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Abstract—We present an ultra-high sensitivity fiber loop
mirror temperature sensor based on an asymmetric two-
hole fiber (ATHF) filled with distilled water. The design of
the ATHF allows for larger interaction between the optical
mode and the region with large induced birefringence. This
enhanced interaction provides large changes in the sensing
signal when the temperature is varied. The sensing signal can
easily be tracked by following the change in the frequency of
the interference signal as a function of the temperature, thus
allowing for absolute temperature measurements. Experimen-
tal results show that the ATHF birefringence is modified from
1.18 x10~° 0 3.33 x 10~ when the temperature changes from
40 to 80 °C; generating, in terms of frequency, a sensitivity of

THF Filled With
Water (70 °C)
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6 x 10~3nm~1/°C. In the case of very small temperature changes, where the wavelength shift is also small, simulations

were performed using experimental parameters of the ATHF

and an ultra-high sensitivity of 240 nm/°C was calculated.

The sensitivity of the presented sensor can also be tuned by changing the liquid infiltrated into the fiber holes.

Index Terms— Fiber optic sensor, temperature fiber sensor, sagnac fiber sensor, two-hole fiber.

|. INTRODUCTION

ECENTLY, the interest in developing temperature fiber
sensors based on fiber loop mirror (FLM) has been
increasing [1]-[7]. One of the key features of FLMs is related
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to the fact that they use a highly birefringent (Hi-Bi) fiber
to generate the optical path difference in the fiber loop. As a
result, the FLM temperature sensor configuration, compared
to traditional interferometers such as Fabry-Perot, Michelson,
and Mach-Zehnder, has the advantages of input polarization
independence and the period of the interference spectra being
dependent only on the length and birefringence value of
the Hi-Bi fiber. Additionally, the FLM fiber sensor exhibits
the same advantages as the traditional optical fiber sensors,
such as immunity to electromagnetic interference, resistance
to chemical corrosion, remote sensing, lightweight and small
size [6].

Temperature sensors based on FLMs using commercial Hi-
Bi fibers have widely been reported [6], [8], [9]. The internal
birefringence of these fibers is commonly generated either by
a geometrical effect of the fiber core or by the stress induced
around the fiber core. Fiber sensors implemented using the
Hi-Bi fiber based on geometrical effects have been reported
to exhibit temperature sensitivities of -0.2 and -0.34 nm/°C,
for e-core and D-type fibers respectively [6]. In contrast, those
using Hi-Bi fibers based on stress effects, such as Panda and
bow-tie fibers, have been reported to produce temperature
sensitivities of -1.9 and -1.23 nm/°C respectively [6]. All of
these reported temperature sensitivities are much higher than
the 10 pm/°C reported for the popular fiber Bragg grating
temperature sensors [10].

republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.
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In recent years, different configurations of FLMs using
commercially available Hi-Bi fibers have been investigated in
order to improve the sensitivity of FLM temperature sensors.
In one configuration, two FLM interferometers were connected
in a cascade configuration, with one implemented as a fixed
signal interferometer and the other as the sliding part of a
Vernier scale. For instance two cascaded FLM interferometers
were employed to generate a temperature sensitivity of -
13.36 nm/°C [3], and in another configuration that employed
a combination of an FLM and a Fabry-Perot interferometer,
a temperature sensitivity of -29 nm/°C [1] was reported.
Although the sensitivity is improved, the use of specialty fibers
provides new schemes that can improve the sensitivity of FLM
temperature sensors by several orders of magnitude.

The development of photonic crystal fibers (PCF) has
provided several advantages that were not available in conven-
tional fibers. These include fiber mode shaping, high nonlin-
earities, dispersion and birefringence [11]. The high internal
birefringence in PCFs is generated by a geometrical effect.
Through the arrangement of microscopic air holes along the
fiber length, it has been made possible to build temperature
insensitive interferometers by using a polarization maintaining
PCF in an FLM interferometer [12], [13]. In this configuration,
the changes in temperature equally affect the silica core
and cladding sections of the fiber, while leaving the air-
holes sections unaffected, and hence the birefringence remains
unchanged. However, in recent years, FLMs implementing
PCFs have been reported as high-sensitivity temperature fiber
sensors [2], [5], [14]. In order to modify the birefringence
value of a Hi-Bi PCF, the PCF has side-holes that are filled
with liquids such as alcohol and toluene, and metals such as
indium, and the devices have reported temperature sensitivities
of 6.1 nm/°C [14], 11 nm/°C [15] and -9 nm/°C [2]. The
enhancement in temperature sensitivity of the fiber with liquid
filled side-hole, is caused by the thermo-optic effect of the
liquid sample; while in the metal-filled fiber configurations,
the enhancement in temperature sensitivity comes from the
thermal expansion coefficient of the metal.

