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Ultra-high Sensitive Temperature Sensor Based on Multimode Fiber 
Mach-Zehnder Interferometer 

 
Ai Zhou*, Yaxun Zhang, Yuanyuan Yang, Jun Yang, and Zhihai Liu 

Key Lab of In-fiber Integrated Optics, Ministry Education of China, Harbin Engineering 
University, Harbin 150001, P. R. China 

ABSTRACT   

We propose an ultra-high sensitive temperature sensor based on multimode fiber (MMF) Mach-Zehnder interferometer 
(MZI). The multimode fiber MZI is composed of a short section of MMF inserting between another two pieces of MMFs 
with large lateral offset. The sensing head is packaged in a capillary which is filled with glycerol-water solution. At the 
offset splice interface, part of the light in the lead-in MMF is coupled into the glycerol-water solution around the sensing 
MMF and the remainder propagates along the cladding of the sensing MMF. Due to the large thermo-optic coefficient of 
the glycerol-water solution, the transmission spectrum of the MMF-based MZI shift quickly with temperature variation. 
Experimental results show that the temperature sensitivity is as high as 8.23 nm/°C.  

Keywords: Fiber sensor, Mach-Zehnder interferometer, multimode fiber, temperature 
 

1. INTRODUCTION  
Fiber temperature sensors have been widely investigated due to the advantages of small size, easy fabrication, immunity 
to electromagnetic interference and applicable for remote sensing. various structures have been proposed for temperature 
sensing and examples include fiber gratings [1-3] and modal interferometers [4-6]. Generally, the temperature 
sensitivities of these kind of structures are at order of dozens of pm/°C due to the small thermo-optic coefficient of fused 
silica.  

Open cavity Fiber Mach-Zehnder interferometer (MZI) whose interference beams propagates along the cavity and the 
silica fiber separately were proposed for refractive index (RI) measurement [7,8] . In Ref. [7], the MZI is fabricated by 
making a microcavity through removing part of the core of a single mode fiber (SMF) near the core-cladding interface 
with femtosecond laser, and in Ref. [8] the MZI is composed by fusion splicing a short section of SMF between two 
SMFs with a large lateral offset (62.5 µm). Both of the two structures have extremely high refractive index sensitivity. 
However, the small detecting area (core of the SMF) at the out end of the MZI leads to a large transmission loss and 
hence a limitation to the cavity length. 

In this paper, we propose an open cavity fiber MZI based on step index multimode fiber (MMF). The MZI is composed 
by fusion splicing a short piece of MMF in between two pieces of MMFs with large lateral offset. The light in the lead-in 
MMF is split into two beams: one transmits along the cavity and the other travels along the cladding of the central MMF. 
Due to the large core diameter of the MMF, the transmission loss of the structure is smaller than that of the SMF-based 
offset MZI especially for a longer cavity length. 

2. SCHEMATIC DIAGRAM AND WORKING PRINCIPLE 
The MMFs used in our experiment is a pure silica core power delivery fiber (YOFC SI 40/125-22/220 ) with numeri

cal aperture of 0.22. The MMF is composed three layers, a core with diameter of 40 µm, a low index annular layer 
with thickness of ~8 µm, and a cladding with diameter of 125 µm. The cladding has same RI with the core. As shown in Fi

g. 1, the MMF-based MZI is fabricated by fusion splicing a short section of MMF in between two pieces of  MMF 
with lateral offset of ~62.5 µm. A broadband light source (BBS) with wavelength range of 1520 nm – 1610 nm is conne
cted to the lead-in SMF and the lead-out SMF is connected to an optical spectrum analyzer (OSA). The light from the BBS is 

launched in the lead-in SMF and then split into two beams by the lead-in MMF: one beam transmits along the cladd
ing of the sensing MMF and the other one propagates through the medium around the sensing MMF. The two beams ar
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*zhouaipost@hotmail.com; phone 86 451 82519850

23rd International Conference on Optical Fibre Sensors, edited by José Miguel López-Higuera, 
Julian Jones, Manuel López-Amo, José Luis Santos, Proc. of SPIE Vol. 9157, 91572A 

© 2014 SPIE · CCC code: 0277-786X/14/$18 · doi: 10.1117/12.2059534

Proc. of SPIE Vol. 9157  91572A-1

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 03/06/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



MMF MMF2

Lead-in SMF

BBS B
SMF 1

Sensing MMF

Lead -out SME

'X X1
iiiM-MM-MM

Sensing head

e
SMF2

OSA

 

 

then recoupled into the lead-out SMF through the lead-out MMF, forming a Mach-Zehnder interferometer. The 
transmission spectrum of the interferometer is collected by the OSA.  

