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Abstract: A Mach-Zehnder interferometer (MZI) for high temperature (1 000℃) sensing based on 
few mode fiber (FMF) was proposed and experimentally demonstrated. The sensor was fabricated by 
fusing a section of FMF between two single-mode fibers (SMFs). The structure was proven to be an 
excellent high temperature sensor with good stability, repeatability, and high temperature sensitivity  
(48.2 pm/℃) after annealing process at a high temperature lasting some hours, and a wide working 
temperature range (from room temperature to 1 000℃). In addition, the simple fabrication process 
and the low cost offered a great potential for sensing in high temperature environments. 
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1. Introduction 

Optical fiber sensors have attracted growing 

interest for many industrial applications because of 

their attractive features, such as miniaturization, 

immunity to electromagnetic radiation, high stability 

and reliability, extraordinary resistance to corrosive 

environments, and the possibility of remote 

interrogation from long distances [1–3]. The 

applications of some sensors require the ability to 

work at very high temperatures with good stability 

and accuracy. Temperature sensors based on optical 

fiber can be mainly categorized into two types 

depending on the physical principle of sensor 

operation. The first type includes grating based 

temperature sensors while the second type includes 

sensors whose operation is based on interferometry. 

A fiber Bragg grating (FBG) temperature sensor 

reflects one particular wavelength and the reflected 

wavelength can vary with the ambient temperature. 

Moreover, several of these sensors can be 

multiplexed in a series along with a single optical 

fiber so that a single instrument can simultaneously 

monitor many individual sensors. However, the FBG 

sensor exhibits poor stability in a high-temperature 

environment and the grating can be completely 

erased at temperatures around 700 ℃ [4]. 

FBG-based temperature sensors are usually used at 

temperatures under 200 ℃ due to the decay of the 

FBG’s reflectivity [5]. Naturally, some types of FBG 

sensors can work stably at 1 000 ℃ by utilizing an 

intensive ultraviolet (UV) laser source or a 

femtosecond pulse duration infrared (fs-IR) laser 

source to inscribe gratings. However, the fabrication 
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process for such gratings is rather complicated and 

expensive [6]. A large variety of fiber optic 

temperature sensors based on single-mode fiber 

(SMF) configurations and special fibers have been 

proposed for operation at high temperatures. These 

sensors use multimode fibers, thin core fibers, micro 

cavities, micro channels, twin cores, multi-core 

fibers, hollow core fiber, and photonic crystal fibers 

(PCF) [7–16]. The single-mode fiber (SMS) 

structure has low sensitivity because the interference 

is confined in the same core of the multimode fiber, 

which has identical thermal properties [15]. Micro 

cavities fabricated on capillary fiber tips, 

microchannel-drilled fiber cores, and micro 

structured fiber tapers require complicated 

fabrication processes, such as laser micromachining 

or chemical etching which is difficult to reproduce 

and needs expensive equipment. In recent years, 

new sensors based on few-mode optical fibers have 

attracted the interest of researchers. Compared with 

single-mode optical fiber sensors, few-mode optical 

fiber sensors have unique advantages such as simple 

structure, strong anti-noise ability, high sensitivity, 

and mode controllability. Paralleled Mach-Zehnder 

interferometer (MZI) in few-mode multicore fiber 

(FM-MCF) for temperature and strain discriminative 

sensing was proposed and experimentally 

demonstrated by Zhan et al. [17]. Due to the low 

condition number of the cross coefficient matrix 

dependent on the temperature and strain response 

indexes, the temperature-strain cross sensitivity can 

be efficiently eliminated. The relationship between 

the temperature/strain wavelength sensitivity of MZI 

and the wavelength separation of the measured 

wavelength to the critical wavelength was studied by 

Lu et al. [18]. The in-line MZI fiber optic sensor has 

been constructed by splicing a section of specially 

designed few-mode fiber (FMF). 

In this paper, a novel high temperature sensor for 

MZI based on the FMF is proposed, for which a 

section of the FMF was fusion spliced between two 

SMFs. The transmission fiber was spliced to the 

FMF by offsetting several micrometers at the input, 

and the other side of the FMF was spliced to another 

SMF by keeping the core aligned at the output. The 

proposed structure demonstrated a high temperature 

sensitivity of about 48.2 pm/℃ and a wide working 

temperature range (from 100 ℃ to 1 000 ℃). The 

structure was proven to be an excellent high 

temperature sensor with good stability and 

repeatability after annealing at a high temperature. 

In addition, the simple fabrication process and the 

low cost offer a great potential for application. 

2. Fabrication and operation principle 

The FMF used in the experiment was four-mode 

optical fibers (step-type) provided by YOFC 

(Yangtze optical fiber and cable). It supported four 

modes, namely, LP01, LP11, LP21, and LP02. A 

schematic diagram of the proposed SMF-FMF-SMF 

fiber structure is shown in Fig. 1. 