It should be noted that the incorporation of side-holes is
not exclusive to PCF, for they have been also implemented
in standard single mode fibers (SMF). In fact, in contrast
to those results reported in [2], [14], [15] that used PCF
with side-holes, a specialty SMF fiber has been developed
that contains only two holes [4], [5], [16]. This type of two-
hole fiber is also simpler to manufacture as compared to the
traditional PCFs. In [5], a two-hole birefringent fiber was filled
with metal (indium) and configured as an FLM temperature
sensor that recorded a temperature sensitivity of -6.3 nm/°K.
In [4], a two-hole fiber in an FLM configuration was filled
with alcohol and a temperature sensitivity of 86.8 pm/°C was
obtained. Also, the rapid change in the birefringence of the
two-hole fiber at the temperature of phase transition of the
filler substance, water, salt water and metal, were studied in
[16]. More recently, we have presented the implementation of a
two-air-hole birefringent fiber in an FLM configuration, where
a temperature sensitivity of 2.21 nm/°C was reported [17].

Regardless of the type of birefringent fiber or the imple-
mented configuration, among all the reported systems using
FLMs as a temperature sensor, the highest achieved sensitivity

was -29 nm/°C [1]. In addition, since the achieved wavelength
shifts are relatively small, the changes in temperature are
measured by following a resonant-dip in the spectral response
of the FLM temperature sensor.

In this work, we report the implementation of a fiber loop
mirror temperature sensor based on an asymmetric two-hole
fiber (ATHF), filled with distilled water, which exhibits an
extremely temperature sensitivity. The key component is the
ATHF, which provides a large overlap between the optical
mode and the region with the highest induced birefringence,
and therefore the birefringence is strongly affected when the
ATHF is heated. In addition to the large wavelength shift of the
spectrum due to the temperature dependent birefringence, there
is also a significant change in the fringe spacing of the interfer-
ence signal. The latter effect allowed for the processing of the
sensing signal in the frequency space, and therefore reporting
the changes in temperature in terms of the signal frequency.
After calibration, the recording of the interference signal
frequency can lead to absolute measurements of temperature.
A sensitivity of 6x 1073 nm~!/°C was obtained for coarse
temperature changes from 40 to 80 °C. This is different from
previously reported FLM temperature sensing systems, which
track a resonant dip in the interference spectrum; instead,
the Fourier transform of the measured interference spectrum
is used to determine the temperature value. For temperature
changes of a fraction of a degree Celsius, the wavelength
shift of a resonant dip can be monitored, and our results
demonstrate that the temperature sensor has a sensitivity
of 240 nm/°C. To the best of our knowledge, this is the highest
sensitivity reported so far for temperature sensors using the
FLM configuration.

[I. ASYMMETRIC TWO-HOLE FIBER (ATHF) DESIGN

The ATHF was designed to enhance the induced birefrin-
gence obtained from heating the ATHF when the holes are
filled with liquid. In this scenario, we have two potential
contributions to the induced birefringence. The first one is
related to the thermal expansion of the liquid into the holes
which induces birefringence due to the stress-optic effect, and
the second one is related to the refractive index changes of the
liquid and silica via thermo-optic effects. We should keep in
mind that in this kind of optical fiber that includes two holes,
any change to the holes diameter, core diameter, separation
between the holes, and position of the holes will slightly
modify the sensitivity of the sensor [18]. Therefore, we fixed
some parameters, such as the diameter of the holes and fiber
core, the separation between holes, and the only variable left
was the position of the holes with respect to the fiber core.
An external diameter of 125 ym was used for the optical fiber
which facilitates splicing to standard SMF, and the diameter of
the holes is set to 29 xm which is within the average diameter
that has been used in previous works [4], [16], [18]-[20]. The
separation between the holes is set to 17 um and they are
symmetrically positioned with respect to the optical fiber axes
as shown in Fig. 1 (a) and (b).

