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A novel temperature sensor based on a dual-core fiber (DCF) is proposed and theoretically analyzed. The
DCF-based temperature sensor is simply formed by splicing a segment of DCF to two segments of single
mode fibers, where the DCF is used as the sensing element. The mode coupling between two fiber cores of
the DCF is sensitive to the temperature-induced index change of the silica in the DCF. Simulations show
that there is a linear relationship between the temperature of the DCF and the wavelength shift of the
output spectrum of the DCF-based temperature sensor when the broadband light is injected into one fiber
core of the DCF. Temperature sensors based on DCFs with different parameters for temperature sensing

are also investigated.
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Optical fiber sensors have attracted considerable atten-
tion in the past three decades due to their advantages
such as small size, light weight, high sensitivity, mul-
tiplexing capability, immunity to electromagnetic in-
terference, and so onl1 =2, Among them, temperature
sensors based on optical fiber devices using various tech-
niques such as Raman and Brilllouin scattering!6—9!,
fiber Bragg grating (FBG)!'0~12] long-period fiber grat-
ing (LPG)'3 | and interferometry®='8l have been
extensively investigated due to their broad applications
in fundamental research, electrical power engineering,
astronautical engineering, energy and power engineering,
and chemical industry. Temperature sensors based on the
Raman/Brilllouin scattering have successfully achieved
distributed temperature measurement but suffer from
the limited measurement range (less than 100 °C). FBG
and LPG are two of the most particular temperature
fiber sensors because of its capability of multiplexing.
However, we need costly fabrication system for the
FBG (LPG) and the operational temperature of the
FBG (LPG) fabricated using UV laser writing is usually
very low (e.g., 300 °C for the FBG written into the B-
and Ge-codoped silicate fiber) due to the poor thermal
stability of the UV-induced refractive index changel*).
Special matericals or fabrication processing are needed
for high-temperature FBG sensors?°=23], Temperature
sensors based on Fabry-Perot interferometer!?4=26 and
modal interferometer?"-28! have successfully achieved
high-temperature sensing, among which special fibers
such as the photonic crystal fiber and multimode fiber
(MMF) have been used for high-temperature sensing.

In this letter, we propose a kind of novel temperature
sensor based on a dual-core fiber (DCF) with an opera-
tional principle of the mode coupling between two fiber
cores (formed two individual waveguides). The DCF-
based temperature sensor is simply formed by splicing a
segment of DCF to two segments of single mode fibers
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(SMFs). Temperature information is achieved by mea-
suring the wavelength shift of the output spectrum of
the DCF-based temperature sensor. The proposed DCF-
based temperature sensor can be used for high temper-
ature (> 1000 °C) sensing with a sensitivity of about 7
pm/°C.

Figure 1(a) shows the cross-section of the proposed
DCF. Two fiber cores (o and () with the diameter (d)
and the center-to-center distance (H) are arranged sym-
metrically in the cross-section of the DCF. The outside
diameter of the DCF is D, which is fixed to be 125 pym
to match the SMF. To simplify analysis, the refrac-
tive index of the silica under the reference temperature
T = 0 °C is assumed to be 1.45 and the refractive in-
dex difference between the fiber core and fiber cladding
is 4, which is 0.32%, 0.36%, and 0.40% for different
DCFs in our calculations, respectively. Figure 1(b)

()

Fig. 1. (a) Cross-section of the proposed DCF and (b) struc-
ture of the DCF-based temperature sensor.
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shows the structure of the temperature sensor based on
the proposed DCF. A segment of the proposed DCF with
a length (L) is spliced to SMF1 by matching fiber core
a to the fiber core of SMF1 on one side and to SMF2
by matching fiber core 3 to the fiber core of SMF2 on
another side, which results in an offset between the DCF
and the SMF on both sides. The broadband light is in-
jected to the fiber core o through SMF1 and we detect
the signal on the output side of the fiber core 8 through
SMF2.

The operational principle of the temperature sensor is
based on the thermooptic effect and the mode coupling
of the DCF. The thermooptic coefficient of the silica is
dn/dT = 107°/°CI?l| and we have the refractive index
of the silica under the temperature (7))

n=145+T x 1077, (1)

which indicates the effective index of the DCF depends
on the temperature (7). The mode coupling of the two
fiber cores in the DCF is briefly introduced as follows.
Suppose that the powers of the injected light on the in-
put side of the fiber core o (SMF1) and the fiber core 3
are 1 and 0, respectively. According to the conventional
coupled-mode theory®® the output power on the output
side of the fiber core a and the fiber core 5 (SMF2) of
the DCF with a length (L) can be given by

Py (L) = cos?*(SL) + cos®(n) sin®(SL), (2)

Py (L) = sin®(n) sin*(SL), (3)

where the later one is the output power of the DCF-based
temperature sensor. Note that we have

S = |ne — nol|m/A,

S =102+ K2,
tan(y) = 5/6,
§ = |na — np|T/A, (4)

where A, no(n,), and n,(ny,) are the operational wave-
length, the effective index of the even (odd) mode of two
fiber cores, and the effective index of individual fiber
core a (). For the DCF, we have § = 0 since the fiber
core « and the fiber core § are symmetrical in the DCF.
Thus, Egs. (2) and (3) can be rewritten as

Py(L) = cos*(SL), (5)

Py(L) = sin?(SL). (6)

Let Ango = |ne — no| , which is dependent on both the
operational wavelength and the temperature. Then the
output power of the DCF-based temperature sensor is

Py (T, \) = sin?(|ne — no|mL/\) = sin?[Aneo (T, \)wL/ )],

(7)
where we can achieve temperature information by mea-
sure the output spectrum of the DCF-based temperature
sensor due to Po(T, A).

