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Abstract—In this work, we investigate the application of
tilted fiber Bragg grating (TFBG) sensors during ex vivo laser
ablation of porcine hepatic tissues. Initially, TFBG’s ability to
measure the surrounding refractive index (RI) for different
sucrose concentrations and the possibility to measure the
RI of the targeted tissue during laser ablation (LA) is ana-
lyzed. After, the temperature sensing modality of TFBG is
investigated in detail. We have implemented an algorithm for
quasi-distributed spatial temperature profile reconstruction
along TFBG. The algorithm models the TFBG core mode
spectrum as a chain of Bragg gratings (each Bragg grating
is modeled via coupled mode theory), where each grating is
sensitive to local temperature changes. After, the Gaussian-shape temperature profile along the TFBG is reconstructed
using the iterative optimization technique. Temperature measurements have been compared with highly-dense FBG array
measurements and with conventionalTFBG point temperature measurements based on the core mode tracking techniques
(maximum tracking, X-dB Bandwidth, centroid methods). Overall, the proposed reconstruction algorithm is able to provide
a quasi-distributed temperature profile along TFBG, which is not possible to obtain using conventional point temperature
measurements based on the TFBG’s core mode tracking. The resulted root-mean-square error in comparison to FBG
array reference measurements is 7.8±1.7 ◦C. In general, the results show that the main reliable sensing modality of TFBG
during LA is temperature monitoring, which can be significantly improved by the proposed algorithm.

Index Terms— Laser ablation, optical fiber sensors, refractive index sensing, temperature monitoring, thermal treat-
ment, tilted fiber Bragg grating.

I. INTRODUCTION

HYPERTHMAL techniques can be considered as one of
the main alternatives to traditional methods (surgical

resection, chemotherapy, and radiation therapy) for cancer
treatment [1], [2]. During such techniques, the tissue tempera-
ture increase is induced to destroy cancer cells, or sensitize
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tumors for radiotherapy and chemotherapy, or as comple-
mentary to cancer immune therapy [3]. Hyperthermia can be
divided into several types according to the value of temper-
ature elevation: fever-range (39.5 ◦C – 41.5 ◦C), traditional
(41.5 ◦C – 54 ◦C), and ablation (more than 60 ◦C) [4].
Moreover, hyperthermia can be categorized according to the
way of treatment (invasive or non-invasive), and by the source
of energy: microwave [5], radiofrequency [6], high-intensity
focused ultrasound [7], and laser ablation (LA), and others [8].

Among all invasive hyperthermal techniques, laser ablation
possesses unique features such as immunity to electromagnetic
interference and the ability to reach deep-lying organs. These
advantages stem from the fact that the energy is guided by
flexible optical fiber made of glass or polymer [9]. As a
result, an effective treatment that is compatible with magnetic
resonance and computed tomography guidance is possible.
Different research works have been performed to validate
the efficiency of LA treatment for thyroid [10], brain [11],
pancreas [12], bones [13], and liver [14].
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Nevertheless, for the effective result of LA treatment with-
out recurrences, irreversible damage to the whole cancer tis-
sue has to be performed. Therefore, accurate monitoring of
temperature and related tissue changes of the targeting tumor
is of paramount importance [15]. In this regard, conventional
invasive temperature monitoring methods, such as thermocou-
ples [16], and thermistor probes [17], have two main limita-
tions: the low spatial resolution and the metallic material of
the devices. The low resolution of the sensors can not provide
accurate temperature information due to high thermal gradients
associated with LA, especially near the applicator [18]. The
metallic material significantly absorbs the laser light, which
leads to a change of heat distribution near the applicator and
significant temperature overestimation (error can reach more
than 20 ◦C) [9], [19].

Fiber optic sensing is one of the possible alternatives to
conventional sensors for LA monitoring, due to their flexi-
bility, sub-millimetric size, biocompatibility and immunity to
electromagnetic interferences [18]. Moreover, fiber sensing is
able to provide distributed (the whole fiber is a sensor) or
quasi-distributed (fiber has several sensing points along its
length) temperature measurements [20].

The most popular technique for distributed sensing during
LA relies on Rayleigh scattering phenomena: temperature pro-
file reconstruction is based on the analysis of spectral shift on
each segment of the fiber between the measured and reference
(no temperature change) states [21]. Rayleigh-based distrib-
uted sensing provides high sensing length, but its low spatial
resolution, high interrogator cost, and low sampling rate limit
its application for real-time monitoring during LA [20]–[22].