The optimum ATHF parameters were obtained via Finite
Element Method (FEM) simulations using the commercial
software COMSOL Multiphysics. The simulation was per-
formed using 2D analysis, selecting solid mechanics (plane
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(a) water 70 °C (b) Ethanol 70 °C
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Induced birefringence distribution in the two-hole fiber at 70 °C for (a) Water and (b) Ethanol, and (c) Maximum birefringence value as a

function of temperature for water and ethanol. (d) Modal birefringence as a function of the separation (As) between the inner edge of the left hole to
the edge of the fiber core at 24 °C and 80 °C, (e) Optical modes with ethanol infiltrated into the holes at 24 °C and 70 °C, and (f) Modal birefringence
of the ATHF design as a function of temperature using water as the filling liquid.

stress) from the structural mechanics module as well as
electromagnetics wave (frequency domain) from the optics
module. The optical and material properties used in the FEM
simulations are shown in Table 1. During simulations the mesh
used was free triangular with fine size and the reference
temperature was set to 20°C. Any other parameter used the
default values provided by COMSOL.

In the solid mechanics section we ran a stationary study that
provides the principal stresses (ox, oy and o;) in the ATHF.
Using this data and equation 1, we can estimate the refractive
index change in the ATHF as a result of the induced stress.
Here ng is the refractive index of the unstressed material, and
C1 = 0.65x107"2m?/N and C> = 4.2x1072m?/N are the
elasto-optic coefficients [16].

In the electromagnetics wave (frequency domain) we have to
choose the diagonal option in the real refractive index in order
to incorporate the refractive changes (ny, ny and n;). A mode
analysis study is then performed to calculate the effective
refractive indexes for the TE and TM modes of the ATHF.
Using these effective indexes we then calculate the modal
birefringence using B = n.;fTM — n.srTE [25].

ny =ng— Cioy — C (ay —i—az)
ny = ng — Cioy, — Ca2(0x + 07)
n; = ng — Cio;, — C2(ox + oy)

(1)

Firstly we have to choose the liquid infiltrated into the holes
from a variety of liquids that have been previously reported
[4], [7], [16], [20], [26], [27]. Among such liquids water and
alcohol have been widely used because they exhibit a large

TABLE |
OPTICAL AND MATERIALS PROPERTIES USED IN FEM ANALYSIS
Material Properties
ng *at E*
1550 nm, TOC? a*(1/°C) v
20°C (GPa)
5 Corning 5 Corning
Core 1.4493 1.18x10 7940 ® 9.4x10 7940
. 5 Corning 5 Corning
Cladding 1.444 1.18x10 7940 5.4x10 7940
Alcohol 1.352 -3.38x10™ [21] [22] 0.49
Water 1.318 -1.24x10* [23] [22,24] 0.49

* ny= refractive index, TOC= Thermo-optic coefficient, E= Young's
modulus, a = Thermal expansion coefficient and v=Poisson’s ratio.

® Corning 7940 (fused silica) is a material in the library of COMSOL
Multiphysics.

thermal expansion coefficient, and this is correlated with the
fact that a larger stress will be induced in the two-hole fiber
(THF) due to the liquid expansion. Based on the above we
perform simulations with both liquids filling the THF and
select the one that provides larger temperature sensitivity.
As shown in Fig. 1 (a) and (b), when the THF filled either
with water or alcohol is heated up to 70°C, the induced
birefringence is maximum at the edges of the holes along
the horizontal direction regardless of the liquid. Therefore by
plotting the maximum birefringence value at the inner edge of
either hole we can determine which liquid induces the largest
birefringence. As shown in Fig. 1 (c), the largest induced
birefringence as a function of temperature is achieved with
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water, which in turn provides larger temperature sensitivity.
Water is then selected as the filling liquid in the following
simulations.

