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 

Abstract—A novel all-fiber Mach–Zehnder interferometer 

(MZI), which consists of lateral core fusion splicing of a short 

section of side-polished single mode fiber (SMF) between two 

SMFs was proposed and demonstrated. A simple fiber 

side-polished platform was built to control the side polished depth 

through a microscope. The sensitivity of the fiber MZI structure 

to the surrounding refractive index (RI) can be greatly improved 

with the increase of the side-polished depth, but has no effect on 

the temperature sensitivity. The sensor with a polished depth of 

44.2 μm measured RI sensitivity up to -118.0 nm/RIU (RI unit) in 

the RI range from 1.333 to 1.387, which agrees well with 

simulation results by using the beam propagation method (BPM). 

In addition, the fiber MZI structure also can achieve simultaneous 

measurement of both RI and temperature. These results show its 

potential for use in-line fiber type sensing application.  

Index Terms—Fiber-optic, side-polished, Mach–Zehnder 

interferometer, refractive index (RI) 

I. INTRODUCTION 

OMPARED with traditional sensors, optical fiber sensors 

have advantages such as small size, high sensitivity, 

anti-electromagnetic interference, and anti-corrosion [1-2]. 

They have attracted extensive attention and research, and 

applied in many areas such as biomedicine, construction 

engineering, navigation, aerospace and chemistry [3]. Various 

types of fiber optic sensors have been developed, such as fiber 

Bragg grating [4-6], Fabry-Perot interferometers [7-9], sagnac 

interferometers [10], surface plasmon resonance [11,12], MZIs 

[13-15], and so on. Among these optical fiber sensors, optical 

fiber MZI sensor has unique advantages such as high 

sensitivity, ease of fabrication, and all-fiber structure [16]. 

Therefore, optical fiber MZI sensors are used in a variety of 

applications, not only for temperature measurement [17,18], 

but also measurements of RI, liquid level, strain, curvature, 
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humidity and other parameters [19-24]. Optical fiber sensors 

have obvious advantages such as simple fabrication, label-free 

sensing [25,26]. However, the RI sensitivities of fiber optic 

MZI sensors are relatively low due to very weak evanescent 

field of fiber cladding. Furthermore, simultaneous 

measurement of RI and temperature become an important issue 

in many areas of study, such as monitoring bacterial growth in 

biomedical engineering. Due to cross sensitivity, most fiber 

optic MZI sensors are using to measure a single physical 

parameter, which cannot satisfy the requirement of 

simultaneously measurements of multiple parameters. 

Recently, many fiber-optic processing techniques have been 

combined with fiber-optic sensor, including tapering [27], 

etching [28], twisting [29], side-polishing [30] etc. The 

fiber-optic side polishing technique has been proved to be 

effectively improving sensing performance [30-31]. 

In this work, based on the above issues, we propose and 

investigate a side-polished connection offset (SPCO) fiber MZI 

structure for simultaneously measurement of both RI and 

temperature. Theoretical study of the MZI properties and 

spectral response of RI are provided by using the BPM. 

Influence of side-polished depth on RI and temperature 

responses are experimentally investigated. Finally, 

simultaneous measurement of both RI and temperature are 

experimentally demonstrated and analyzed.  

 

Fig. 1. (a) Structure diagram of side-polished fiber MZI. (b) The photo of offset 

splicing structure under microscope. 

II. THEORETICAL ANALYSIS AND SIMULATION 

A schematic diagram of the proposed SPCO fiber MZI is 

shown in Fig. 1(a), which is formed by core offset fusion 

splicing of a short section of SPCO fiber between two SMFs. L 

is the length of the intermediate SMF between two connection 

offsets, d is the polished depth, and D is the offset size between 

two SMFs. Figure 1(b) shows a microphotograph of the fusion 

splicing offset. As light injected from the broadband source into 

the input SMF, the first connection offset acts just like a beam 

splitter, causing the core mode field mismatch of SMF, splitting 
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the core mode of the input SMF into two bundles for 

transmission within core and cladding, respectively. The 

second connection offset acts just as a combiner, where the 

light of core mode and cladding mode are integrated into core 

of SMF and generates MZ interference. The intensity of the 

output of the proposed MZI owing to the interference between 

the core mode and ith order cladding mode is: 