Core-offset

SMF FMF SMF 
 

Fig. 1 Schematic diagram of the proposed SMF-FMF-SMF 
fiber structure. 

The input light was injected from the lead-in 
SMF to the FMF and the high-order modes could be 

excited at the first splicing point. The fundamental 
mode and the high-order modes propagated in the 
FMF simultaneously. In order to control the excited 

energy of the higher-order mode and basic mode and 
achieve a good interference extinction ratio, a 
core-offset splicing was adopted at the first splicing 

point. At the second splicing point, the high-order 
modes were coupled back into the lead-out core of 
the SMF and interfered with the fundamental mode. 

In order to decrease the loss and avoid the cladding 
mode entering the fiber core at the second splicing 
point, the output section of the FMF was not 

core-offset spliced with the single-mode fibers. 

To further examine the working principle, we 

analyzed the sensor’s responses to temperature. The 
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intensity at the output of the sensor can be described 

as 

  1 2 1 22 cosI I I I I           (1) 

where I1 and I2 are the optical powers of the two 

modes involved, and  is the wavelength of the 

incident light.   represents the phase difference 

between the two modes after transmission in the 

fiber, and it can be described as 

 
 eff2

=
n L




             (2) 

where ∆neff represents the effective refractive index 

difference between modes involved in the 

interference and L is the length of the FMF. When          

=(2m+1) (m=0, ±1, ±2, …), the intensity takes 

the minimum value. Therefore, the resonant 

wavelength dip mdip can be expressed as 

 
eff

mdip

2

2 1

n L

m





 .             (3) 

When the ambient temperature of the MZIs structure 

varies, the resonant wavelength will shift due to the 

changes of the effective refractive index of 

transmission modes and the fiber length. The 

wavelength shift can be expressed as [19] 
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                 (4)
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where ∆nT and ∆L are the effective refractive index 

and the fiber length difference changed with ∆T, 

respectively. ∆nT is mainly determined by the 

thermal-optic coefficient while ∆L is related to the 

thermal-expansion coefficient. Since ∆L/L is 

apparently small, the thermal expansion can be 

neglected. Hence, the wavelength shift can be 

simplified as [20] 

mdip, mdip
eff

= T
T

n

n
 




.         (5) 

According to (5), the temperature sensitivity is 

determined by ∆nT and ∆neff, and different excited 

high-order modes show distinct temperature 

sensitivities. 

In order to investigate the propagating modes 

contributing to the interferences, we performed the 

following work. The mode field distributions of the 

transmission modes in the FMF were calculated by 

using the finite element method (COMSOL 

Multiphysics), as shown in Fig. 2. 

(a) (b) 

(c) (d) 

 
Fig. 2 Mode field distribution of the transmission mode:   

(a) LP01, (b) LP11, (c) LP21, and (d) LP02 in the FMF. 

According to mode field distributions, the 
effective refractive index differences between the 
LP01 mode and the other high modes were calculated. 

The effective refractive indices of four modes were 
1.467 0, 1.466 0, 1.464 7, and 1.464 2, so the 
refractive index differences between the LP01 mode 

and the other high modes were 0.001 0, 0.002 3, and 
0.002 8, respectively. Then the interference spectra 
of mode LP01 with modes LP11, LP21, and LP02 for an 

FMF length of 3 cm were calculated, as shown in     
Figs. 3(a), 3(b), and 3(c), and the corresponding free 
spectral ranges (FSRs) were 86 nm, 37 nm, and   

29 nm, respectively. In the experiment, we fabricated 
an FMF structure with a length of 3 cm and tested its 
interference spectrum by using an sc-5-fc super 

continuous spectrum source with an output 
wavelength range from 1 200 nm to 1 650 nm and an 
optical spectrum analyzer (OSA, AQ6370) with a 

resolution of 0.02 nm as shown in Fig. 3(d). By 
comparison and analysis, it was found that the 
experimental interference spectrum was agreed with 

the theoretical interference spectrum between mode 
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Fig. 3 Simulated interference spectrum and measured 

transmission spectrum: (a) simulated interference spectrum 
between mode LP01 and mode LP11, (b) simulated interference 
spectrum between mode LP01 and mode LP21, (c) simulated 
interference spectrum between mode LP01 and mode LP02, and 
(d) measured transmission spectrum. 

LP01 and mode LP21. Therefore, the interference 

spectrum of the FMF structure was mainly caused 

by mode interference between LP01 and LP21. 