Since maximum birefringence is induced at the edge of the
holes, a small fiber core with a diameter of 4.5 um is consid-
ered in order to maximize the induced birefringence change
as a function of temperature experienced by the optical mode
- i.e., lowest induced birefringence at 24 °C and maximum
induced birefringence at 80 °C. The fiber core is centered
along the optical fiber axes, in order to facilitate splicing to
SMEF, and the holes are shifted along the horizontal direction
to find the optimum separation (As) between the inner edge
of one of the holes to the edge of the fiber core. We start
by placing the inner edge of the left hole at a distance of
As = 2 um with respect to the edge of the fiber core, and
the induced modal birefringence is calculated at 24 °C and
80 °C. As shown in Fig. 1(d) we continue increasing the value
of As in steps of 250 nm and the induced modal birefringence
is calculated at both temperatures. As shown in Fig. 1(d),
the maximum increment in the induced birefringence,
as the temperature is increased, is not when the separation
As =2 um but when we have a separation of As =4.5 ym
between the edges of the left hole and fiber core.

In order to evaluate the impact of thermo-optic effects, the
fiber core is positioned along the optical fiber axes and the
holes are asymmetrically positioned with a separation between
the edges of the left hole and fiber core of 4.5 gm. The thermo-
optically induced birefringence of this ATHF is calculated
by using ethanol instead of water because ethanol exhibits
a higher refractive index that could more easily modify the
fiber birefringence. As shown in Fig. 1 (e), the mode is prac-
tically unchanged when the temperature is raised from room
temperature to 70 °C. In fact, the induced modal birefringence
resulting from thermo-optic contribution is zero according to
our simulations. Based on the simulations the optimum ATHF
parameters should have a separation between edge of the core
and the inner edge of the holes of 4.5 um and 8 um, taking
into account a core diameter of 4.5 ym, and holes diameters
of 29 um with a hole to hole separation of 17 um.

Finally, using this ATHF design, we perform simulations to
estimate the modal birefringence as a function of temperature
using water as the filling liquid. As shown in Fig. 1 (f),
although the behavior is quite similar when the birefringence
was measured at the maximum value (edge of the hole),
the maximum modal birefringence is slightly lower because
the mode initially overlaps with regions of lower birefringence.
Nevertheless, this ATHF design allows for the maximum
increment on the induced birefringence as the temperature is
increased, which also provides the largest sensitivity. The total
birefringence changes from 2.7 x 107> at 24 °C to 8.76 x 10~
at 80 °C, which is significantly larger as compared to previous
reports.

[1l. EXPERIMENTAL SETUP

The ATHF was manufactured at ACREO Fiberlab (Kista,
Sweden), and a cross-section of the ATHF is shown in
Figs. 2 (a) and (b). The outer diameter of the fiber is 125 um,

’.)C""Ulml
C Ompyte,.

3dB
coupler

Temperature
Controller

Fig. 2. (a) Cross section image of the ATHF, (b) Zoomed image between
the holes of the ATHF, and (c) Experimental setup used to test the water
filled-ATHF as a temperature sensor.

which is fully compatible with SMF, and the core diameter is
4.2 um. The two holes are asymmetrically located into the
fiber: the nearest hole to the fiber core has a diameter of
H1 = 29.12 ym and its inner edge to the edge of the fiber
core has a separation of 3.12 um, while the other hole has a
diameter of H2 = 27.91 um and its inner edge to the edge
of the fiber core has a separation of 10.05 um. In general,
the ATHF is slightly similar to previously reported THF since
it is basically an SMF with two holes running along the
fiber. Nevertheless, the fact that the holes are asymmetrically
positioned with respect to the center of the core, allows us to
place the edge of one of the holes in very close proximity to
the edge of the core. The proximity of the hole to the core
provides a higher interaction between the optical mode and the
region of higher induced birefringence, such that changes on
the surrounding temperature will induce larger birefringence
changes in the ATHF. In addition, the fact that the other hole
has enough separation from the core provides a thicker section
of material between the holes that reduces the complexity
during the fabrication of the ATHF. The dimensions measured
in Fig. 2 (a) and (b) correspond to the best match of our
experimental ATHF with respect to the simulated design
parameters.

