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Issues and Characterization of Fiber Bragg Grating Based
Temperature Sensors in the Presence of Thermal Gradients

Riccardo Gassino, Jennifer Pogliano, Guido Perrone, Alberto Vallan

Department of Electronics and Telecommunications
Politecnico di Torino
Corso Duca degli Abruzzi, 24
Torino, 10129, Italy

Abstract

This paper reviews the main issues arising from the use of fiber Bragg gratings as tem-
perature sensors in the presence of significant thermal gradients. These conditions occur
for example during laser thermal ablation of tumors. In particular, the paper focuses on
the identification of the grating position along the fiber, which represents one of the main
uncertainty contributions. A novel experimental setup for the grating center localization
is proposed and the corresponding characterization procedure has been devised. The setup
is built in such a way as to generate reproducible linear temperature distributions. Tests
carried out using a sensor prototype have shown that the grating position can be found with
a standard uncertainty of 0.3 mm.

Keywords: quasi-distributed temperature measurement, fiber optic sensors, FBG, tumor
laser ablation monitoring

1. Introduction commercially available FBGs are usually a
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tive temperature sensor in laser-based pro- L . :
, , ment, which is an alternative to surgical re-
cesses since in these cases common metal- . .
. . section, employs laser radiation to locally
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temperature distribution. However, since p-laying Organs,
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liver or pancreas tumors, fiber optic appli-
cators are used to deliver the laser radia-
tion into the target area. Despite these kind
of probes have already been employed in
the medical field (for example in the treat-
ment of cardiac diseases [2] and in cancer
therapy [3]), their diffusion is still limited;
and one reason is the lack of suitable sen-
sors for real-time monitoring of the tissue
temperature during the medical procedure
[4]. Indeed, the effectiveness of LA requires
a suitable combination of temperature and
exposition time, being the two quantities
inversely related. Usually, ablation treat-
ments last from 2 min to 10 min and require
reaching temperatures in the 60 °C to 100 °C
range [5]. In in-vivo applications, however,
it is practically impossible to estimate a pri-
ori the treatment duration necessary to ob-
tain the targeted temperature from the laser
power because of the large tissue variabil-
ity and the blood perfusion. A solution has
been to bundle [6] or inscribe into the laser
delivery probe [7] one or more FBGs to mea-
sure the actual temperature increase. On
the other hand, the use of FBGs poses some
critical issues from the metrological point of
view. For instance, the calibration of FBG
sensors is routinely performed with respect
to reference temperature sensors using cli-
matic chambers or other controlled environ-
ments [8],[9],[10] in which the temperature
is maintained constant at predefined values.
Unfortunately, this is far from the operative
conditions in LA, where gradients as large
as 10°C/cm occur due to low thermal con-
ductivity of the organs. Therefore, as com-
mon FBGs present a length that spans from
a millimeter to a couple of centimeters, the
presence of a non-uniform temperature dis-
tribution can introduce unacceptable errors.
Moreover, bare FBGs, which are often used
to minimize the invasive impact [11] and the

thermal inertia, can be affected by influence
quantities, such as the bending introduced
by patient breathing.

This paper investigates the most relevant
aspects related to the qualification of FBGs
as temperature sensors in non-uniform con-
ditions, targeting in particular LA of liver
tumors. Sect. 2 briefly recalls the FBG
working principle and then introduces the
main uncertainty contributions. Particu-
lar attention is given to the knowledge of
the sensor position, which has not been
considered so far in literature, but has to
be known in order to significantly reduce
temperature measurement errors. The so-
lution proposed in the paper takes advan-
tage of an experimental setup described in
Sect. 3, and able to generate reproducible
temperature gradients.  Finally, Sect. 4
presents the experimental characterization
results obtained with the help of the pre-
viously mentioned setup, whereas Sect. 5
draws the conclusions.