                         
1 2 1 2

2 cos( )
T

I I I I I                               (1) 

where  𝐼1  and   𝐼2  are the light intensities of the core and ith 

cladding modes, and   is the phase difference between 

them. The wavelength with minimum output light intensity are 

located at: 

                                 
2

= ( )
2 1

dip co cln n L
m

 


                           (2) 

where nco and ncl are the effective RI of the core and cladding, 

respectively, and m=0, 1, 2… The evanescent wave of cladding 

mode was effectively enhanced by side-polishing the fiber, and 

hence sensitive to the variation of surrounding RI.  

The BPM is used to numerically simulate the proposed 

side-polished MZI fiber sensor. The simulation conditions are 

based on the mesh size of the 2D model in the X and Z 

directions, the grid size is set to 0.1 and 1 μm, respectively. The 

model boundary conditions are based on the perfectly matched 

layer condition. The core and cladding diameters of the 

single-mode fiber are 8.2 and 125 μm, and the corresponding 

RIs are 1.4682 and 1.4628, respectively. For polishing depth of 

44 μm and L=3cm, the simulated transmission spectra of RI 

response were shown in Fig. 2(a). The interference dip 

undergoes blue shift as the increase of environmental RI, and 

the RI sensitivity of linear fit reach -126.5 nm/RIU [shown in 

Fig. 2(b)]. Figure 2(c) and (d) show distributions of the optical 

field propagating along the MZI and the corresponding 

normalized optical intensity changes at dip A and peak B, 

respectively. 

 

Fig. 2. (a) The simulated spectral response of the side-polished MZI with RI = 

1.334, 1.344 and 1.354, respectively; (b) the RI sensing curve; (c) and (d) The 

distributions of optical field and normalized optical intensity propagating along 

MZI at dip A and peak B. 

 

III. FABRICATION AND EXPERIMENTS 

Firstly, a fiber MZI structure are manufactured by offset 

fusion splicing technology using traditional fiber fusion splicer 

(Fujikura 80C). The offset distance of SMF (G652D) is set to 5 

μm for better interference extinction ratio. To better compare 

the performance of the fiber MZI sensor after side polishing, 

the length of the intermediate SMF between two connector 

offsets set as 3 cm. For fiber side-polishing process, we 

self-assemble a fiber optic side polishing system [shown in Fig. 

3(a)]. A grind wheel with abrasive papers on the fiber side 

polishing system was used to polish the MZI section, as shown 

in Fig. 3(a). The prepared MZI fiber structure firstly fixes one 

end of the fiber to the rotatable fixture of the side polishing 

system, and then adjusts the position of the fiber MZI structure 

area to bypass sandpaper-covered grinding wheel, and the other 

end is also clamped by the rotatable fixture. In order to increase 

the operability of the fiber and provide a stable and variable 

tension to the fiber, we designed a device for suspending a 

weight through a pulley. The weights of different sizes provide 

the corresponding tension. Finally, after connecting the two 

ends of the fiber to the light source and the spectrometer 

through the fiber adapter, respectively, the small motor can be 

used to control the rotation speed of the grinding wheel to grind 

the fiber at a constant speed. Replacing sandpaper of different 

particle sizes can perform different degrees of polishing on the 

optical fiber. The fiber is roughly polished to a certain depth 

with sandpaper of 800 mesh. Then we replacing it with 12000 

mesh sandpaper for fine polishing, which make the polished 

surface smooth. The depth of the polished is visually monitored 

by a microscope connected to a computer, and a high-quality 

side-polished optical fiber can be produced by the precise 

operation of the above process. The diameter value of the 

grinding wheel used for polishing is about 7 cm. The length of 

the flat and transition area are approximately 7.8 mm and 9.2 

mm, respectively. Figures 3(b) shows a microscopic enlarged 

view of the side polished area. The SEM image of the top 

polished area in Fig. 3(c) demonstrates that the side-polished 

surface is very smooth with few scratches.  For L=3 cm, four 

samples with different polished depths (0, 23.5, 33.8, and 44.2 

μm) were fabricated for analysis of sensing characteristics. 