The temperature sensor structure consists of a 2 m segment
of ATHF filled with water and spliced between two pieces of
SMF in an FLM configuration. Prior to splicing the fibers,
the process to fill the ATHF with water was as follows: one
tip of the ATHF was submerged into distilled water contained
in a glass vial and due to the capillary action the liquid is
introduced along the two holes of the fiber. On the other
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end of the ATHF low vacuum was applied to accelerate the
process and flow the liquid to avoid the formation of air
gaps or bubbles. Subsequently, the two ends of the filled-
ATHF were warmed up to remove the liquid from the tips,
in order to get enough space for splicing the SMF fibers and
enclose the liquid inside the structure. In our experiments,
a distance of 7 mm between the liquid and the tip of the
fiber was considered, which is enough to perform the splicing
procedure and to induce negligible effects in the spectral
response due to expansion of the liquid as the ATHF is
heated. A standard fusion splicer (Fujikura model 70S) and
a conventional program for SMF splicing were employed for
this purpose.

The sensor characterization was performed using the exper-
imental setup shown in Fig. 2 (c). The FLM was fabricated
using a 2 x 2.3-dB coupler where the output ports are con-
nected to the filled-ATHF segment (length L = 2 m) through
a mechanical polarization controller (PC). A superluminescent
diode (SLD), emitting from 1440 nm to 1620 nm and centered
at 1530 nm, was used as the optical source and connected to
one of the input ports. The other input port is used to monitor
the transmitted spectrum using an Optical Spectrum Analyzer
(OSA). The temperature was controlled by immersing the
ATHF segment in an ultrasonic bath filled with water which
incorporates a temperature controller with a resolution of 1 °C.

IV. RESULTS AND DISCUSSION

The temperature measurements were performed by acquir-
ing the transmitted spectrum as a function of the applied
temperature with steps of 5 °C in the range from 40 °C to
80 °C. The lowest temperature is set at 40 °C in order to
visualize at least two valleys in the interference pattern within
the wavelength range of the SLD, which is a requirement to
estimate the birefringence value at a given temperature. The
spectral response of the sensor for four different temperatures,
40 °C, 55 °C, 65 °C and 80 °C, is presented in Fig. 3,
where an abrupt reduction of the fringes period can be easily
observed as the temperature is increased, which is correlated
with a significant increment in the birefringence of the fiber.
We should note that the wavelength shift in the interference
pattern as a function of temperature was so large, that we have
to wait for full temperature stabilization in order to acquire a
stable transmitted spectrum. This ultra-high sensitivity will be
analyzed in detail at the end of this section.

The mechanism behind such large birefringence change
is related to the different parameters of the ATHF. Firstly,
the thermal expansion of the infiltrated liquid induces bire-
fringence changes in the ATHF, with their maximum values
at the edges of the holes. Secondly, the core is close to the
inner edge of the hole and the diameter of the ATHF is smaller
(4.2 um) than the standard SMF core diameter, which forces
the optical mode to overlap the region with larger induced
birefringence and thus its birefringence is also increased. The
reduction of the fringe spacing is then expected, as dictated
from the well-known birefringence equation: An = A2/ AAL;
where An is the birefringence, Ac is the center wavelength of
the spectrum, A4 is the period of the interference fringes, and
L is the length of the filled-ATHF.

! o
_14_(3) 40 °C

Amplitude (dB)

-30 1 1 1 1
1450 1480 1510 1540 1570

Wavelength (nm)

1600

Fig. 3. Transmission spectra of the FLM fabricated with the filled ATHF
at temperatures of (a) 40 °C, (b) 55 °C, (c) 65 °C, and (d) 80 °C.

As shown in Fig. 3, the fringe spacing A/ significatively
changed as the temperature is increased, going from 101 nm to
3.35 nm for 40 and 80 °C respectively. Using the birefringence
equation mentioned before, we can estimate from the fringe
spacing the corresponding birefringence values as a function
of the applied temperature. As shown in Fig. 4, the results
indicate an excellent linear approximation with a temperature
sensitivity of 7.8713 x 107%/°C. In fact, birefringence values
of 1.1815x 1073 for 40 °C and 3.3367 x 10~* for 80 °C were
estimated, which corresponds to a remarkable increment of the
birefringence of more than 28 times from 40 °C to 80 °C.

