0, n1 and n2 correspond to air,
cladding and core respectively. In a segment of the core, the index of refraction has been changed to n eff
with a periodicity Λ. b) FBG spectral response with a broadband laser as an input. The reflected spectral
profile is a Gaussian with the power peak located at the Bragg wavelength .

There are many procedures to make a FBG. Firstly, an optical fiber is required with the core
made of a photo-sensitive material, which it normally is germanium-doped silica. There is the
possibility of pre-soaking a standard fiber in hydrogen to obtain regenerated FBG which can
measure temperatures over 1200ºC [12]. The most used method to “write” the FBG is to
illuminate the core of the fiber by means of an excimer laser (UV light) passing through a
phase-mask located at one lateral of the optical fiber [13]. The quantity of change in the
refractive index depends on the intensity and duration of the laser exposure. However, there are
other ways to print the grating patterns: interference, sequential writing and point-by-point.
The grating period of the FBG is very sensitive to strain and temperature effects. There it is a
range of temperatures where the dependency is linear, following the relation
(

)

(

)

(2)

where
is the thermal coefficient, the thermo-optical coefficient,
the effective strainoptical constant and the strain variable. All these constants refere to the material of the core.
The challenge is to make the FBG sensitive to only temperature, isolating it from the effects of
lateral pressure and longitudinal strain.
Nevertheless, the dilatation suffered by the FBG will not be infinite, so it has a range of
measurable temperatures. This range can go from temperatures below 0ºC up to 1200ºC.
Thereby, for the highest and lowest temperatures the dependency with
can become quadratic.
Thus, we have adapted (2) to two easier relations to characterize the probes, depending on the
measured range of temperatures.
(
)
(3)
(

)

(

)

(4)
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Where is the linear coefficient that relates the change of temperature against the change of
Bragg wavelength
, caused by a variation on the grating period . Moreover, is a constant
that matches a reference wavelength with its corresponding temperature. On the other hand, ,
and in the quadratic equation are analogous to and . In our case, we have normally used
the Bragg wavelength obtained at 30ºC to calibrate each FBG sensor. The external strain has
been suppressed from the equation (
) because of the strain isolation.
Another advantage of the FBG is the possibility to obtain a multiplexed signal. This enables
the simultaneous monitoring of multiple sensors with the same interrogator system. However,
there it is a maximum number of sensors that can be tested in the same optical fiber network.
If the spectral work domains of two or more sensors are overlapped it will be impossible to
identify them. This number is defined as
B
(5)
M 
(Tmax )
 FWHM
m
where
is the band of the input laser, which in our case is 1500-1600nm;
is the
desired range of measurable temperatures by the FBG, and FWHM is the Full Width at Half
Maximum of the reflected Gaussian, measured in nanometers. It is compulsory that every
selected FBG has to reflect a
comprised inside the B band. As we can see in (5), the linear
coefficient
is very important, and it is essentially
for unpackaged sensors.
Depending on the packaging, this value can greatly change. For instance, if is lower, we will
get more accuracy in the temperature measurements, but the maximum number of sensors
allowed to test will highly decrease.
Previous expressions do not take into account the input optical power required to analyze the
sensors. Every FBG interacts with a reflectivity of 90% of the input power. Furthermore, there
are several losses due to undesired reflections and the irregularities in the optical fiber splices and
connections. Moreover, if many FBGs are connected in parallel configuration, the laser power
will be divided to every channel and the total power required to reach an appropriate signal to
noise ratio in each channel increases significantly.
3.FBG Packaging
The packaging of FBGs was the key aspect and arguably the most demanding of the thesis. The
difficult step has been making a packaging with three simultaneous properties:
thermomechanically resistant, heat conductive and capable of isolating strain effects. We worked
with four kinds of configuration: FBGs in series, “end of line” FBGs, arrays of five FBGs and
hydrogen regenerated FBGs for high temperatures.
3.1 “End of line” FBG
The simplest design is the “end of line” packaging. In this case, the FBG is placed free inside
a stainless steel tube with one closed end, and connected at the other end with a FC/APC
connector. The stainless tube is robust enough to protect and isolate the FBG but also thin
enough to achieve fast heat conduction. We have used a tube with an external diameter of 3.2mm
an internal diameter of 1.9mm; and 12cm long. It has been used a washer with screws to fix the
tube to the external optical fiber covering. The schematic of the design and a real probe are
shown in figure 2.
a)

b)

Figure 2. Optical thermal probe designed to work in “end of line” configuration. The FBG is placed free
inside a stainless steel tube of 1.9/3.2 of internal and external radius; and 12 cm length. It has a washer to
fix the tube to the optical fiber covering. a) Schematic of the design. b) Real “end of line” probe.