The proposed DCF has two basic modes with the
effective index (n.) for the even mode and the effective
index (n,) for the odd mode. A well-known finite-
element method (FEM)BU which can calculate the

effective index and mode profile is used to investigate the
guiding modes of the DCF. Figure 2 shows the normal-
ized electric field distribution along the radial direction
for the even mode and the odd mode of the DCF with
parameters of H = 12 ym, d = 8.2 ym, and § = 0.36%.
The operational wavelength is A=1550 nm and the DCF
is under the reference temperature 7' = 0 °C. Insets show
the corresponding mode profiles of the electric field. By
using the FEM, we can achieve the calculated effective
indices which are n. = 1.4523821258 for the even mode
and n, = 1.4521005751 for the odd mode of the DCF,
which indicates the coupling length of two fiber cores
is Lo = 7/(25)=0.55 cm. Figure 3(a) shows the value
(around 2.8 x 10™%) of Ane, which varies very slowly in
the wavelength range from 1540 to 1560 nm in the case
of the reference temperature T' = 0 °C. Regarding to a
temperature sensor based on a DCF with a length of 10
cm (15 cm), when an ideal broadband optical source with
uniform output power for each wavelength is used as the
optical source of the DCF-based temperature sensor, we
have the output spectrum shown as the solid (dotted)
curve with a sine-function-like profile in Fig. 3(b) ac-
cording to Eq. (7). This is the case for the DCF under
the reference temperature T'= 0 °C.

For the DCF under different temperatures, the FEM
is used to calculate the effective indices of the even
mode and the odd mode and different output spectra
is achieved based on Eq. (7). Figure 4(a) shows the
output spectra of the DCF-based temperature sensor
when the 10-cm DCF is under temperatures 0, 200, 400,
600, 800, and 1000 °C, respectively. We can find that
the output spectrum shifts to the longer wavelength
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Fig. 2. Normalized electric field distribution along the ra-
dial direction for (a) the even mode and (b) the odd mode of
the DCF with parameters of H = 12 um, d = 8.2 pym, and
6 = 0.36%. Insets show the corresponding mode profiles of
the electric field.
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Fig. 3. (a) Aneo versus wavelength in the range from 1540 to

1560 nm and (b) output spectrum of the temperature sensor
based on 10 cm (dotted curve) or 15 cm (solid curve) DCF.
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when the temperature increases, which is due to the
decreased value of Ang, for high temperature. The sen-
sitivity of the DCF-based temperature sensor is about
0.0072 nm/°C. Figure 4(b) shows the valley wavelength
(around 1550 nm) of the output spectrum of the DCF-
based temperature sensor for different temperatures. It
can be seen that there is a linear relationship between
the valley wavelength and the temperature.

Figure 5 shows the wavelength shift of the output
spectrum of the temperature sensor based on DCFs
with different parameters: (H = 12 pum, d = 8.2 um,
d = 0.36%), (H = 13 pm, d = 8.2 um, 6 = 0.36%),
(H =11 pm, d = 8.2 um, § = 0.36%), (H = 12 pm,
d =90 pm, 6 = 0.36%), (H = 12 pm, d = 7.4 pm,
§d = 0.36%), (H = 12 pm, d = 8.2 um, 6 = 0.40%),
and (H = 12 pym, d = 82 um, § = 0.32%). Note
that all DCFs have the same length of 10 cm. Inset of
Fig. 5 shows a partial enlarged view for the temperature
T = 1000 °C, it can be seen that DCF can achieve larger
wavelength shift for the same temperature. Considering
the DCF with parameters of H = 12 ym, d = 8.2 um,
and 6 = 0.36% as a reference, we can conclude that
smaller H, larger d, or smaller ¢ of the DCF will result
in larger wavelength shift for the same temperature in-
crement. In other words, stronger mode coupling of two
fiber cores in the DCF will result in higher sensitivity of
the DCF-based temperature sensor.

In conclusion, we propose and numerically investigate a
temperature sensor based on DCF. Our calculations show
that the proposed DCF can be used as a temperature
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Fig. 4. (a) Output spectra of the DCF-based temperature
sensor when the DCF is under temperature of 0, 200, 400,
600, 800, and 1000 °C, respectively. (b) Valley wavelengths
around 1550 nm of the output spectra of the DCF-based tem-
perature sensor for different wavelengths.
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Fig. 5. Wavelength shift of the output spectrum of tempera-
ture sensors based on DCFs with different parameters.

sensing element based on the thermooptic effect and the
mode coupling of the two fiber cores. The performance
of the DCF-based temperature sensor is theoretically an-
alyzed. The linear relationship between the temperature
of the DCF and the wavelength shift of the output spec-
trum is presented. Temperature sensors based on DCFs
with different structure parameters are discussed.
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