Based on the above results we must consider that small
changes in temperature are correlated with large changes of the
interference spectrum from the FLM, for instance an increment
of 1 °C generates a huge wavelength shift of 240 nm (i.e.
sensitivity of 240 nm/°C), which makes the system suitable for
ultra-sensitive temperature measurement applications. Then, in
our experiment, taking into consideration the large change
in the fringe spacing as a result of temperature variations,
the spectrum was Fourier transformed to obtain the frequency
response as a function of temperature and facilitates reading of
the sensor response. In order to reduce the spreading of the fre-
quency components of each spectrum, a Hanning window was
applied to the spectra before converting to frequency space,
as shown in Fig. 5(a) for an applied temperature of 65 °C.
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Fig. 4. Birefringence value as a function of the applied temperature. (b)
)
) -20
The fringes frequency for each temperature measurement is g
presented in Fig. 5(b). As can be seen, the equidistant change E -40
in temperature, 5 °C step, generates an equidistant change 9
in frequency. Due to the limited spectral range of 180 nm " 0
of the optical source implemented in our setup, only a few g
cycles can be recorded for the spectrum generated at 40 °C °
and 45 °C, as shown in Fig. 3(a) for the spectrum at 40 °C. o -80
Therefore, frequencies for these temperature values are close
to the DC component in the frequency spectrum and are -100 L 1 L
not displayed in Fig. 5(b). However, this drawback can be 0.00 0.08 0.16 0.24 0.32 0.40
easily overcome by the implementation of an optical source Frequency (nm™)
with a broader spectrum such as a supercontinuum laser.
Fig. 5. (a) The transmission spectrum of the FLM at 65 °C, with a

The implementation of such a broader optical source will
also contribute to significantly narrow the frequency response
shown in Fig. 5(b).

In Fig. 6, the frequency components as a function of
the applied temperature values are presented, and a linear
response can be observed within the range of temperature
measurements. Since no phase or amplitude is tracked in the
measurement process, once the sensor is calibrated, the fringes
frequency obtained for each applied temperature is repeatable,
allowing for absolute measurements. In terms of frequency,
a sensitivity of 6x 1072 nm~!/°C is obtained. The repeatability
of the proposed sensor was measured using the following
procedure: first, the FLM was introduced into the ultrasonic
bath (set at 60 °C) and a measurement was taken, then,
the FLM was removed from the ultrasonic bath, wait five
minutes to expose it at room temperature, and again, the FLM
was introduced into the bath to take another measurement.
This process was repeated 20 times to obtain a repeatability
in the frequency component corresponding to 1 °C.

Considering the ultra-high sensitivity of the temperature
sensor, it is important to investigate its response to very small
temperature increments on the order of 0.01 °C. Taking into
account that our temperature controller cannot provide such
small temperature increments, we performed a simulation to
present the response of the sensor to temperature changes
in the order of a fraction of a degree Celsius; where we
use the change of birefringence as a function of temperature

Hanning window applied to it; (b) Frequency spectrum of the sensing
signal for different temperature values.
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Fig. 6. Spatial frequency response at different temperatures.

obtained from the experiments results in Fig. 4. In order
to do so, we performed simulations of the proposed sensor
by implementing the well-known equation [6], [12], for the
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Fig. 7. (a) Transmission spectrum of the temperature sensor, experiment
and simulation, at 50 °C (b) The sensor spectrum, experiment and
simulation, at 60 °C.

1560

transmitted spectrum of the FLM,

trans (A)=sin® [(x L/2) (An (To)+(T — To)dAn/dT)],
2)