The “end of line” configuration is the easiest design to manufacture and also the most stable.
It has the advantage of distributing the probes in a network that comprises different locations.
3
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Nevertheless, it has a big disadvantage: if we connect in parallel many FBG in “end of line”
configuration, we will need an optical splitter to divide the signal. As more outputs are added,
more attenuated will be the response.
3.2 FBG in series
The series configuration of FBGs has the advantage of having low optical loss when many
probes are connected. The minimum loss is given by optical fiber splices and FBG’s reflectance.
In this case, a single FBG must be connected at both ends to let the light signal be transmitted
to another one. This packaging type is the most complicated one because it demands to isolate
completely the temperature variable from the strain eventually produced when pulling the
extremes of the thermal probe. The sensor has been packaged into a 5mm diameter stainless steel
tube, isolated by means of epoxy glue in both extremes and spliced to FC/APC connectors at
both ends. During the packaging process it is critical to take into account that the fiber has to be
slightly compressed inside the tube in order to leave the sensor “free” of pull sensing. Otherwise,
it is important to use suitable glue, which has to resist the changes in temperature and strongly fix
the optical fiber. A scheme of the packaging and one example of an experimental probe is shown
in figure 3.
a)

b)

Figure 3. a) Scheme of the packaging of the FBG in series configuration. The fiber is compressed inside
the stainless steel tube and glued at both endings to fix the FBG inside. b) Experimental probe used to
work in series configuration. The sensor can be connected to an optical network by means of two pigtails
with FC/APC connectors. Two washers with screws have been added to fix the tube with the optical fiber
covering (yellow), and obtain a compact packaging.

3.3 Arrays of five FBG
We have made a successful packaging for an array of five FBG in series along the same
optical fiber. This array can be done by splicing different FBGs separated at the desired distance.
With this method, there are minimal losses between the connections, so a good reflected signal is
expected. These arrays are useful for inserting them in large probes and collecting differences of
temperatures at near points. Thus, it is ideal to control the temperature at different locations
inside a closed compartment.
The packaging is similar to the “end of line” configuration probe. We used the same stainless
steel tube, with the same internal and external radius. However, the length of the tube has been
adapted to the total length of the array. In figure 4 the schematic of the design and one example
of an experimental probe for arrays is shown.
a)

b)

Figure 4. a) Schematic of the array of five FBGs inserted free inside a stainless steel tube. b) Optical
thermal probe used for the array of FBG. The stainless steel tube has been fixed to the pigtail with a long
washer with screws.

3.4 Hydrogen regenerated FBG for high temperatures
The hydrogen regenerated FBGs are able to measure temperatures above 1000ºC. The
annealing of the fiber at high temperatures (600-700ºC) results in the erasure of the grating
written with an effective refractive index
. To overcome this limit, the fiber is treated
through a process called hydrogen loading [14]. The regeneration process comprises a careful
annealing of the grating at an elevated intermediate temperature that results in interstitial
4
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diffusion of hydroxyl groups to form water molecules within the glass that become highly stable
thermally [15].
First of all, due to the high temperatures to which the sensor will be exposed, the plastic
coating of the fiber is removed with a chemical solution. Thus, a robust packaging has been
developed for this sensor.
The packaging was composed by:
a) Glass capillary (quartz) with double inner core with 0.14mm and 0.4mm of internal and
external diameter. This is used to fix and protect the fiber.
b) Ceramic capillary with 0.450mm and 1.75mm inner and outer diameter, respectively.
c) Metallic tube, made of INCONEL 600, with 1.8mm and 3mm inner and outer diameter,
respectively, and 30cm length.
d) Protecting washer of 3.1mm and 4.5mm inner and outer diameter, respectively, and 3cm
length; used to protect the junction between a pigtail of FC/APC connection and the
packaging.
e) Ceramic adhesive that supports until 1650ºC to glue the pigtail fiber to the ceramic
capillary.
f) Epoxy for medium temperatures (150ºC) to fix the metallic tube and the protecting
washer.
The schematic of this design and one example of this high-temperature probe is shown in
figure 5.
b)

a)

Figure 5. a) Schematic of the design of a hydrogen regenerated FBG probe for high temperatures. The
fiber has been protected with a glass capillary, a ceramic capillary and an INCONEL 600 tube, materials
that are also good heat conductors. b) Optical thermal probe used for high-temperature sensing, connected
to a pigtail with FC/APC connection, and protected with a metallic washer in the junction.

