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	 A novel fiber-optic refractive index (RI) sensor based on a splicing point tapered fiber 
Michelson interferometer is proposed. It consists of a short section of thin-core fiber (TCF), 
which is spliced to a standard single-mode fiber, then the fused region is drawn into a taper by 
using residual heat. The interference between the core and cladding modes in the TCF is utilized, 
which is insensitive to variations in the RI of the surrounding environment but susceptible to 
external temperature changes. However, owing to the Fresnel reflection on the fiber end face, 
the intensity of the reflection spectrum decreases with increasing RI of the surrounding 
environment. Thus, the RI and temperature can be demodulated by the intensity and wavelength 
of the reflection spectrum, respectively, which can eliminate the crosstalk between RI and 
temperature. We experimentally found that the sensor has RI sensitivity of up to 68.60 dB/RIU 
for a TCF length of 10 mm and a waist diameter of 50 µm. The temperature characteristics of the 
sensor in the range of 30 to 90 ℃ were also investigated, and a sensitivity of about 57 pm/℃ was 
obtained. Moreover, the compact size, easy fabrication, and low cost of the proposed fiber-optic 
RI sensor make it an attractive device.

1.	 Introduction

	 Owing to the advantages of inexpensiveness, compactness, high precision, high sensitivity, 
and immunity to electromagnetic waves,(1,2) fiber-optic sensors potentially have a broad range of 
applications in the sensing field, especially for sensing applications in harsh (conductive, 
explosive, or corrosive) environments. Therefore, fiber-optic sensors have been widely used to 
measure quantities such as temperature,(2,3) strain,(3,4) vibration,(5,6) humidity,(7,8) and 
pressure.(9,10) In particular, many RI fiber-optic sensors have been reported.(11–14)
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	 Measurement of the RI of the surrounding environment has a wide range of applications in 
chemical analysis, biomedical research, environmental monitoring and surveillance, food 
manufacturing, and other fields. Therefore, various fiber structures have been used to fabricate 
RI sensors such as a Mach–Zehnder interferometer,(12,15) Sagnac interferometer,(14,16) Fabry–
Perot interferometer (FPI),(11) and Michelson interferometer (MI).(17–21) In recent years, RI 
sensors based on an MI have been widely reported due to their compact structure, easy 
fabrication, and low cost. Furthermore, these RI sensors are fabricated using different fabrication 
processes, such as coating,(19) side polishing,(22) and CO2 laser irradiation,(23) while some sensors 
use specialty fibers such as a dual-core fiber (DCF),(18) a double-clad fiber,(24) and a thin-core 
fiber (TCF).(21) In addition, different structures (U shape,(14) tapered shape,(20,25) etc.) and special 
fusion methods (core offset,(17) waist-enlarged fiber taper,(26) etc.) are also adopted to acquire 
high sensitivity. Although some structures can provide acceptable sensitivity, problems still exist 
such as fragility, complex preprocessing, and the requirement of expensive femtosecond lasers 
or high-precision taper facilities, which all significantly limit the practical applicability of the 
sensors. In addition, variation of the temperature will also cause a wavelength shift of the fiber-
optic sensors. When wavelength demodulation is used in RI measurement, the temperature 
changes can introduce the problem of crosstalk. Therefore, it is necessary to fabricate a fiber-
optic RI sensor that can eliminate crosstalk between temperature and RI.
	 Because different demodulation methods can be used to measure different parameters to 
effectively solve the problem of crosstalk between multiple parameters, many researchers have 
begun to use intensity and wavelength demodulation to separately measure dual physical 
parameters. One of the multi-parameter sensing technologies is based on a combination of an MI 
and the effect of Fresnel reflection, which can be effectively used to separately measure 
temperature and RI, and eliminate crosstalk between them.(24,27,28) Zhao et al.(28) fabricated an 
MI by cascading a single-mode fiber (SMF), a multi-mode fiber (MMF), and another SMF for 
the detection of temperature and RI. The highest sensitivities of the temperature and RI were 
reported to be 92.6 pm/℃ and 67.9 dB/RIU, respectively, in the RI range of 1.33 to 1.3737. In 
addition, Musa et al.(24) fabricated a fiber sensor with an SMF–MMF–DCF structure for the 
simultaneous measurement of temperature and RI. The sensitivity of the RI sensor was 
calculated to be about 22 and 5 dB/RIU at the RIs of 1.30 and 1.38, respectively. Although high 
sensitivity and the elimination of the effect of temperature crosstalk were achieved in these 
studies, the complicated structure of the sensors would make them difficult to use in practical 
application. Therefore, a fiber-optic RI sensor with a simple manufacturing process and high 
sensitivity is needed.
	 In this study, a novel fiber structure based on a splicing point tapered fiber-optic MI is 
proposed and experimentally verified. The sensing head is fabricated by using a short section of 
a TCF spliced to an SMF, with the splicing point drawn into a taper by a splice machine. The 
tapered structure at the splicing point can induce more light to enter the cladding of the TCF to 
excite higher order cladding modes,(25,29) thus achieving the coupling of the fiber core mode and 
cladding modes. In addition, the fiber structure only requires one fusion splicing, which can 
reduce the likelihood of operation errors caused by multiple fusion splicing and does not require 
expensive and precise instruments. Moreover, the fiber structure can realize the demodulation of 
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temperature and refractive index by the wavelength and intensity, respectively, so as to eliminate 
the interference caused by the temperature in the process of RI measurement. The proposed RI 
fiber-optic sensor also has the advantages of a simple fabrication process and low cost.