2. FBG working principle and mea-
surement related issues

Working principle

FBG are manufactured by inducing a pe-
riodical modulation of the core refractive in-
dex of a single mode optical fiber. This re-
sults in the reflection of a specific group of
wavelengths that depends on the grating pe-
riod and on the modal effective index. Since
these two quantities are related to the tem-
perature and to the axial strain applied to
the grating, the spectrum of the reflected
light presents a narrow peak having a cen-
tral position Ag that can be computed with
the following linear model:

A)\B:k6'€+k3T'AT (1)



where the sensitivity coefficients relating
the wavelength shift respectively to the
strain and to the temperature are approxi-
matively k. = 1pm/e and kr 10 pm/°C for
gratings having Ag around 1500nm. It is
evident that the FBG acts as a temperature
sensor provided that the strain is known or
is kept constant. The temperature evolu-
tion can then be retrieved by tracking the
Bragg wavelength using different standard
interrogation techniques, such as that based
on a broad-band source (typically a super-
luminescent LED, SLED) and a spectrome-
ter or on a tunable laser and a power meter.

The following sections focus on the most
significant issues arising when using the
FBGs as temperature sensors, especially in
the presence of non-negligible thermal gra-
dients.

Strain cross-sensitivity

The cross-sensitivity of FBGs to both
strain and temperature, clearly evident in
Eq. 1, raises a series of problems in the prac-
tical use of the sensor, for example during a
LA procedure. In this case the optical fiber
containing the grating is inserted into the
patient percutaneously through a suitable
needle and this may induce axial strain and
bending, which are then read by the FBG as
temperature variations. Moreover, even if a
perfect insertion is performed, the motion
due to the patient breathing introduces ar-
tifacts. This problem can be mitigated by
designing a suitable embodiment that en-
capsulates the FBG and prevents unwanted
strain or bending from affecting the fiber.
For LA applications the FBG sensors can
be either inscribed in standard telecom sin-
gle mode fibers (10/125um) bundled with
the laser delivery fiber or inscribed in the
same laser delivery fiber [7]. In both sce-
narios, to reduce the sensitivity to bending,

FBG
Capillary —l—

Figure 1: A schematic representation of the fiber
with the FBG, inserted in a glass capillary and fixed
on one side with epoxy resin.

the fiber portion containing the FBG (usu-
ally positioned towards the probe end) can
be encapsulated in a glass capillary (Fig. 1).

With this solution, the capillary with-
stands the external stresses, although it af-
fects the thermal properties of the probe
since both the thermal capacity and the sen-
sor time constant increase. Extensive tests
in view of application to LA were previ-
ously carried out both with bare FBGs and
with FBGs protected by different types of
glass capillaries [12]. The results had shown
that, at least for the considered capillar-
ies, the time constant remains below about
0.2, a value that can be considered negligi-
ble for the intended application. However,
the capillary not only affects the sensor dy-
namic response, but it can also absorb part
of the laser radiation and this modifies the
temperature distribution in the surround-
ing medium. In applications like LA, where
the temperature presents a large gradient
due to the high thermal resistance of the
tissue, the sensor thermal properties (i.e.,
its thermal resistance and capacity) can be
significantly different from those of the sur-
rounding material and thus the presence
of the capillary may significantly affect the
temperature measurement. Of course, the
closer is the capillary to the delivery fiber,
the more evident is the effect of the absorp-
tion; therefore particular attention should
be paid to probes that combine the laser de-
livery and the sensing fiber inside the same
capillary. This introduces a systematic er-
ror than is almost impossible to model if



the surrounding material properties are not
well known. Again, LA represents a criti-
cal case since the tissue properties are sub-
jected to a large variability, even within the
same organ. A possible solution is to mini-
mize the error by reducing the probe dimen-
sions and by using materials having tissue-
matching thermal properties. However, the
actual error can only be assessed though an
experimental approach. Therefore, to quan-
tify this perturbation tests were carried out
by placing the laser in front of the encap-
sulated sensor and recording the tempera-
ture increase in free space, which represents
the worst case condition for the almost null
thermal conductivity. The results showed
a temperature increase up to 0.5°C/W for
capillaries with external diameter of 1 mm
and even higher values for thicker capillar-
ies.