Quasi-distributed sensing is mainly based on fiber Bragg
grating (FBG) temperature sensors. An FBG is a periodic
modulation (with a specific grating period) of the refractive
index along the fiber core. FBG acts as an optical narrowband
notch filter: it transmits the whole input spectrum except the
specific part of it. This portion is reflected from the FBG and
centered at the Bragg wavelength [23]. Since the Bragg wave-
length depends on temperature perturbations on the grating,
monitoring of FBG peak can be used to measure temperature
change at the grating [23].

Moreover, several FBGs with different grating periods can
be inscribed along the fiber to obtain a spectrum with several
different reflected Bragg wavelengths. The peak tracking
of such spectra allows multi-point measurements (thus, the
quasi-distributed sensing) along the chain of FBGs, called an
FBG array.

The ability to provide multi-point measurements and immu-
nity to electromagnetic interference pave the way for FBG
sensing applications for laser hyperthermia [24]–[27]. More-
over, our group has recently demonstrated the efficacy of FBGs
to regulate LA in real-time for maximum temperature con-
trol [28], zone control [29] during contactless LA, and temper-
ature control during interstitial LA [30], [31] of ex vivo tissues.

A particular type of FBG is the tilted FBG (TFBG), in which
the Bragg grating planes are tilted to the optical fiber axis.
Due to the tilt of the grating and the related coupling between
the core and cladding modes, TFBG is sensitive to fiber-
related parameters (temperature, axial strain, pressure, bend-

ing, among others) and outside medium parameters, such as
surrounding refractive index (RI) [32]–[35]. TFBGs have also
been proposed for the simultaneous measurement of differ-
ent quantities, benefiting from the difference in responses of
cladding modes and core mode in the TFBG spectrum [36].

Recently, Alqarni et al. have used a TFBG structure to
manufacture a self-monitored laser-irradiating device based
on the application of TFBG with an absorptive coating as
a miniature heat source with sensing capabilities [4]. In this
case, the tilt angle of the grating leads to the light coupling
to cladding modes and absorption of it by coating. Thus, this
technique is not based on laser absorption by the tissue, but
on heat transfer from the absorptive coating surface of TFBG.
Temperature monitoring in [4] is based on conventional TFBG
core mode tracking, in which TFBG acts as a sensing point
and allows only a single-point measurement.

Considering the multi-sensing capabilities of the TFBG
and its potential application in LA, it is useful to explore
the possibility to use different TFBG sensing modalities for
thermal treatment monitoring and improve TFBG temperature
measurement capabilities.

In this regard, we investigate TFBG’s ability to measure
surrounding RI, which can be an important parameter to obtain
information about the composition of tissues with which the
TFBG sensor comes into contact. Indeed, the light propagation
within tissue is sensitive to changes in medium microstructure,
hence optical parameters could be used to directly quantify
the tissue damage [37], [38]. It is known that the RI values of
biological tissues are primarily mapped by their water content:
the higher the content of water in the tissue, the closer its RI
value to that of water (RI=1.33) and vice versa [39]. Thus,
we perform TFBG calibration in the RI range for biological
tissues and analyze the cladding mode resonances behavior
during LA.

Moreover, we propose the reconstruction algorithm based
on coupled-mode theory for measuring a quasi-distributed
temperature profile along the TFBG during LA. The initial
version of the algorithm has been already validated by our
group for linearly chirped FBG (CFBG). CFBG is a fiber
structure with the grating period linearly increased along the
grating length, which results in a broad reflection spectrum
that can be from a few to tens of nanometers in full-width
half-maximum (FWHM) bandwidth [23]. The algorithm has
been validated for measurements during LA using commercial
CFBGs [40], [41], and using a custom-made plastic CFBG
[42]. A detailed description of the CFBG spectrum model and
related temperature profile reconstruction is provided in [43].

It is important to note that this algorithm is challenging
to use for TFBG due to the small amplitude and narrow
bandwidth of the TFBG’s core mode. Thus, in this work,
we modify the algorithm and validate it by comparing its
results with the conventional core mode tracking techniques
and the FBG array measurements.

II. MATERIALS AND METHODS

A. Fiber Optic Interrogation System
The Micron Optics si255 optical interrogator (Micron

Optics, Atlanta, USA) was utilized to measure the spectra of
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Fig. 1. The spectrum of a 10 mm – long TFBG with an 8◦ tilt angle; inset
reports the core mode of TFBG (centered at 1550 nm).

the FBG array and the TFBG with a 10 Hz sampling rate, with
a synchronized approach. Both ends of TFBG were connected
to two different channels of the interrogator and the overall
“transmission-reflection” spectrum was measured.