2．	 Design and Principle

	 As depicted in Fig. 1(a), light from a broadband light source (BBS, ASE-CL, Max-ray, Hefei, 
China) passing through a circulator then through a sensor is reflected back at the cleaved ends of 
the fiber. After that, the reflected light, after passing through the circulator again, is finally 
monitored by an optical spectrum analyzer (OSA, MS9740A, Anritsu, Japan) and recorded as a 
reference. When light in the SMF is transmitted into the tapered splicing point, because the fiber 
diameter decreases, part of the light will couple into the fiber cladding, which will be transmitted 
at the same time as the light in the fiber core, as shown in Fig. 1(b). In addition, when they reach 
the cleaved ends of the TCF, due to Fresnel reflection, they will be reflected and recoupled into 
the fiber core at the tapered splicing point. Consequently, a sensor based on Michelson 
interference is realized, and visible interference fringes can be observed in the OSA.
	 A schematic diagram and a microscopy image of the tapered splicing point, which was 
fabricated by splicing a short section of a TCF (Corning HI 1060Flex) with a standard SMF, then 
drawing the fused region into a taper using residual heat, are shown in Figs. 1(b) and 1(c), 
respectively. The core and cladding diameters of the TCF are 4 and 125 µm, respectively. Owing 
to the core mismatch and the tapered region at the splicing point, more of the light can enter the 
cladding to form cladding modes and obtain a clearer interference fringe. The proposed structure 
was fabricated using a commercial splicer (Fitel, S178), which provides an accurate discharge 
intensity and control of the motor.
	 The BeamPROP method(30) was used to simulate the electric field distribution of the proposed 
structure. As shown in Fig. 2(a), owing to the core mismatch of the TCF and SMF, the light in the 

Fig. 1.	 (Color online) (a) Schematic structure of investigated fiber-optic interferometer sensing setup; (b) schematic 
of fiber-optic sensor; and (c) microscopy image of the tapered splicing point.
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fiber core of the SMF leaks into the cladding of the TCF, thereby forming an electric field 
distribution in the cladding. However, the electric field distribution in the cladding of the TCF is 
weak. To increase the amount of light coupled into the fiber cladding, the splicing point was 
drawn into a taper as depicted in Fig. 2(b). It can be seen that with decreasing diameter of the 
splicing point, more light leaks into the cladding of the TCF to form a stronger electric field 
distribution. In addition, compared with the same taper (50 µm) in the SMF [Fig. 2(c)], the 
electric field distribution in the cladding of the TCF is clearer, resulting in clearer interference 
fringes in the proposed structure. In addition, since Fresnel reflection occurs on the end face of 
the fiber, more light is lost. Thus, to fabricate a fiber-optic MI sensor, it is necessary to induce 
more light to couple into the cladding.
	 According to the mode interference theory, when interference occurs between the core and 
cladding modes, the interference pattern intensity can be expressed as(20,24,25)

	 2 cos( )m m m
core cladding core cladding

m m
I I I I I Rϕ
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where Icore and m
claddingI  are the intensities of the fundamental and mth-order cladding modes, 

respectively, and R is the reflectivity at the end of the fiber. Owing to the different effective RIs 
of the core and cladding in the TCF, the accumulated optical phase of the core and cladding 
modes can be calculated as
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where ncore and m
claddingn are the RIs of the fiber core and cladding respectively, m

effn∆  is the 
difference between the RI of the fiber core and that of the mth-order cladding mode, λm is the 
wavelength of the attenuation peaks in vacuum, and L is the interference length. From Eqs. (1) 
and (2), it can be seen that the maximum attenuation will appear at 