 

Fig. 3. (a) Fiber side polished system diagram. (b) The photo of side-polished 

fiber under microscope. (c) The SEM image of the top polished area. 

 

Figure 4 shows the experimental setup for RI and 
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temperature measurement. The input/output of the SPCO fiber 

MZI structure are connected to a SC-5-FC broadband light 

source (BBS) and an optical spectrum analyzer (OSA, 

YOKOGAWA AQ6370D) for launching/receiving optical 

signals. In this experiment, in order to minimize the liquid 

change induced fluctuation to the fiber sensor, we firstly 

immerse our sensor into a channel filled with water, and then 

add small amount dimethyl sulfoxide into the channel to allow 

it diffuse/mix with the water, which will result in RI changes. 

The wavelength shift will be recorded after it reached steady 

states and the RI of the mixed water/ dimethyl sulfoxide 

solution will be calibrated by using an Abbe refractometer. 

Repeat the process of adding dimethyl sulfoxide into the 

channel will enable us to measure spectral response of the 

sensor over different RIs without moving the fiber sensor in/out 

different RI liquid and hence achieve reliable measurements. In 

addition, temperature response of the sensor was measured by 

placing the fiber sensor on a hot plate, where the temperature is 

calibrated with a thermocouple. 

 

Fig. 4. Structural device for RI and temperature measurement. 

IV. RESULTS AND DISCUSSION 

The experimental results of SPCO fiber MZI structure over 

different surrounding RI are shown in Fig. 5. Four different 

SPCO fiber MZI structures with polished depth of 0, 23.5, 33.8, 

and 44.2 μm were studied and the spectral responses were 

shown in Figs. 5(a)-(d), respectively. It can be seen that there 

are a clear blue-shift of the MZI dip for all four fiber MZI 

structures with the increase of RI. Figures 5(e)-(f) show the 

dependence of MZI dip wavelength shift on RI for the four fiber 

MZI structures. There is good linear fitting of RI sensing for all 

four fiber MZI structures. RI sensitivity of -21.6, -61.3, -92.8 

and -118.0 nm/RIU correspond to d = 0, 23.5, 33.8 and 44.2 μm, 

respectively. Moreover, an obvious improvement of RI 

sensitivities by increasing of polished depth for the SPCO fiber 

MZI structure. The RI sensitivity (-118.0 nm/RIU) of measured 

MZI dip for d = 44.2 μm agrees very well with the simulated 

results (-126.5 nm/RIU) in Fig. 2.  

In addition, the temperature dependence of the SPCO fiber 

MZI structures with different polished depth is also studied 

experimentally in Fig. 6. The heating plate, changed the 

temperature around the SPCO fiber MZI structures, and 

controlled the temperature from 30 °C to 80 °C, recording once 

every 10 °C interval, testing the temperature response. The 

evolutions of transmission spectra versus temperature are 

shown for the fiber MZI structures with d = 0, 23.5, 33.8, and 

44.2 μm, in Figs. 6(a)-(d), respectively. With raising of 

temperature, the MZI spectra has obvious redshift for all four 

fiber MZI structures. The linear fit curves and temperature 

sensitivities were calculated in Figs. 6(e)-(h). There is good 

linear fitting of temperature sensing for all four fiber MZI 

structures. The four SPCO fiber MZI structures with d = 0, 

23.5, 33.8, and 44.2 μm have the almost the same temperature 

sensitivities (115.70, 115.54, 119.90 and 113.52 pm/°C). The 

small difference in the magnitude of their temperature 

sensitivity coefficients may be due to the slight error of length L 

and the error in the roughness of the polished surface. The 

results indicate that the temperature response of the proposed 

sensor is independent on the polished depth. 

 

Fig. 5. (a)-(d) transmission spectra response versus RI for the SPCO fiber MZI 

structure with different polished depths of 0, 23.5, 33.8 and 44.2 μm, 

respectively; (e)-(h) Dip wavelength shift as a function of RI.  

