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Numerical investigation on the temperature sensing
based on the 0-shaped microfiber resonator
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In this paper, we propose a temperature sensor based on the 8-shaped microfiber resonator. The numerical researched
results indicate that the temperature sensing sensitivity of the resonator is closely related to the microfiber diameter and
the external refractive index (ERI), while it has little dependence on other parameters. As the microfiber diameter is 1 pm,

it reaches the peak value of 2.09 pm/°C. Additionally, as the ERI increases, it improves gradually, then decreases sharply.

When the ERI locates at 1.25 to 1.28, it keeps a constant value of about 2.8 pm/°C.
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1. Introduction

As the basic component of industrial development,
sensors are often applied and equipped in different
systems [1,2], which well meet the requirements of data
collection [3,4], fault detection [5-7], etc. In order to
satisfy the demand and application of temperature
detection in various fields such as medicine, industry and
aviation [8-10], different types of temperature sensors
have emerged. The main types are thermocouples,
thermistors, resistance temperature detectors and IC
temperature sensors. They are suitable for different
different
Thermocouple temperature sensors are self-powered,

applications and  have characteristics.
without excitation, wide range of operating temperature.
Thermistor temperature sensors usually achieve high
accuracy within a limited temperature range. Resistance
temperature detectors of Platinum have high precision,
high stability, wide temperature range, and they are
suitable for kinds of high precision measurement. The IC

temperature sensors have good output characteristics
about accurate temperature. Although these temperature
sensors have many advantages, they still have some
shortcomings that we can't overcome at moment. For
example, the output voltage of the thermocouples in
measuring temperature is very small, which requires
high-precision amplification. In addition, they are
sensitive to external The bare
temperature detectors have higher thermal stability and
slower response to temperature change. Platinum costs

noise. resistance

more money.

Compared with common temperature sensors,
microfiber resonators are compact and simple in structure,
have large evanescent field, low loss, easy to
manufacture, low cost, low light loss through sharp
bending, and good compatibility with traditional optical
fibers [11-14], and so on, which have attracted more and
more attention. In addition, they are also widely used in
optical signal processing, optical filter, wavelength

multiplexer, laser and other active devices [15-22].
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Typical microfiber resonators include loops, knots, coils
and other structures, which have been widely studied
[23-29].

In this paper, we propose a temperature sensor based
on the 6-shaped microfiber resonator. The propagating
characteristics of the light field in the 6-shaped
microfiber resonator is analyzed systematically and the
theoretical expression about the reflection light field
versus the input light field is also given. The temperature
sensing principle of the microfiber resonator is analyzed
deeply as well. Then, numerical investigation about the
temperature sensing  sensitivity of the 0-shaped
microfiber resonator under different parameters is carried
out thoroughly. The researched results indicate that the
microfiber diameter making up of the resonator has
significant impact on the temperature sensing sensitivity

of the resonator. When the microfiber diameter is 1 pm,

SMF

input Reflection

the temperature sensing sensitivity of the microfiber
resonator arrives at the peak value. The external
refractive index also has great influence on the
temperature sensing sensitivity of the 6-shaped
microfiber resonator. When the external refractive index
ranges from 1.25 to 1.28, it almost keeps a constant value
of 2.8 pm/°C. However, other parameters, such as
coupling coefficients, coupling loss coefficients, the
upper arm, the bridge arm, the lower arm, have negligible
influence on the sensitivity. This researched consequence
will provide some theoretical evidence for the application
of the microfiber resonator in the temperature sensing
field.

Fig. 1. Schematic diagram of the #-shaped microfiber resonator (CW: clockwise direction; CCW: counterclockwise direction)

2. Theoretical model of the 6-shaped
microfiber resonator and its temperature
sensing principle

The schematic diagram of the 6-shaped microfiber
resonator is given in Fig. 1. The whole structure of the
resonator is made up of a microfiber. An elliptical cavity
is divided by a microfiber bridge into shape of the
character “0”. The light field propagating in the resonator
can be described as: The input light field E; injected at
the single mode fiber (SMF) splits into E; and Ezat the
coupling area |, E; propagates along the upper arm I, and
converts into Es, Essplits at the coupling area Il into Es
and E, E7 propagates along the lower arm |, and converts
into E4, Eg propagates along the bridge arm I, and
converts into Es, this propagating path forms the
clockwise direction. Moreover, Ej splits at the coupling
area linto E; and E4, E4 propagates along the lower arm I,