Fig. 2.	 (Color online) Simulation model diagram (XZ view) and simulated electric field distribution of (a) SMF–
TCF structure, (b) SMF–TCF structure with a taper (50 µm) in the splicing point; and (c) SMF structure with a taper 
(50 µm).
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where k is an integer. When the RIs of the surrounding environment changes, the effective RI 
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	 Furthermore, according to the theory of Fresnel reflection, at the end face of the fiber probe, 
the reflectivity can be given by(28)
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where nsi and nso are the RIs of the fiber and the surrounding environment, respectively. 
According to Eqs. (1) and (5), the intensity of the interference pattern is strongly dependent on 
the RI of the surrounding environment. Therefore, the proposed splicing point with the tapered 
structure can act as an intensity demodulation sensor for RI measurement. From the previous 
analysis, as the RI of the surrounding environment decreases, the intensity of the reflection 
spectrum gradually increases and shifts to a longer wavelength. 
	 Owing to the thermal expansion effect and the thermo-optic effect, the temperature variation 
can induce changes in the length and the effective RIs of the TCF, resulting in a shift in the 
interference fringes. From Eqs. (2) and (3), the temperature sensitivity can be expressed by (31)

	 1
m m
caldding effm m core m m

m m
eff eff

dn nd dn dL
dT dT L dT TdT n n

λ λ λ λ    ∂∆
    = − + ⋅ −

   ∂ ∆ ∆    
.	 (6)

It can be seen from Eq. (6) that the sensitivity depends on the variations of the interference 
length and the effective RIs of the fiber core and cladding with the temperature. 

3.	 Experiment and Discussion

3.1	 Fabrication of RI sensor

	 From the previous discussion, the excited cladding mode will interfere with the fiber core 
mode, and interference fringes will appear in the reflection spectrum. Thus, a fiber probe with a 
TCF length of 10 mm and a splicing point with a waist diameter of 50 µm was fabricated. A 
comparison of the reflection spectrum of the fiber probe and the light source transmission 
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spectrum is shown in Fig. 3(a). The light source transmission spectrum was obtained by directly 
connecting the light source (BBS, ASE-CL, 100–1000 mW, Hefei, China) to the spectrometer 
when the output power of the light source was 300 mW. Compared with the light source 
spectrum, there are clearer interference fringes in the reflection spectrum of the optical fiber 
probe. However, owing to the noise in the light source, the light source spectrum is not flat. To 
distinguish the light source noise and interference fringes, a fast Fourier transform (FFT) of the 
spectra in Fig. 3(a) was carried out to obtain the spatial frequency spectra [Fig. 3(b)]. It can be 
inferred from the spatial frequency spectra that the first three peaks were induced by the noise in 
the light source and the other three peaks were caused by fiber mode interference. Thus, to 
eliminate the noise from the light source, the spectra were filtered by an FFT filter, and the 
filtered spectra are shown in Fig. 3(c). It can be seen that after FFT filtering, the transmission 
spectrum of the light source is flat and the interference fringes of the reflection spectrum of the 
fiber probe are clearly visible.

3.2	 Response to RI

	 To determine the sensitivity of the RI response measurement, we prepared seven salt 
solutions with different volume concentrations and corresponding RIs of 1.333, 1.3399, 1.3460, 
1.3529, 1.36, 1.3672, and 1.3781. Then, the MI was mounted on a fiber holder and immersed in 
each salt solution to the same depth. The experimental setup is shown in Figs. 4(a) and 4(b). 
After each measurement, to eliminate the influence of residue adhering on the fiber surface, the 
fiber probe was soaked in pure water for 3 min, then washed with pure water five times. The 
measured wavelength shift of the reflection spectra of the sensor is illustrated in Fig. 4(c). The 
reflection spectra, after FFT filtering, are shown in Fig. 4(d). Among them, the interference 
fringes in the wavelength range of 1594–1608 nm are shown in Fig. 4(e). It can be observed that 
as the RI increases, the intensity of the reflection spectra rapidly decreases while the spectra 
hardly shift to shorter wavelengths. Moreover, as shown in Fig. 4(f), the intensity variation of the 
reflection spectra with RIs in the range of 1.333–1.3781 shows good agreement with the linear 
fitting curves, with a coefficient of determination (R2) of 0.993. As described earlier, the changes 
in RI result in wavelength shifts and intensity variation of the transmission spectrum. It is clear 