 

Finally, due to breaking circular-symmetrical of optical fiber 

cladding cross-section by side-polishing process, when light 

passes through the side-polishing fiber MZI structure, two 

orthogonal polarization cladding modes have different RI 

responses [27]. The cladding mode whose field distribution 

parallel to the side-polished direction has a larger evanescent 

field than that perpendicular to the side-polished direction. So, 

when they interfere with the core mode of SMF, different 

interference dips will have different response over the 

surrounding RI variations. However, the temperature response 

results of the SPCO fiber MZI structure revealed that 

side-polish depth has no influence on the temperature 

sensitivity. Based on the feature of SPCO fiber MZI structure, 
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the simultaneous measurement of both surrounding RI and 

temperature are investigated as shown in Fig. 7. Figures 7(a) 

and (b) show the transmission spectra response of the two 

different interference dips with the changes of RI and 

temperature. Figures 7(c) and (d) illustrate wavelength shifts of 

dip1 and dip2 as a function of RI and temperature, respectively. 

The RI sensitivities of dip1 and dip2 are -115.6 nm/RIU and 

-5.1 nm/RIU, respectively. The temperature sensitivities of 

dip1 and dip2 are 114.77 pm/°C and 119.87 pm/°C, 

respectively. 

 

Fig. 6 (a)-(d) transmission spectra response versus temperature for the SPCO 

fiber MZI structure with different polished depths of 0, 23.5, 33.8 and 44.2 μm, 

respectively; (e)-(h) Dip wavelength shift as a function of temperature. 

 

According to the experimental results, dip1 and the dip2 

have different RI and temperature sensitivities, which can 

achieve dual parameter measurement through the following 

coefficient matrix:  

1 1 1

2 22

n t

n t

K K n

K K T





      
     

    
                                 (3) 

where 
1
  and 

2  are the wavelength drifts of dip1 and dip2, 

respectively. Kn1, Kn2, and Kt1, Kt2 are RI and temperature 

response sensitivities of dip1 and dip2, respectively. ∆n and ∆T 

are the amount of changes in RI and temperature of dip1 and 

dip2, respectively. All these parameters can be 

calibrated/measured using our proposed sensor. The matrix can 

thus be inversely transformed to obtain the measurement 

matrix: 

2 1 1

2 1 2

-1

-

t t

n n

K Kn

K KT D





     
     

    
               (4) 

where D = Kn1Kt2 - Kn2Kt1, substituting the RI and temperature 

sensitivity coefficients of dip1 and dip2 measured in the 

experiment. The relationship between the amount of 

wavelength drift and the two parameters of RI and temperature 

can be obtained that: 

1

2

0.11987 -0.114771

5.1 -115.6-13.271645

n

T





     
     

     
      (5) 

Therefore, when RI and temperature of the external 

environment change simultaneously, the amount of change in 

temperature and RI can be obtained by measuring the 

wavelength shift of dip1 and dip2, and thus simultaneous 

measurement of refractive index and temperature can be 

realized. 

 

Fig. 7. Transmission spectra of dip1 and dip2: (a) versus RI; (b) versus 

temperature. Linear fit diagram of dip1 and dip2 wavelength shift: (a) versus 

RI; (b) versus temperature. 

V. CONCLUSION 

In conclusion, a novel SPCO fiber MZI is reported for the 

first time, which fabricated from a core offset fusion splicing 

SMF by employing side polishing technique. Simulation results 

demonstrate a good RI sensing for the fiber MZI structures. 

Four SPCO fiber MZI samples with different side-polished 

depth values (d = 0, 23.5, 33.8, and 44.2 μm) were fabricated, 

and their RI and temperature response characteristics were 

tested in detail. The experimental results demonstrate that a 

greatly improve of RI sensitivity as increasing of side-polished 

depth. The measured average RI sensitivity is as high as -118.0 

nm/RIU in the RI range from 1.334 to 1.39 with d = 44.2 μm. 

But the side-polished process hardly affects temperature 

sensitivity for the fiber MZI structure. In addition, for breaking 

circular-symmetrical of optical fiber cross-section by 

side-polishing process, simultaneous measurement of both RI 

and temperature also can achieved for the fiber MZI structure. 

The sensor has the advantages of high sensitivity, simple 

structure and low cost, and can be applied to the fields of 

chemical and biological sensing. 
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