and converts into E7, E7splits at the coupling areall into
Es and Es, Es propagates along the upper arm I and
converts into E, E; splits at the coupling area | into E;
and E4; in addition, Esfrom E; or E4 propagates along the
bridge arm 1, and converts into Es, Es splits at the
coupling area Il into Eg and Es, this propagating path
forms the counterclockwise direction. The theory of the
0-shaped microfiber resonator can be developed by
combining the theory of ring resonators [30-33] with that
of directional couplers [34-36]. For simplicity, we
assume that the microfiber, which comprises the
0-shaped microfiber resonator, has the excellent diameter
uniformity and surface smoothness, as well as negligible
propagation loss [37]. Also, we ignore the bend losses of
the ©-shaped microfiber resonator due to the small
diameter of the microfiber.

The electric fields of 8 ports can be correlated by
coupling mode equation:
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where ki and k, are the coupling coefficients, y: and y, are
the coupling loss coefficients of the coupling area | and
the coupling area Il, respectively. g is the propagation
constant given in Ref. [38]. |1 and |, are the lengths of the
upper arm (port 2-5), and the lower arm (port 7-4) of the
resonator, respectively. The subscripts ¢ and cc represent
the light fields propagating in clockwise direction and
counterclockwise directions, respectively. The above two
parts are combined by microfiber bridge:
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lp is the length of microfiber bridge (port 3-6). L =11 + I,
is the length of the main chamber of the 6-shaped
microfiber resonator. For simplicity, assuming ki = ko =k,
y1 = yo = 7. the reflection of port 1 can be solved by
formula (1) - (3):
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Thus, the reflection amplitude can be calculated by
R=|r|?. Equation (4) indicates that the reflection spectrum
of the 0-shaped microfiber resonator is highly dependent
on the coupling efficiency k and the coupling loss y.

In addition, as we all know that the refractive index
of the fiber is related to the wavelength of the light
propagating in it, the temperature of the fiber and the
strain stressed in the fiber. The dependent relationship of
the fiber refractive index on the three elements can be
expressed as follows[39]:

oA, 7, €)= nla, 71 + €, (T = 7,) + C,e] )
1 on _ on
where C = n(l,TO)a_T .= n(/l,TO) % are the

temperature coefficient and the strain coefficient of the
fiber refractive index, respectively.

So, when we change the temperature of the medium
around the 8-shaped microfiber resonator, the refractive
index of the microfiber constituting the resonator will
also change owing to the thermo-optical effect. Because
we don’t consider the influence of the strain, the strain
coefficient in Eq. (5) can be ignored. Furthermore, due to
the temperature coefficient of the fiber material is small,
when the temperature variation of the fiber is not too
large, the fiber index refractive is also very small. At the
vicinity of 1550 nm wavelength, it can be expressed as

An=0.811x10°AT (6)

Therefore, under this conditions Eqg. (5) can be
simplified as

n(AT) )| 1+0.811x10°AT (7
n( (L)

n(To) is the refractive index of the fiber at the room

temperature, which is set as 1.45, To is the room
temperature, AT = T - To is the temperature difference
between the given temperature and the room temperature.
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3. Numerical simulation and discussion

the
characteristics of the 06-shaped microfiber resonator, we
assume the input light field E; = 1, the other parameters
of the resonator are set as: k= 0.8, y = 0.1, AT=0°C, n;
=1.45x (1 +0.811 x 10°AT), n,=1,d=1x10%m, I,
= 1000 x 10® m, I;= 4000 x 10%m, I,= 4000 x 10°¢m.
Using Eqg. (4), we can simulate the variation of the
reflection spectrum of the resonator under different
outside temperatures. Fig. 2 (a) gives that one of the
resonant wavelengths of the reflection spectrum shifts
with the variation of the outside temperature. It can be

In order to study temperature  sensing
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seen that as the outside temperature increases from 25°C
to 45°C at an interval of 5°C, the resonant wavelength
takes place a red shift. Furthermore, we extract the
resonant wavelengths under the outside temperatures of
25°C, 30°C, 35°C, 40°C and 45°C. The corresponding
relationship between the resonant wavelengths and the
outside temperatures is given in Fig. 2 (b) .The linear
fitting is also given in this figure. One can see that the
resonant wavelength of the 6-shaped microfiber resonator
nearly increases linearly with the increasing of the
outside temperature. The calculated temperature sensing
sensitivity of the resonator is about 2.09 pm/°C.