When only the core mode LP01 and the higher 

mode LP21 are taken into consideration, the 

extinction ration (ER) of the interferometer can be 

written as [21] 

   2 1 2 1

2
10lg 1 1ER I I I I         (6) 

where I1 and I2 are the intensities of the core mode 

LP01 and the higher mode LP21. According to (6), in 

order to obtain a higher extinction ratio in the 

transmission spectrum of the interferometer, the 

ratio of I1/I2 should be close to 1. Due to the design 

of core-offset, we can achieve a good interference 

extinction ratio by adjusting the displacement offset. 

The relationship between the ER and the 

displacement offset was investigated in the 

experiment. The transmission spectra of the sensor 

proposed are shown in Fig. 4. It could be seen that 

the ER of the spectra increased with the core-offset 

increases, but the loss increased as well. The ERs 

were 3.32 dB, 11.83 dB, 13.80 dB, 18.77 dB, and 

20.94 dB, respectively, corresponding with the 

core-offset of 5 μm, 7.5 μm, 10 μm, 12.5 μm, and  

15 μm. When the core-offset was 5 μm, it was 

difficult to distinguish the dip of the spectral 

envelope. When the core-offset reached 15 μm, the 

loss was too high to observe the spectra. We set the 

core-offset to be 12.5 μm for comprehensive 

consideration. 
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Fig. 4 Transmission spectra with different core-offsets. 
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The FSR can be expressed as [20] 

 
2

eff

FSR
n L





.             (7) 

As large FSR avoids the overlapping reading 

problem and can provide wider working range, it is 

very important to choose the appropriate FMF 

length. 
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Fig. 5 Transmission spectrum based on the structure with 

different lengths of the FMF and measured temperature 
sensitivity. 

Figure 5 shows the experimentally measured 

transmission spectrum based on the structure with 

different lengths of the FMF. It can be seen that the 

spectral periodicity of the transmission signal 

increased with the lengths of the FMF in the spectral 

domain, which also means that the FSR decreased 

accordingly. The temperature sensitivity of the 

structure with these three lengths of FMF was 

measured below 80 . It should be noted that the ℃

temperature sensitivity had little change with the 

length as shown in Fig. 5. The following study in the 

paper was carried out with an FMF length of 3 cm. 

3. Experimental results and discussion 

Experimental investigations into the temperature 

and strain sensing based on the above structure were 

carried out. Figure 6 shows the experimental setup 

for the measurement of temperature and strain. 

In order to avoid any impact induced by bending, 

the input and the output SMF ends were fixed to two 

manual translation stages and the ends were 

straightened. The straight FMF section was placed 

inside the furnace. The furnace used in the 

measurement was with a length of heating zone 

about 20 cm and could provide a temperature range 

from room temperature up to 1 200 . The ℃

transmitted light from the SMF output port was 

monitored by an optical spectrum analyzer (OSA) of 

AQ6370. 

BBS

Holding translation stage

Fiber

OSA 

Holding translation stage

Translation stage Translation stage 

 
Fig. 6 Schematic diagram of the experimental configuration 

test platform for stress sensing. 
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Fig. 7 Wavelength shift versus temperature for the FMF 

sensor. 

The temperature sensing performance was 

studied with an approximately 3-cm long FMF. The 

spectra were recorded stepwise by heating and 

cooling down the furnace. As shown in Fig. 7, the 

sensor demonstrated a linearity between the 

wavelength shift and the temperature variation, but 

the actually measured points existed some slight 

fluctuation when the temperature rose to 600 ℃. 

Besides, the temperature sensitivities of the sensor 
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were a little different in the heating and cooling 

process. The wavelength shifts of the sensor in the 

two processes were mismatched, indicating that the 

sensor’s stability deteriorated with the temperature. 

Except for the measurements error, one of the 

important factors causing the above phenomena was 

the residual stress and thermal memory that existed 

in the fiber structure [7, 22]. In referring to [16] and 

the melting point of the optical fiber (between     

1 600 ℃ and 1 700 ), an annealing process was ℃

introduced with the goal of eliminating all of the 

residual stress in the FMF structure. The structure 

was first subjected to an annealing process, being 

heated up to 950  and maintained at this ℃

temperature for about 0.5 h. It was then passively 

cooled down until it reached room temperature. 

After the 0.5-hour annealing process, the 

transmission spectra of the sensor at different 

temperatures were recorded by heating up and 

cooling down the furnace. Figure 8 shows the 

wavelength versus temperature variations after the 

0.5-hour annealing process. It can be seen that the 

sensor’s stability was optimized after the annealing 

process. But the annealing process for 0.5 h was not 

enough to eliminate the residual stress in the FMF. 
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Fig. 8 Wavelength shift versus temperature for the sensor 

after the 0.5-hour annealing process. 

In order to eliminate the effect of the residual 

stress in the FMF structure completely, we took 

another FMF sensor with the same length to do the 

annealing process for 2 h.  