 
Fig. 1 Schematic configuration of the OFT-based semi-open cavity MZI 

Comparing the RI difference the MMF cladding and the surrounding medium, the effective index difference between the 
modes in MMF is quite smaller. The optical path difference (OPD) between the two interference beams is mainly caused 
at the sing MMF part. Therefore the OPD in the lead-in and lead-out MMFs are neglected in the analysis for simplicity. 
According to the interference theory, the corresponding wavelength mλ  of the m -th order dip of the interference 
spectrum can be written as [9],  

 
( )silica cavity2

2 1m

n n L

m
λ

−
=

+
 (1) 

and the wavelength separation between two adjacent transmission dips λΔ is  

 
2

nL
λλΔ ≈
Δ

  (2) 

where silica cavityn n nΔ = − , silican and cavityn  the effective RI of the silica mode and cavity mode respectively, L is the length 
of the COF, and m is the order of interference. From Eq. (1), if a temperature variation is applied on the sensing head, 
both of silican and cavityn will change due to the thermo-optic effect, and L  will also change owing to the thermal 
expansion of the COF. Both of the two effects lead to wavelength shift of the transmission spectrum, which can be 
written as 

 liquidsilica
silica liquid

2 ( )
2 1

m dndλ dn dLL n n
dT m dT dT dT

⎡ ⎤⎛ ⎞
= − + −⎢ ⎥⎜ ⎟+ ⎢ ⎥⎝ ⎠⎣ ⎦

  (3) 

Generally, for liquid, liquiddn dT  caused from thermo-optic effect is on the order of 410− . For fused silica, silicadn dT  is 

~ 68 10−× , and ( )dL dT L caused from thermal expansion effect is ~ 75.5 10−× . Therefore the contribution of 

silicadn dT and dL dT can be neglected with respect to the much larger thermo-optic coefficient of the surrounding 
medium, and Eq. (3) can be expressed as 

 liquid

silica liquid

m m dndλ λ
dT n n dT

= − ⋅
−

  (4) 

Eq. (4) indicates that the sensitivity of the MMF-based temperature sensor is directly determined by the RI’s temperature 
coefficient of the liquid surrounding the sensing head. A larger temperature coefficient results in a higher temperature 
sensitivity. Such kind of temperature sensor has much higher sensitivity than those base on core-cladding mode 
interferometer or fiber gratings [1-6]. In addition, the temperature sensitivity also depends on the RI difference of the 
interference beams. A smaller RI difference corresponds to a higher temperature sensitivity. Therefore, to get a higher 
sensitivity, the liquid whose RI is close to the RI of the MMF cladding should be chosen. However, the smaller RI 
difference also results in a larger λΔ which should not exceeds too much than the bandwidth of the light source. 
Therefore, in practical application, the RI difference should not be as small as possible. The RI difference should be 
determined according to the bandwidth of light source and the measuring temperature range. 

Proc. of SPIE Vol. 9157  91572A-2

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 03/06/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



-15

:-:u5wv-\nnnnnni
ó -3

-3

5 II II Ii II II li
2 -40

ái -45

-JD

-60

-65'
1520 1540 1560 1580 1600

Wavelength (nm)

-10
18C

19°C

-15 20°C

21.1 C

7.9_, -20

O

22.1 °C

23 °C
on°r+

cÇU -30

H

Z/C

-35 I emperature decrease

(a)

-40
1520 1540 1560 1580 1600

Wavelength(nm)

1610
Expearmental data

1600

159

Linear fit X 1
1580-

_c , , y = 8.23`x + 1.38e+03J/V

N 1560

cz 1550

1540-

1530
(b)