B. Tilted Fiber Bragg Grating
For this work, we utilized commercially available TFBG

(Technica Optical Components, Atlanta, USA) with an 8◦ tilt
angle, a 10 mm grating length, apodized FBG profile, and
core mode at 1550 nm with FWHM less than 0.5 nm. Fig. 1
reports the overall “transmission-reflection” spectrum of the
TFBG sensor: the core mode centered at 1550 nm, the ghost
mode at 1548 nm, and the cladding mode resonances comb is
approximately in the range of 1509 nm – 1547 nm.

Moreover, separate calibrations specific for each sensing
modality were performed: the core-to-core Bragg resonance
calibration for temperature sensing, and RI calibration of the
cladding mode resonances comb for RI sensing.

The core-to-core Bragg resonance of the TFBG was cali-
brated in the temperature range from 34 ◦C to 50 ◦C, where
a T-type thermocouple was used as a reference temperature
sensor. As a result, the core mode’s temperature sensitivity of
the TFBG is (7.05 ± 0.01)×10−6 ◦C−1.

C. Fiber Bragg Grating Array
For reference temperature measurements, the custom-made

highly dense FBG array was fabricated with femtosecond
point-by-point writing technique in polyimide-coated single-
mode fiber SM1500(9/125)P with a reduced coating diameter
of 145 μm (Fibercore Ltd., Southampton, UK). The array
consists of 40 FBGs uniformly positioned along the sensing
length of 48 mm (grating length is 1.15 mm, edge-to-edge
distance is 0.05 mm), the reflection coefficients of FBGs
are about 10-20 %, which allows a high dynamic range
(>30 dB). Fig. 2 reports the reflected spectrum of the FBG
array.

FBG properties were optimized to provide high spatial res-
olution and a high-quality spectrum for accurate temperature
measurements of high-gradient temperature profiles possi-
ble during LA [18]. In addition, polyimide coating allows
high-temperature measurements (> 400 ◦C for a short dura-
tion) [44]–[46]. The temperature sensitivity of the array

Fig. 2. Custom-made FBG array reflection spectrum: 40 FBG peaks at
the range of 1460-1620 nm.

Fig. 3. Experimental setup for TFBG calibration using sucrose solutions
with different concentrations in the range of 12 % - 60 % (1.333 RIU -
1.4419 RIU, referenced at 589 nm).

is (7.43 ± 0.01)×10−6 ◦C−110−6 ◦C−1. Detailed infor-
mation about the fabrication and metrological aspects of
the FBG array is provided in the previous works of the
group [29], [46].

D. RI Calibration of TFBG Sensor
In order to analyze the effect of different RI on TFBG

spectra, calibration of TFBG in different sucrose concentra-
tions was performed. The sucrose solutions were used with a
concentration range from 0% to 60% with a step of 6% and
corresponding to the RI range from 1.333 RIU to 1.4419 RIU
(refractive index units), which is the typical range of RI
for biological tissues [47], [48]. The different solutions were
injected inside the container where the TFBG was placed.
After each sucrose concentration, the TFBG and the container
were rinsed with distilled water. Three calibration tests were
performed. Fig. 3 illustrates the schematics of the experimen-
tal setup used for RI calibration.

E. Laser Ablation
Interstitial LA experiments were performed on ex vivo

healthy porcine liver tissue, which was obtained from a local
farm. The initial temperature of the liver, corresponding to
22.0 ± 0.5 ◦C, was measured with a thermocouple before
each experiment.

The developed system consists of the laser diode and the
Micron Optics interrogator, both connected to a computer
where a custom-made LabVIEW program was used to start
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Fig. 4. Experimental setup for LA ablation: TFBG sensor and FBG array
were placed at a 2 mm distance from the applicator on one half of ex vivo
porcine liver. After, the second half of liver covers sensors and applicator
in a “sandwich” approach.

laser ablation and perform monitoring of the FBG array and
TFBG spectra.

The diode laser (LuOcean Mini 4, Lumics, Berlin,
Germany) working in continuous-wave mode at a 1064 nm
wavelength and 2.6 W power was used for the thermal treat-
ment. This wavelength belongs to the “therapeutic window”
largely used for assuring the overall absorption of the laser
light by the biological tissues, thus, entailing the temperature
increase necessary for the thermal therapy. Moreover, the pro-
gram automatically switched off the laser after the preset time
or if the temperature measured by the FBG array exceeded
300 ◦C. This operation is done for preserving the sensing fibers
from thermal damage.