FBG length

The linear relation between Bragg wave-
length and temperature in Eq. 1 is found
considering a constant temperature distri-
bution along the grating. This does not rep-
resent a limitation in applications in which
thermal gradients are small (for example
in structural health monitoring), but intro-
duces large errors when a significant ther-
mal gradient is present along the grating
axis, like in LA: as commercial sensors can
be as long as 2 cm, the sensor surface is ex-
posed to a temperature difference that can
be as large as 20°C. FBG response in the
presence of non-uniform conditions was ad-
dressed in a theoretical way for strain mea-
surements [13] and the results showed a de-
pendency of the Bragg wavelength with the
gradient shape. This means that the sensor
cannot be used to successfully recover the
temperature value if the thermal distribu-
tion is unknown. Nevertheless, if the tem-

perature distribution is linear, it is possible
to demonstrate that the Bragg wavelength
is proportional to the grating average tem-
perature through the same sensitivity con-
stant found for a uniform temperature dis-
tribution (Eq. 1). Short FBGs can partially
solve this issue; however, they are not off-
the-shelf products and present a large spec-
tral response that could prevent an accurate
estimation of the Bragg wavelength.

FBG position

The accurate knowledge of the sensor
position with respect to the region whose
temperature is under measurement is of
great importance when large gradients are
present. For commercial FBGs this prob-
lem is particularly significant since their lo-
cation along the fiber axis is provided with
an error of the order of a few millimeters,
and this may introduce unacceptable tem-
perature errors even for moderate gradients.

The error due to the sensor position is ex-
perimentally addressed in the next sections
of the paper. The proposed approach takes
advantage of the grating sensitivity to the
average temperature in the presence of lin-
ear gradients. Consequently, when the grat-
ing is exposed to a linear temperature distri-
bution, it provides the value of the average
temperature, corresponding to the temper-
ature at the center of the grating. In this
way it is thus possible to relate the grating
measurement to the grating position.

3. Setup for linear temperature distri-
butions

The impact of non uniform tempera-
ture distributions on the actual reading
from FBG-based temperature sensors is ex-
perimentally evaluated with the help of
a characterization setup able to generate



linear temperature distributions with pro-
grammable gradients. The setup makes use
of a 40 mm x 10 mm X 2 mm rectangular alu-
minum bar, which is heated on one side by
a resistor and cooled on the opposite side
by a Peltier cell (Fig. 2). Balancing the
power consumption of the resistor and of
the Peltier cell, with this setup is possible
to reach up to 100°C at the hot side, with
gradients up to 2°C/mm in the direction
reported in Fig. 2. This range of tempera-
ture perfectly fits the one of the considered
application, where the aim is to measure
temperature increase in the range of 45°C
to 100°C. A groove along the bar axis al-
lows the repeatable positioning of the FBG
sensor under characterization. The bar was
graduated with 1 mm equally spaced spaced
marks and three type-T thermocouples were
inserted in 0.5mm holes having depth of
8 mm in order to measure the bar tempera-
ture. The holes were then filled with heat-
conductive paste.

The aluminum bar presents a uniform
cross-section and thus provides a linear
thermal gradient when the cooler and the
heater are operating in steady-state condi-
tions [14]. The temperature 7' at position
p along the bar can be therefore expressed
with the following linear model:

T'=g-p+Tp (2)

where ¢ is the temperature gradient and 7§
is the temperature at the hot end of the bar
(left-hand side in Fig. 2).

Top view Thermocouples Aluminum
Bar
/
/

Figure 2: Schematic representation of the adopted
setup for the generation of a linear temperature
gradient. The FBG under characterization is po-
sitioned in the region between three thermocouples
used as reference.