@® Data
Linear fitting

3I5
T(C)

25 30 40 45

Fig. 2. (a)Reflection spectra of the 6-shaped microfiber resonator under different outside temperatures.(b)Dependence

of the resonant wavelength of the 0-shaped microfiber resonator on different outside temperatures (color online)

In order to investigate the influence of different
d,
refractive ny, coupling coefficient k, coupling loss
coefficient y, the upper arm Iy, the bridge arm I,, the
lower arm I, etc.) on the temperature sensing sensitivity

parameters (microfiber diameter external index

of the resonator, we research the changes in the
relationship between sensitivity and these parameters via
numerical simulation method.

Firstly, we investigate the dependence of the
temperature sensing sensitivity of the resonator on the
microfiber diameter d. Assuming the input light field E; =
1, and other parameters of the resonator are set as: k =
0.8,y=0.1,n,=1.45x (1 +0.811 x 10°AT), n =1, I,
1000 x 10 m, l; = 4000 x 10®%m, I, = 4000 x 10°m.

Using Eq. (4) and assuming the outside temperature of

the microfiber resonator increases from 25°C to 45°C at
an interval of 5°C, we simulate the dependence of the
reflection spectrum of the resonator at a fixed microfiber
diameter d on the
Meanwhile,

increasing outside temperature.
the corresponding temperature sensing
sensitivity of the resonator at the fixed microfiber
diameter is calculated from the spectral diagram. As we
d, the obtained
temperature sensing sensitivity is also varied. The

change the microfiber diameter
changing relationship between the temperature sensing
sensitivity of the microfiber resonator and the microfiber
diameter d is given in Fig. 3. It can be seen that the
temperature sensing sensitivity is zero, when the
microfiber diameter is less than 0.4 pm, it enhances

sharply as the microfiber diameter increases from 0.4 pm
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to 1 pm, but it decreases gradually as the microfiber
continually.  The
temperature sensing sensitivity is about 2.09 pm/°C,

diameter  increases maximum

when the microfiber diameter is 1 um.
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Fig. 3. Dependence of the temperature sensing
sensitivity of the 6-shaped microfiber resonator on the

microfiber diameter d (color online)

The reason for this phenomenon is that when the
microfiber diameter d decreases to less than 0.2 pm, the
light lunched into the microfiber nearly cannot pass
through it. When the microfiber diameter decreases to 0.4
um, more than 90% power will be lost, and only 10%
power will pass through the microfiber. Then, the
sensitivity of the waveguide will become extremely tiny.
When the diameter increases to more than 0.4 um, not
only does the evanescent field around the microfiber
become strong, but also more light can be propagated. So,
the sensitivity increases suddenly. However, when the
diameter increases to over 1 pum, the evanescent field
around the microfiber will become weak gradually
[11,40]. Therefore, the sensitivity decreases slowly.

Then, we investigate the influence of the external
refractive index n,on the temperature sensing sensitivity
of the 6-shaped microfiber resonator. Similarly, assuming
the input light field E; = 1, and other parameters of the
resonator are set as: k = 0.8, y = 0.1, ny = 1.45 x (1 +
0.811 x 10°AT),d =1 x 10® m, I, = 1000 x 10® m, I, =
4000 x 10%m, I, = 4000 x 10%m. Using Eqg. (4) and
assuming the outside temperature of the microfiber
resonator increases from 25°C to 45°C at an interval of
5°C, we simulate the dependence of the reflection

spectrum of the resonator at a fixed external refractive
index n; on the increasing outside temperature.
Meanwhile, the corresponding temperature sensing
sensitivity of the resonator at the fixed external refractive
index is calculated from the spectral diagram. As the
external refractive index varies, the temperature sensing
sensitivity of the microfiber resonator is also changed.
The dependent relationship between the temperature
sensing sensitivity and the external refractive index is
given in Fig. 4. One can see that when the external
refractive index increases from 1.00 to 1.25, the
temperature sensing  sensitivity of the 0-shaped
microfiber resonator also enhances gradually. Then, it
almost keeps a constant value of 2.8 pm/°C, when the
external refractive index locates at 1.25 to 1.28. But, it
decreases sharply as the external refractive index exceeds
1.28.
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Fig. 4. Dependence of the temperature sensing
sensitivity of the 6-shaped microfiber resonator on the

external refractive index (color online)