Fig. 3.	 (Color online) (a) Spectra of the light source and the fiber probe with the TCF length of 10 mm and the waist 
diameter of 50 µm; (b) spatial frequency spectra of light source and fiber probe; and (c) spectra of the light source 
and the fiber probe after FFT filtering.
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that the proposed sensor is more suitable for use as an intensity-modulated sensor than as a  
wavelength-modulated sensor. The sensitivity of the RI sensor was calculated to be about 68.60 
dB/RIU in the RI range of 1.333 to 1.3781.

3.3	 Response to temperature

	 As the RI in the surrounding environment changes with the temperature, it is difficult to 
distinguish whether the change in RI is caused by changes in temperature or by changes in the 
surrounding environment. Therefore, temperature variation affects the RI measurement and its 
sensitivity. To obtain the response characteristics to temperature, the sensor was inserted in a 
furnace and fixed by high-temperature air-set cement (OB-600), as depicted in Figs. 5(a) and 
5(b). By controlling the furnace, the temperature was increased from 30 to 90 ℃ in steps of 10 
℃. At each temperature, to acquire the reflection spectra accurately, the retention time was set 
to 5 min, which was long enough to obtain a stable temperature. Figure 5(c) shows the 

Fig. 4.	 (Color online) (a) Schematic of experimental setfup for the RI measurement; (b) experimental setup for the 
RI measurement; (c) measured reflection spectra at different RIs; (d) reflection spectra at different RIs after FFT 
filtering; (e) interference fringes of reflection spectra in the wavelength range of 1594–1608 nm; and (e) and (f) 
wavelength shifts and intensity changes of the transmission dip versus RI.
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corresponding reflection spectra after FFT filtering at different temperatures, and Fig. 5(d) 
shows the interference fringes of the reflection spectra in the wavelength range of 1590–1615 
nm. As the temperature increases, the interference fringes shift to a longer wavelength. It can be 
inferred from Fig. 5(e) that the reflection spectra fringes shift linearly with a sensitivity of about 
57 pm/℃. In addition, the intensity of interference fringes hardly changes with the temperature.

3.4	 Comparison with previous RI sensors

	 As the RI and temperature are separately demodulated by intensity and wavelength, 
respectively, the simultaneous measurement of temperature and RI can be easily achieved, so as 
to solve the crosstalk problem caused by temperature changes in the RI measurement. A 
comparison of optical fiber RI sensors is shown in Table 1. It can be seen that the FPI structures 
have the highest RI sensitivity. However, the length of the FP cavity is usually on the micrometer 
level, so the fabrication requires micromanipulation and the fabrication process is complicated, 
limiting the application of these sensors. Compared with these structures, our sensor structure is 
easy to fabricate and only requires a fusion splicer. In addition, in the RI range of 1.333 to 1.3781, 
the intensity variation of our structure shows good agreement with the linear fitting. Thus, 
compared with other structures, the fiber structure is easier to demodulate. Furthermore, the 
proposed structure has relatively high temperature sensitivity compared with the other 
structures. As the RI of a liquid varies with the temperature, the higher temperature sensitivity 
can better compensate for the influence of temperature on the RI.

Fig. 5.	 (Color online) (a) Schematic of experimental setup for the temperature measurement; (b) experimental 
setup for the temperature measurement; (c) reflection spectra after FFT filtering at different temperatures; (d) 
corresponding interference fringes in the wavelength range of 1590–1615nm; and (e) wavelength shifts and intensity 
changes of the interference fringes versus temperature.
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4.	 Conclusion

	 A novel compact RI fiber-optic sensor based on an MI was proposed and experimentally 
demonstrated. The sensor was formed by splicing a short section of a TCF into an SMF, then the 
fused region was drawn into the taper by using residual heat. The intensity-modulation RI sensor 
exhibited a sensitivity of up to 68.60 dB/RIU, and it was observed that the wavelength of the 
transmission spectrum hardly changed with the RI. The temperature characteristic of the sensor 
was also investigated, and a sensitivity of about 57 pm/℃ was observed. Owing to the use of 
intensity and wavelength to demodulate the RI and temperature, respectively, the fiber 
interferometer can act as a high-accuracy RI sensor.
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