The parameters g and Ty were computed
using a best fitting algorithm that pro-
cesses the thermocouple measurements 7T;
and their positions p; as follows:

N N N
NY =Y Y T
- i=1 i=1 =1

9= N N 2 (3)
NZP? - (ZPi)
i=1 i=1
N N N N
DT =Y p) (T)
i=1 i=1 i=1 i=1

(4)

Ty =

N N 2
NS ( pi>
i=1

i=1

where NN is the number of thermocouples,
hence the number of positions at which the
temperature is measured.

The most significant uncertainty contri-
butions are related to the thermocouples
and to the bar non-uniformities, which af-
fect the linearity of the distribution. As
for the thermocouples contribution, the un-
certainties were propagated using a Monte
Carlo method. The thermocouples had
been previously characterized in a climatic
chamber with respect to a calibrated ref-
erence sensor, providing an uncertainty of
ur, = 0.12°C. The thermocouple measure-
ments are partially correlated, however a
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Figure 3: Plot of the standard uncertainty com-
puted with the Monte Carlo method along the bar.

full correlation was here considered in order
to be conservative. The uncertainty wp, of
the thermocouple position depends on the
hole dimension and on the accuracy of the
drilling tool. In our setup the former is
negligible with respect to the latter; con-
sequently, a rectangular distribution having
the width of the hole diameter was assumed,
thus up, = 0.14 mm.

As an example of uncertainty evalua-
tion, the setup was programmed in order
to provide a gradient of about —2°C/mm.
The standard uncertainty of the tempera-
ture along the bar was numerically com-
puted on the basis of the measured temper-
atures. The simulation results are shown in
Fig. 3, where it is possible to see that the
temperature standard uncertainty is almost
constant with the position and it is about
0.15°C.

The linearity of the temperature distri-
bution d; was evaluated as the maximum
difference between the temperature mea-
sured by the sensors and the temperature
obtained with the linear model, yielding
07,=0.5°C. The sensors provide information
on three points of the bar only; therefore an

{| e

Probe tip

Figure 4: Picture of the setup showing the sensor
probe placed in the bar groove with thermal paste.
The blue mark on the glass capillary identifies the
sensor central position.

FBG center

X (mm)

Figure 5: IR picture of the setup where the lower
side of the bar has been made opaque in order to
measure the temperature on the surface.

InfraRed (IR) camera (Fluke model Til10)
with spatial resolution of 0.5 mm was also
employed. Fig. 5 shows an infrared image
of the bar and Fig. 6 reports the temper-
ature along the bar axis as well as the lin-
ear fitting. The camera noise (Fig. 7) pro-
vides an upper-bound to the estimation of
the temperature linearity but it shows that
the thermocouple measurements are repre-
sentative of the bar non-uniformities.
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Figure 7: Camera noise obtained as the difference

between the points taken from the IR camera and
the linear best fit curve.
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Figure 6: Linear interpolation of the points taken

from the IR camera along a line in the opaque re-
gion where Ty =49 °C and g=—0.8 °C/mm

The overall uncertainty (uzy) of the bar
temperature can be therefore obtained by
combining the standard uncertainty of the
bar (ur) with the non-linearity, consid-
ered as uniformly distributed, thus obtain-

ing urr = \/us + 62 /3 =0.33°C.

4. FBG Characterization

The setup was used to assess the behavior
of a FBG sensor under non-uniform temper-

ature distributions. First the uncertainty of
a temperature sensor made by an FBG em-
bedded in a glass capillary in uniform tem-
perature conditions was evaluated using a
climatic chamber. To this end a commer-
cial 15mm long FBG, with 90% reflectiv-
ity, 1550 nm central wavelength, and 0.3 nm
Full-Width at Half Maximum (FWHM) was
embedded in a 1mm (external diameter)
capillary, as shown in Fig. 1. The charac-
terization showed that the FBG employed
as temperature sensor has a standard un-
certainty up,,,=0.4°C, in the range of 0°C
to 100 °C, which is mainly due to the char-
acterization procedure.