The 400 μm laser guiding fiber with the commercial diffuser
(Molex, Lisle, USA) at the tip was utilized to obtain uniform
tissue damage around it. The diffuser has a low OH core,
a diameter of 400 μm, and a length of 10 mm. It is worth
noting that the diffuser leads to a decrease of spatial thermal
gradients exposed to the TFBG with respect to a standard bare
fiber applicator [30]. Thus, TFBG’s core mode shape changes
are smaller and the possibility of the error in temperature
reconstruction is minimized.

Liver tissue was cut into two halves, then the applicator and
the sensors were positioned on the surface of one half (Fig. 4);
after they were covered with another half in a “sandwich”
approach. This approach is largely used to accurately control
the relative positions of the applicator and sensors within the
biological tissues [24]. The TFBG sensor and the FBG array
were placed parallel to the applicator at different sides; the
distance from the sensors to the applicator was 2 mm. Indeed,
being the liver tissue highly homogeneous, we assumed the
spatial distribution of the laser-induced temperature to be
symmetric on the application plane.

F. Data Analysis
1) Cladding Mode Resonances Analysis: It is important to

note that the standard approach of peak tracking of the
cladding mode resonances is not effective for a wide range
of RI [49]. Indeed, each mode is resonant and more sensitive

Fig. 5. The cladding mode resonances comb of TFBG positioned in
water (blue line, RI = 1.333 RIU) and in a 60 % sucrose solution (red
line, RI = 1.4419 RIU); related normalized area A decreases from 1.00
(reference value, RI = 1.333 RIU) to 0.1657 (RI=1.4419 RIU).

to the specific range of RI, and its sensitivity decreases signif-
icantly for a high RI range. For a high RI range, the cladding
mode resonance has to be visible for all RI values, hence posi-
tioned at low-order modes, at a higher wavelength (at about
1535 nm in Fig. 5), so such mode resonance is positioned far
from the cut-off point and the overall RI sensitivity is low.

Therefore, the envelope method, firstly proposed in [50],
was utilized for the RI measurements. This method is based
on the determination of the lower and upper envelope curves
of the TFBG cladding mode resonances comb, and then eval-
uation of the normalized area A between the envelopes. As RI
increases, more modes become lossy leading to cladding mode
resonances decreasing and bringing together the lower and the
upper envelopes. Thus, the normalized area decreases too. As a
result, the normalized area evolution can be correlated to the
RI changes [50]. Fig. 5 illustrates the main principle of this
correlation: the cladding modes and the normalized area A are
changed for RI increase from 1.3330 to 1.4416 RIU.

2) Core Mode: Conventional Peak Tracking: In our work,
initially, the peak of the core mode is tracked with three
conventional direct methods: maximum tracking, X-dB Band-
width, and centroid [51].

For maximum tracking, the wavelength that corresponds to
the maximum amplitude is detected as the core mode Bragg
wavelength.

For X-dB Bandwidth, the inner bandwidth is defined as
X dB below the maximum value; then, the center of the inner
bandwidth is measured as the Bragg wavelength.

For the centroid method, the Bragg wavelength is estimated
as the center of the mass of the FBG reflection spectrum
according to the (1):

λB,e =
∑

n λn × R(λn)
∑

n R(λn)
(1)

where index n sweeps the main portion of the core mode
spectrum.
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Fig. 6. TFBG core mode spectra: modeled before optimization (blue
line), after optimization (red line), and normalized TFBG core mode
measured with MicronOptics si255 (yellow line).

3) Core Mode: Reconstruction Algorithm: The algorithm used
for TFBG temperature profile reconstruction is based on
the CFBG reconstruction algorithm devised in our previous
works [43], [52]. The main idea remains the same: the spec-
trum (of the TFBG, for this work) is modeled as a chain
of FBGs using coupled mode theory [23], then the iterative
approach is utilized to minimize the mismatch between the real
measured TFBG spectrum and the TFBG model perturbated
by Gaussian-shaped temperature profiles. Afterward, the tem-
perature profile, which corresponds to the smallest mismatch,
is defined as temperature along the TFBG.

However, it is important to notice that the CFBG spectra
described in [43], [52] have higher amplitude and bandwidth
than TFBG. Indeed, Fig.1 zoom-in reports that the measured
core mode of TFBG (yellow line) has approximately 1 nm
bandwidth and several dBm from the peak to the base. As a
result, temperature reconstruction for TFBG is more challeng-
ing than for CFBG.