This kind of FBG has the disadvantage of gradually decrease its signal response when it is
continuously exposed to high temperatures due to the deletion of the regenerated grating. Thus,
these sensors are not suitable for long-term applications.
4.Calibration: Methods and instrumentation
The calibration is the final step to validate if the probe is working successfully. At this stage,
many packaging have been rejected due to different reasons: blurred reflected spectrum, strain
sensitivity of the FBG, inappropriate adhesives for the temperature range measured or tubes
made of materials with low rigidity or bad heat conduction. The key test has been to get
repetitive measurements when heating or cooling the temperature. Furthermore, for the series
configuration we have verified that there was reflected signal at both ends.
Depending on the obtained data, we have fitted the quadratic or linear equation, (3) or (4). We
have finally introduced these equations in a FBG interrogator to analyze and compare our
measurements towards the temperature given by other electronic sensors.
We have used three different types of FBG interrogators, all described in table 1.
Table 1. Different FBG interrogators used for probe calibration
Label
Micron Optics
Fiber Sensing
Ibsen Photonics

Model
Optical sensing
interrogator (sm125)
Braggmeter (FS2200)
Interrogation Monitor
I-MON 512E-USB 2.0

Wavelength range
1520-1580nm

Wavelength accuracy
10pm

1500-1600nm
1510-1595nm

2pm
5pm
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Particularly, we have changed the source code of the Ibsen instrument to program an
application that has been used for temperature monitoring via on-line.
Every probe has been designed to work in different conditions addressed to various
applications. We have adapted the used equipment depending on the required temperature range,
the size of the probes or the accuracy of the measurements.
4.1 Small oven (made by Dr. Waldimar Amaya)
This oven has been the best to calibrate the probes specified in sections 3.1 and 3.2 (“end of
line” FBG and series FBG configurations). These are some of its properties:
a) Temperature bath in a range between 20-100ºC. Ideal for probes that work at room
temperature.
b) Reduced dimensions. The container is a box of 25x15x15cm3 and covered with
polystyrene material. Thus, the oven provides stable temperature baths relatively fast.
c) The heat source is an aluminium plate that is uniformly heated by resistances. The probe
is placed in full contact with this plate, avoiding temperature gradients and obtaining
good measurements.
d) A Pt100 RTD sensor is placed in full contact with the optical probe to obtain the
measured temperature and to control the heat source operation. The display has an
accuracy of 0.1ºC.
A schematic of this oven is shown in figure 6.

Figure 6. Schematic of the Small oven used as a thermal bath for calibrating the optical probes in “end of
line” and series configuration. The resistances uniformly heat an aluminium plate that is in full contact
with the FBG probe. With a Pt100 the measurement is obtained and the heat source is controlled. The
oven is covered with polystyrene material to make the bath stable and avoid heat losses.

4.2 High temperature chamber
This chamber has been used to characterize large probes like the arrays of five FBG. These
are some of its properties:
a) Used temperature bath in a range between 60-400ºC.
b) Large dimensions. The chamber has a volume of 50x40x40cm3 which enables to put
long probes inside.
c) Thermostat with thermo-couple type K. Resolution of 1ºC
d) Several Pt100 are in contact with the probe where the FBGs are placed. This is used to
obtain more accurate measurements compared to the given by the chamber display.
The used isothermal chamber is shown in figure 7 a).
4.3 MTF Carbolite Oven
This oven achieves high temperatures. It has been used to calibrate the hydrogen regenerated
FBG probe. It is characterized by the following properties:
a) Maximum temperature: 1200ºC
b) Dimensions: External 45x38x48cm3. Tube length 45cm, tube diameter 38mm
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c) The maximum temperature is achieved at middle-height of the tube, where an internal
sensor (thermocouple type K) is placed to control the heat source. The FBG must be
placed there to obtain a successful calibration.
d) External sensor (thermocouple type K) is used to put it in contact with the optical probe
and obtain the measurements. The accuracy is 1ºC.
e) Carbolite 301 controllers, useful to program a ramp calibration with data obtained at
the selected temperatures.
The used MTF Carbolite oven is shown in figure 7 b).
a)
b)

Figure 7. Instruments used to calibrate the optical thermal probes. a) High temperature chamber for
calibration of large probes with help of Pt100. b) MTF Carbolite oven for high-temperature calibrations.

5. Results
In this section, we will show some examples of the results obtained in the laboratory. As we
have been working with more than 30 FBG, we have omitted to show all the obtained results for
each case.
First of all, it is important to remark that every selected FBG has to reflect a spectrum
formed by a Gaussian with a clear peak at
and a background with low noise levels. In figure
8, we can see a successful reflected spectrum provided by a FBG working in “end of line”
configuration with =1534.23nm for T=30.0ºC.

Figure 8. Reflected spectrum of a successful FBG (
and very distinguishable.