The sensor was then positioned on the bar
in correspondence of the groove. Thermal-
conductive paste was employed to improve
the thermal transfer between the capillary
and the bar. The capillary and the bar
where then covered with an insulating sheet
in order to minimize errors due to thermal
convection.

The grating position inside the fiber
was assessed with a thermal gradient of
about —2°C/mm. The grating temperature
was measured from the Bragg wavelength,
which is related to the grating position. In-
deed, for a linear thermal distribution, the
measured temperature is the value at the
middle of the grating. The capillary was
then moved along the bar until the mea-
sured temperature equaled the temperature
at the middle of the bar. The obtained FBG
position was marked.

The position uncertainty was then es-
timated on the basis of three main con-
tributions: 1) the bar temperature un-
certainty, 2) the FBG temperature uncer-
tainty, and 3) the accuracy of the po-
sition determination on the bar. Work-
ing with a gradient of 2°C/mm, contri-
butions 1) and 2) correspond to a posi-



tion uncertainty of 0.16 mm and 0.2 mm, re-
spectively, whereas contribution 3) is due
to the accuracy of the marks on the bar
and can be assumed to be +0.25mm, uni-
formly distributed. Considering the con-
tributions uncorrelated, the overall uncer-
tainty in the grating position is u,rpe =

\/0.162 +0.22 + (0.25/\/§)2:0.3 mm.

As a preliminary verification of the pro-
posed characterization procedure, a repro-
ducibility test was carried out with the same
setup. The capillary was placed again on
the bar at position p = 20mm. The heater
and cooler were then turned on and the tem-
peratures measured with both thermocou-
ples and the grating were recorded. Fig. 8
shows the temperature evolution of ther-
mocouples T} and T3, located at positions
p1 = 10mm and p3 = 30mm, the ex-
pected temperature T,o0 at p; = 20mm,
as obtained from Eq. 2, and the tempera-
ture Trpg measured with the grating. It
is possible to see that the grating tempera-
ture is close to T5y even during the thermal
transient. When steady-state conditions are
reached, the temperature difference is about
0.1°C, which is in agreement with the ex-
pected uncertainty.

5. Conclusions

The main issues related to the calibra-
tion of FBGs as temperature sensors in non-
uniform conditions have been discussed in
this paper, with particular reference to the
case of tumor laser ablation, which rep-
resents a challenging application from the
metrological point of view, given the typical
large temperature gradients. The standard
calibration procedure turned out to be use-
ful in providing the sensor sensitivity, but
in the presence of severe thermal gradients,

62/

619
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Figure 8: Evolution of the temperatures measured

by thermocouples in pig, p3sp and their average
(green), compared with the FBG measure (red).

as occurs during LA, the procedure is not
able to properly asses the sensor accuracy.

Actually, the temperature distribution
along the grating has an effect on the sensor
response and it has been proven that in the
case of a linear behavior the sensor provides
the average temperature, that is, the tem-
perature at the grating center. This posi-
tion is rarely provided by the manufacturer
with the required accuracy and it is thus
responsible for a relevant uncertainty con-
tribution, which is almost always not con-
sidered or underestimated. To this aim, a
setup based on a metallic bar, which is able
to generate highly reproducible and well-
known linear temperature gradients, was
built and employed to characterize temper-
ature sensors made by standard FBGs em-
bodied in strain-protective glass capillaries.
The traceability of the generated thermal
gradient is entrusted to electronic sensors
and to a careful thermal design. Results
showed that with this setup and with an
FBG having length of 15 mm and able to
measure temperatures in the range of 0°C
to 100°C with a standard uncertainty of



0.4°C, it is possible to locate the FBG posi-
tion with a standard uncertainty of 0.3 mm.
The effect of this contribution to the over-
all temperature uncertainty depends on the

actual temperature gradients.

In case of

the sensor located close to the ablation
area where gradients as large as 2°C/mm
are present, an uncertainty contribution of
0.6 °C must be taken into account.
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