The evolution of the wavelength shift during the 

process was recorded as shown in Fig. 9(a). During 

the annealing process, a blue shift was observed in 

the first 50 minutes and then the sensor transmission 

spectrum stabilized and remained stable throughout 

the last 70 minutes.  
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(b) 

Fig. 9 Process of annealing at 950℃ for 2 h: (a) time 
evolution of the wavelength shift and (b) wavelength shift 
versus temperature for the FMF sensor after the annealing 
process. 

The high-temperature sensing characteristics 

from room temperature to 1 000  w℃ ere then studied. 

The wavelength shift versus temperature for heating 

cycle and cooling cycle is shown in Fig. 9(b). The 

curves were linearly fitted with the R-square values 

of both above 0.99 and a temperature sensitivity of 

48.2 pm/  was achieved. The measured wavelength ℃

shift matched well in the heating and cooling cycles, 

which clearly demonstrates that the stability of the 

sensor had a significant improvement after an 

annealing process for 2 h. 

The repeatability and reliability of the sensor 
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after an annealing process were also tested, as 

shown in Fig. 10. Three measurements about 

temperature sensing (from room temperature to 

1000 ) were carried out with the same sensor. And ℃

after two days, a repetitive experiment was also 

performed. The results showed good repeatability 

and reliability. 

Temperature (℃) 

W
av

el
en

gt
h 

sh
if

t (
nm

) 

0 

–10 

Wavelength (nm) 

T
ra

ns
m

is
si

on
 (

dB
) 

40 

56 

1 568 1 582 1 554 

64 

800 600 400 1 000200 0 

–50 

–40 

–30 

–20 

600 
750 
900 

T (℃) 

150 
300 
450 

A950℃-heating 1st

A950℃-heating 2nd

Linear fit of 1 

1 540 

48 

A950℃-heating 3rd

After 2 days-heating

Linear fit of 2 

Linear fit of 3 

Linear fit of 4 

 
Fig. 10 Test of repeatability and reliability about wavelength 

shift versus temperature for the sensor after the annealing 
process. 

Further study about the effect of annealing 

temperature on the sensor performance was done. 

Other FMF temperature sensors with lengths of    

3 cm were exposed to 1 000  ℃ for 2 h, and the 

evolution of the wavelength shift during the process 

was recorded, as shown in Fig. 11(a). During the 

annealing process, a blue shift was observed in the 

first 30 minutes and then the sensor transmission 

spectrum stabilized and remained stable throughout 

the last 90 minutes. Figure 11(b) shows the 

wavelength versus temperature variations after the 

2-hour annealing process. It can be seen that after a 

2-hour annealing process at 1 000 , the wavelength ℃

shift in the heating process was consistent with it in 

the cooling process. It demonstrated the same 

temperature sensitivity of about 47.9 pm/ .℃  

A very stable response from the sensor was 

achieved after several hours of the annealing process 

under high-temperature conditions. As shown in 

Figs. 9(a) and 11(a), the wavelength shift changed 

little after 55 min and 40 min, respectively. The 

higher temperature improved the annealing 

efficiency. The small difference of temperature 

sensitivity indicated the temperature of annealing 

process had little effect on the temperature 

sensitivity. And the errors arose from the structural 

fabrication process. 
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(b) 

Fig. 11 Process of annealing at 1000  for 2℃  h: (a) time 
evolution of the wavelength shift and (b) wavelength shift 
versus temperature for the sensor after the annealing process. 
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Fig. 12 Wavelength shift versus micro-strain. 

The strain sensing performance of the MZI 

sensors was tested before the annealing. Figure 12 



                                                                                             Photonic Sensors 

 

348

shows the strain response curve and the sensitivity 

reached –1.5 pm/με. Compared with the temperature 

response, the MZI sensor was insensitive to the 

strain change. The structure was easily broken under 

micro stress after the annealing process. 

4. Conclusions 

In this work, we proposed and investigated a 

very simple device for high-temperature sensing 

based on few-mode fibers. After the 2-hour 

annealing process, the sensor showed high stability 

and repeatability for the temperature measurement 

from room temperature to 1 000 , with a ℃

sensitivity of about 48.2 pm/ . The strain ℃

sensitivity of the sensor was –1.5 pm/. Therefore, 

the temperature-strain cross-sensitivity of the sensor 

was only 0.031 1 /℃ , and it could be a strain 

insensitive and high temperature fiber sensor. 

Through theoretical and experimental analysis, due 

to the wide FSR and the suitable extinction ratio of 

the interference pattern, this fiber Mach-Zehnder 

interferometer based on the FMF could guarantee an 

accurate temperature measurement in a large range. 

The simple structure, cost-effective fabrication 

process, high sensitivity, excellent stability and 

repeatability, and wide measurement range make 

this compact device a good candidate for practical 

application in the future. 
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