Subsequently, we investigate the influence of the
coupling coefficient k on the temperature sensing
sensitivity of the 0-shaped microfiber resonator. Likewise,
assuming the input light field E1 = 1, the other parameters
of the resonator are set as: y = 0.1, n; =1.45 x (1 + 0.811
x 105AT), n;=1,d=1x10%m, I, = 1000 x 10%m, I, =
4000 x 10°m, I, = 4000 x 10% m. Using Eqg. (4) and
assuming the outside temperature of the microfiber
resonator increases from 25°C to 45°C at an interval of
5°C, we simulate the dependence of the reflection
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spectrum of the resonator at a fixed coupling coefficient
on the increasing outside temperature. Meanwhile, the
corresponding temperature sensing sensitivity of the
resonator at the fixed coupling coefficient is calculated
from the spectral diagram. As the coupling coefficient
varies, the corresponding temperature sensing sensitivity
of the microfiber resonator is also calculated. The
dependent relationship between the temperature sensing
sensitivity and the coupling coefficient is given in Fig. 5.
It can be seen easily that the coupling coefficient has
little impact on the temperature sensing sensitivity of the
microfiber resonator. Furthermore, we also investigate
the influence of the coupling loss coefficient y, the upper
arm |y, the bridge arm o, the lower arm I, etc. on the
temperature sensing  sensitivity of the 0-shaped
microfiber resonator. The obtained results indicate that
these parameters also have negligible effect on the
temperature sensing sensitivity of the resonator.
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Fig. 5. Dependence of the temperature sensing
sensitivity of the 6-shaped microfiber resonator on the

coupling coefficient (color online)

The main reason is that the evanescent field
surrounding the surface of the microfiber can effect the
propagating mode in the microfiber, which leads to the
shift of the transmission spectrum of the microfiber
resonator. So the sensing sensitivity of the microfiber
resonator is closely related to the evanescent field
surrounding the surface of the microfiber. These
parameters, such as coupling coefficient k, coupling loss
coefficiens y, the upper arm Iy, the bridge arm I,, the

lower arm I, have no influence on the evanescent field,
so they also have no influence on the sensing sensitivity.

4. Conclusion

In this paper, the 8-shaped microfiber resonator is
proposed to be used as a temperature sensing device.
Firstly, the propagating behavior of the light field in the
0-shaped microfiber resonator is described systematically.
The temperature sensing principle of the microfiber
resonator is also analyzed deeply. Then, we theoretically
investigate the dependent relationship between the
temperature sensing  sensitivity of the 6-shaped
microfiber resonator and its some parameters, such as
microfiber diameter d, external refractive index ny,
coupling coefficient k, coupling loss coefficient y, the
upper arm Iy, the bridge arm lo, the lower arm I, etc. The
researched results reveal that the microfiber diameter d
has significant impact on the temperature sensing
sensitivity of the resonator. When the range of the
microfiber diameter d changes from 0.4 pmto 1 um, the
sensitivity enhances remarkably with the increasing of
the microfiber diameter. But, the sensitivity decreases
gradually when the microfiber diameter d exceeds 1 pm.
Thus, the temperature sensing sensitivity of the
microfiber resonator reaches the peak value, as the
microfiber diameter d is 1 pm. The external refractive
index ny also has great influence on the temperature
sensing sensitivity of the 8-shaped microfiber resonator.
When the external refractive index increases from 1.00 to
1.25, the temperature sensing sensitivity of the resonator
also enhances gradually. Then, it almost keeps a constant
value of 2.8 pm/°C, when the external refractive index
locates at 1.25 to 1.28. But, it decreases sharply as the
external refractive index exceeds 1.28. Subsequently, we
investigate the dependence of the temperature sensing
sensitivity of the resonator on other parameters one by
one. The obtained results indicate that these elements
have little impact on the sensitivity. This researched
consequences will provide some theoretical evidence for
the application of the microfiber resonator in the
temperature sensing field.
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