In this regard, we propose to optimize the method reported
in [43] by iterative optimization of the bandwidth of the core
mode for spectrum modeling. In other words, the edges of the
modeled spectrum are not defined manually according to the
measured spectrum but automatically adjusted, to minimize
the difference between the measured spectrum and the mod-
eled one. Fig. 6 illustrates the obtained results for spectrum
modeling and related measured spectrum. After this bandwidth
optimization, the remaining steps follow the same approach
as in the CFBG reconstruction algorithm discussed in detail
in [43]. The results of TFBG profile reconstruction were
compared with FBG array data and TFBG core mode tracking
using root-mean-square error (RMSE).

III. RESULTS

A. Calibration of TFBG Sensor for Different RI
The TFBG spectra for different sucrose concentrations

from 0 % to 60 % (1.333 RIU to 1.4419 RIU) are reported in
Fig. 7. As it can be clearly seen, the shape of the spectrum is

Fig. 7. TFBG spectra for different sucrose concentrations and related
RI values (measured at room temperature).

Fig. 8. Calibration of RI sensing with envelope method: average results
of three calibration experiments (blue line with X marker). The obtained
data is in accordance with Laffonet et al. al. [50], in which RI calibration
of different TFBGs was performed.

significantly changed: the cut-off region starts approximately
at 1530 nm for 60 % sucrose concentration and the high-order
modes become lossy. The obtained RI calibration results using
the envelope method (the normalized area was measured in
the spectral region between 1470 nm and 1547 nm) are in
accordance with the results in [50] (Fig. 8), in which TFBGs
with different tilt angles were calibrated for surrounding RI
sensing.

B. Analysis of the Cladding Mode Resonances During LA
Fig. 9 top illustrates TFBG spectra changes during LA

of ex vivo liver at different time instants: before the start
of ablation (t=0 s), after 90 s, and at the moment when
the laser was switched off (t=180 s). Both the amplitude
of the cladding mode resonances and the upper and lower
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Fig. 9. (top) TFBG spectra measured during LA of ex vivo porcine
liver at different time instances: before the laser ablation at t=0 s (blue
color); at t – 90 s (red color), and when laser was switched off t=180 s.
Amplitude changes of spectra, and related shape changes, can be seen.
(bottom) Normalized area evolution (left y-axis) and temperature change
measured by FBG array (right y-axis) during LA experiment.

envelopes of the spectra change during LA. The normalized
area between two envelopes (left y-axis) and related tem-
perature changes measured by the FBG array (right y-axis)
are presented in Fig. 9 bottom. As can be seen, the trend of
temperature evolution can be approximately correlated with
the changes in the normalized area (Fig. 9 bottom). Thus,
ideally, we expect to obtain information about the maximum
temperature from the minimum value of the normalized area.
Moreover, after complete cooling, the normalized area is
expected to be correlated with the RI change of the ablated
tissue.

However, the results show that the repeatability of the exper-
imental trials is low. As a result, it is very challenging to obtain
useful information about temperature and RI changes from
the cladding comb analysis. For instance, Fig. 10 reports the
relation between maximum temperature measured by TFBG
(using maximum peak tracking) and the related minimum
value of the normalized area for each of 25 experimental
trials. As expected, higher temperature leads to a smaller
area between envelopes. Indeed, Fig. 10 shows that for the
experiments with low maximum temperatures (∼ 26 ◦C) the
related normalized area is very close to 1 because there is no
significant shift and amplitudes decrease of the cladding mode
resonances. However, due to the high value or RMSE between
the fitting and the measured data (RMSE = 0.148), the tem-
perature cannot be accurately correlated with the normalized
area (Fig. 10).

Moreover, due to the high effect of temperature on the
cladding comb, RI changes of the tissues after LA are chal-
lenging to measure too. The possible reasons for the low
efficacy of cladding comb analysis during LA are provided
in the discussion section.

Fig. 10. Relation between maximum temperature measured by TFBG
(using maximum peak tracking) and related minimum value of normalized
area for each of 25 experimental trials. RMSE between data and fitting
is 0.148.

Fig. 11. (top) FBG array temperature for 40 gratings during laser ablation;
(bottom) temperature reconstructed using analysis of core mode with
direct peak-tracking techniques: maximum, X-dB Bandwidth (where X is
−5 dB), centroid.