where L is the length of the ATHF, A is the light wavelength,
An is the ATHF group index birefringence, Ty is the reference
temperature, T is the temperature to be measured, and d An/dT
is the temperature sensitivity as obtained from the experiments.
Simulations were performed using data obtained from the
experimental results, such as the birefringence and sensitivity
at the measured temperature. As a first step we verified
that the simulations are in agreement with the experimen-
tal results previously obtained based on larger temperature
increments. As shown in Fig. 7(a) and 7(b), we present the
transmitted spectrum when the fiber is subjected to 50 °C and
60 °C, respectively, showing an excellent agreement between
experiment and simulation. This effectively guarantees that
our simulations for small temperature increments will be
accurate. We should note that there is a difference between the
linewidth of the experimental fringes and the theoretical val-
ues. We believe that this linewidth difference might be related
to slight birefringence variations along our experimental
ATHEF, which tends to broaden its spectral response. Therefore,
we numerically calculated the transmitted spectral response of
the sensor for temperature increments from 0.01 °C to 0.06 °C,
in steps of 0.01 °C, for an initial temperature of 45 °C. As
shown in Fig. 8(a) and 8(b) we can easily observe a spectral
shift of approximately 2.4 nm for a temperature increment
of 0.01 °C. The simulation corroborates the ultra-high sensi-
tivity of the sensor since any small change in temperature gen-
erates a considerable spectral shift. Therefore, for applications
where very small temperature changes are required and consid-
ering the implementation of an OSA with a modest resolution
of 0.1 nm, our system will perform with a resolution of 4x
1074°C. If we consider an OSA with higher resolution, as in
the case of a research grade OSA with a resolution of 0.06 nm,
an even higher temperature resolution can be achieved.
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Fig. 8. (a) Simulation of the transmission spectrum of the sensor with a
temperature change in steps of 0.01 °C (b) zooming in (a) to show the
14.4 nm red-shift in the resonant dip after a small change in temperature
of 0.06 °C.

Considering that our temperature controller cannot provide
such small temperature increments, we decided to perform a
much simpler experiment to show the large sensitivity of the
sensor. As shown in visualization 1, the ATHF in the FLM is
placed inside a plastic container to minimize fluctuation due
to variations of the room temperature. Despite this approach,
within the first 5 seconds of visualization 1, we can observe
slight wavelength shifting due to temperature fluctuations in
the room. When we start approaching the sensor with our
bare hands, we can observe a large spectral shift with a
maximum value of 28 nm, even when we never touch the
ATHF. Afterwards, we start approaching a soldering iron with
a set temperature of 125 °C, and we can observe a spectral
shift even when the soldering iron has not appeared in the
video. When the soldering iron is very close to the ATHE,
again without touching the ATHF, the spectral shifting is
significantly large (see visualization 1). The response time can
also be estimated from visualization 1 and is estimated to be
within a second.
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Compared to previously reported FLM based temperature
sensors, the presented system exhibits ultra-high temperature
sensitivity and the design of the ATHF is key to obtain
this performance. We should also highlight that the holes
diameter is large enough to facilitate the liquid filling process.
In addition, the fact that one of the holes is quite close to
the ATHF core also provides a more significant influence of
the induced birefringence. The size of the side holes also
opens the possibility to implement the system with other
liquids, depending on the application, for example, to make
the system more or less sensitive and/or being able to perform
measurements in a more significant range.

V. CONCLUSIONS

An ultra-high sensitive temperature fiber sensor was pro-
posed and experimentally demonstrated. In this sensor, we use
a special ATHF which is basically an SMF with two adjacent
holes running along the optical fiber. The holes are asym-
metrically positioned in such a way that one of the holes
is significantly close to the ATHF core, which also induces
birefringence in the ATHF. By filling the holes with distilled
water we allow the fiber to be highly sensitive to temperature
fluctuations, which in turn modifies the birefringence of the
ATHF as the temperature is changed. As a result, the sensor
exhibits an ultra-high sensitivity and the changes in tempera-
ture generate significant changes in the period of the sensor
transmission spectrum, which allow us to Fourier transform
the sensor signal and identify the changes in temperature
as changes in the frequency of the spectrum. Experimental
results show that the ATHF birefringence is modified from
1.18 x 1073 to 3.33x 10~ for temperature changes from
40 to 80 °C, respectively. With such large changes in birefrin-
gence the sensor exhibits a sensitivity, in terms of frequency,
of 6x1073 nm~1/°C. Also, for very small temperature changes
where the resonant dip wavelength shift can be monitored,
the temperature sensor response is correlated with an ultra-
high sensitivity of 240 nm/°C. Considering a low performance
OSA of 0.1 nm resolution, a temperature sensor resolution
of 4 x 107%°C is estimated, which could be higher if we
consider a research grade OSA with even higher resolution.
We should highlight that by changing the filling-liquid we can
also control the sensitivity of the sensor, which is ideal for
specific applications.
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