=1534.23nm for T=30.0ºC). The peak is powerful

As we discussed in section 3., the FBG has to be exposed to many heating and cooling
cycles maintaining the repeatability of the measurements at the tested temperatures. Therefore,
the data can be fitted with an equation that calibrates the probe.
In figure 9 a), we can see a first example of a FBG working in series configuration and
calibrated in a range of temperatures between 30-50ºC in the Small Oven. The sensor works
around a Bragg wavelength of 1567nm ( = 1567.174 for T=30ºC). In this case, the FBG is
sensing in the linear domain, being the linear expression (3) the best fitting equation.
7
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Another example is shown at figure 9 b), where the sensor has worked with a Bragg
Wavelength of 1540.424 for T=49ºC. This is an “end of line” FBG particularly tested in the
MTF Carbolite oven, in the range of temperature between 30-300ºC. As we can see, the sensor
obtains measurements with high repeatability and accuracy, being able to fit the quadratic
equation (4).
In all cases the measurements have been taken with the Micron Optics interrogator.
a)

b)

( )

( )

Figure 9. Calibration curves of different probes with their fitted equation. In both cases, the
measurements are nearly the same when heating or cooling the thermal bath. a) Thermal probe in series
configuration, range of temperatures 30-50ºC and its respective linear fitted equation b) Thermal probe in
‘end of line’ configuration of 30cm length, range of temperatures 50-300ºC and its respective quadratic
fitted equation.

Moreover, in figure 10 a) it is shown the spectrums of two arrays of five FBG. It is important
to see how every sensor has its distinguishable Bragg wavelength along the spectrum.
Finally, in figure 10 b) it is shown the calibration curve obtained for the high-temperature
probe with the hydrogen regenerated FBG. This has been done with the ramp process controlled
by the MTF Carbolite. The range of tested temperatures has been 30-600ºC obtaining the
measurements in intervals of 10ºC with the Fiber Sensing interrogator. The quadratic equation
(4) is used to fit the calibration curve.
In the majority of cases the repeatability error of the measured
has not exceeded 2pm.
This corresponds to essentially 0.2ºC of the measured temperature. The high-temperature probe
has been an exception, providing an error of 5ºC.
a)
b)

( )

Figure 10. a) Spectrum of two probes of five FBG differentiated by green and blue colours.
b) Calibration curve of the high-temperature probe, measured in a temperature range 30-600ºC and its
respective quadratic fitted equation.
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6.Applications
MUSE is an European project focused on to integrating the thermal FBG probes in many
companies. The Optoelectronics Group of ICFO, with Valerio Pruneri as its group leader, forms
part of this project providing optimum probes for the required applications. In our case, we have
solved four applications. The series and “end of line” probes have been used to analyze the
temperature around a bakery oven; the arrays probes have been used to sense the temperature at
different heights inside a brewery kettle and an oil tank. However, subjectively, the most
important application has been the installation of the probes in a thermosolar plant.
6.1 Thermosolar Plant
We have installed two types of probes to monitor the temperature at two different zones of a
thermosolar company. The first zone has an average temperature of 250ºC, so it has been used
“end of line” probes of 30 cm length, adapted to the depth of the target. On the other hand, the
second zone reaches temperatures of 600ºC, so High temperature probes with hydrogen
regenerated FBG have been used. For each sector, two probes for two different locations have
been installed, and a metallic piece has been adapted to fix and protect the probes, as shown in
figure 11 a). All the probes are connected to an optical fiber network that comprises a
broadband IR laser (SLED light source, Safibra) emitting the signal, different 2x1 optical fiber
splitters, an optical circulator and the Ibsen Photonics interrogator. A schematic of the network
is shown in figure 11 b). We have made a software application to control the interrogator: the
instrument registers temperatures every minute and spectrums every hour, and it sends the data
on-line, enabling a remote control of the sensors.
a)
b)

Figure 11. a) Probe adapted with a metallic piece to be protected and fixed to the target. b) Schematic of
the optical fiber network made to install different probes in the thermosolar company. There it is a sector
working with temperatures around 250ºC and another with high temperatures overcoming the 600ºC.

7.Conclusions
FBG sensors can offer a wide range of advantages with respect to more traditional counterparts
such as multiplexing, localized sensing and high accuracy. They can also be adapted to
demanding environments, in which for example there are strong electromagnetic fields, high
temperatures and/or high humidity conditions. Unfortunately FBGs are usually influenced at the
same time by several parameters, for instance, temperature and strain can both affect the
wavelength response. In this thesis we have focused on measuring temperatures and, for this
reason, several packaging designs that make the sensor insensitive to strain changes have been
designed and implemented. In this way, FBG based temperature sensors capable of very low
repeatability errors (0.2 ºC) at low temperature have been demonstrated. High temperature
sensors have also been developed to measure up to 1000ºC, with larger repeatability error (5ºC).
The developed sensor has already been tested in the field for monitoring food processing and
thermosolar energy production.
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