C. Analysis of the Core Mode During LA
Fig. 11 top reports temperature evolution measured by the

FBG array during one experiment. The maximum temperature
reached after 180 s of ablation is 105.2 ◦C. At the same
moment, the TFBG core mode shows 80.9 ◦C measured
by maximum peak tracking, 69.5 ◦C by X-dB Bandwidth,
and 64.3 ◦C by the centroid method. The RMSE between
maximum temperatures measured by FBG array and TFBG
(maximum peak tracking) is 18.31 ◦C.

Fig. 12 and 13 report the results of the temperature profile
along the TFBG using the proposed algorithm. Fig.12 shows
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Fig. 12. Measurements during LA experiment at different time instants:
dashed lines – FBG array temperature measurements, solid lines –
reconstructed TFBG temperature profiles (normalized).

Fig. 13. Measurements during LA experiments: (a) FBG array; (b) TFBG
temperature obtained by the proposed algorithm. The RMSE between
FBG array and TFBG profile measurements for three experiments is
7.8±1.7 ◦C.

the temperature measured by the FBG array (dashed line)
and temperature reconstructed along the TFBG (solid line) at
different time moments. For this figure, to clearly illustrate the
algorithm’s ability to reconstruct profile trends, TFBG temper-
ature was normalized to the maximum temperature measured
by the FBG array. Fig. 13 reports temperature evolution for
both sensors during laser ablation of the tissue. The RMSE
between the FBG array and TFBG measurements for three
experiments is 7.8±1.7 ◦C.

IV. DISCUSSION

In general, the initial hypothesis was to obtain information
about the RI of the ablated tissue using the cladding mode res-
onance tracking, while the temperature effect on the cladding
mode resonances is compensated by temperature measured by

the core mode tracking. However, the experiments showed
that the cladding comb changed significantly during LA (high
wavelength shift and appearance of leaky modes). Thus, the
cladding resonances tracking was not possible. Indeed, it is
in agreement with [50]: distinct temperature sensitivity of
cladding modes leads not only to the shift of the cladding mode
resonances, but to the change of the shape of the TFBG spec-
trum under temperature elevation. Thus, the envelope method
was utilized to measure the area between upper and lower
envelopes of the TFBG cladding resonances comb during LA.

However, the results show that temperature and RI infor-
mation is not possible to accurately measure by the cladding
comb analysis. The possible reasons can be inhomogeneity
and structure of the tissue that does not allow ideal contact
between the sensor surface and the tissue, the change of the
TFBG surface after each experiment (even considering that
TFBG was cleaned after each trial). Moreover, bending, strain,
and humidity also have a cross-sensitivity effect on the shape
of the TFBG spectrum [32], which makes RI measurements
using the envelope method even more challenging.

As a result, we conclude that the main sensing modality of
TFBG is temperature measurements based on the core mode
analysis. The resulted RMSE of 7.8±1.7 ◦C between TFBG
profile reconstruction and FBG reference measurements can
be mostly explained by the positioning of the sensors on the
opposite sides of the diffuser and the high thermal gradients
associated with LA. For future characterization of TFBG tem-
perature measurements, the reference sensor and FBG should
have the same exact placing, preferably in capillary or tubing
to eliminate cross-sensitivity effects from other intra-tissue
parameters.

The TFBG temperature sensor analyzed by conventional
methods has several disadvantages over Rayleigh-based dis-
tributed sensing and FBG measurements: one-point measure-
ment, averaging over the TFBG length (∼ 1 cm), fragility
(TFBG usually does not have a coating to allow coupling with
leaky modes). However, a TFBG can be used as a sensor and
a heat source, as proposed in a recent study [4]. In this regard,
sensing modalities and capabilities of TFBG during LA need
to be analyzed in detail, and this work can be considered a
step toward such analysis.

V. CONCLUSION

In this work, we have implemented a temperature profile
reconstruction algorithm for TFBG and validated it during
LA in ex vivo liver. The algorithm is based on modeling the
TFBG core mode as a chain of FBGs, each sensitive to a local
temperature shift. Afterward, the iterative optimization method
is used to define the temperature profile along the TFBG.
The obtained results were compared with direct peak-tracking
techniques (maximum tracking, X-dB Bandwidth, centroid
methods) used to measure the core mode shift of TFBG, and
with FBG array measurements. In addition, the cladding mode
resonances behavior for different sucrose concentrations, and
then during LA was investigated. In general, the proposed
reconstruction algorithm provides 7.8±1.7 ◦C RMS error with
respect to the FBG array temperature measurements and can
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be effective for real-time TFBG temperature profile measure-
ments during LA ablation.
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