1520
16 18 20 22 24 26 28

Temperature ( °C)

 

 

3. EXPERIMENTAL RESULTS AND DISCUSSION 
A MMF-based MZI with sensing MMF length of 486 µm was fabricated for experimental research. The length of the 
coupled MMFs is about 1 mm. Light from the BBS was launched in the lead-in SMF and the interference spectrum was 
collected by the OSA. Fig. 2 presents the transmission spectrum of the proposed MZI in air condition. From the figure, 
the transmission loss is about 20 dB and the contrast ratio of the interference spectrum is 30 dB near 1550 nm. Such a 
transmission loss is not small enough for practical use. Such a large loss is mainly due to the coupling loss between the 
lead-out MMF and SMF. The loss can be improved by optimizing the lengths of the lead-in and lead-out MMFs. 
Because the light field in the step-index MMF spreads and converges periodically along the fiber, there must exist 
optimal MMF lengths for a selected length of sensing MMF and lateral offset. Further simulation investigation should be 
carried out to decrease the transmission loss. We can also see from the figure that the wavelength separation between two 
adjacent transmission dips λΔ  around 1550 nm is 10.7 nm, corresponding to a total OPD of 224.5 µm and a RI 
difference of 0.462 between the two interference beams in accordance with Eq. (2). In fact, the actual RI difference 
should be a little smaller than 0.462 if the OPD in the lead-in and lead-out MMFs are considered.  

 
Fig. 2 Transmission spectrum of the proposed MZI with MMF length of 486 µm in air condition. 

 
Fig. 3 Transmission spectra of the proposed MZI in glycerol-water solution at different temperature (a), and wavelength shift of the 

transmission dip versus temperature. 

To investigate the temperature response of the proposed structure, the same sensing head for Fig. 2 was packaged in a 
300 µm glass capillary which is filled with glycerol-water solution. The RI of the glycerol solution, measured with Abbe 
refractometer is 1.42. The packaged sensing head was then put in a hot water container, and the transmission spectra 
were recorded by the OSA during the water cooling process.  The recorded spectra at temperature from 27 °C to 18 °C 
are shown in Fig. 3 (a). From the figure, we can see that the transmission loss is decreased to 15 dB. The loss decrease is 
due to the RI difference reduction of the interference beams, which will reduce the divergent angle at the MMF-cavity 
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interface. It can also be seen that the transmission dip shifts to longer wavelength with temperature increasing. The 
wavelength separation λΔ exceeds the bandwidth of the light source and only one transmission dip is observed in the 
wavelength range of 1520 nm- 1610 nm. Such a wavelength separation is much larger than that in air circumstance. This 
is also owing to the decrease of the RI difference of the interference beams. According to Eq. (2) and taking the RI 
difference of 0.038 (1.458 for fused silica at 589 nm), the wavelength separation λΔ is calculated to be about 130 nm, 
which is larger than the bandwidth of the light source (90 nm) used in the present work. The wavelength of the 
transmission dip versus temperature are plotted in Fig. 3 (c). It can be obtained from the figure that the temperature 
sensitivity of the MZI-based sensor is 8.23 nm/°C.  

4. CONCLUSION 
In conclusion, a MMF-based MZI was proposed and demonstrated as an  ultra-high sensitive temperature sensor. The 
MZI is composed of a short MMF inserting between two MMFs with large lateral offset. The interference occurs 
between the light beams along the cladding of the central MMF and the cavity between the lead-in and lead-out MMFs. 
By packaging the MZI in a glycerol-water solution filled capillary, the optical path of the beam along the cavity changes 
greatly with temperature variation due to the large thermo-optic coefficient of the glycerol-water solution. The 
temperature sensitivity of the proposed structure is as high as 8.23 nm/°C. The sensitivity can be further enhanced by 
using a liquid whose RI is closer to the RI of the MMF cladding.  

ACKNOWLEDGMENTS 

This work was funded by the National Natural Science Foundation of China (Grants No. 11204047, 61275087, 
61227013, 61377085, 61307104, 61377084, 61107069, 6117708), the 111 project (B13015), the Program for New 
Century Excellent Talents in University (NCET-12-0623), and the Natural Science Foundation of Heilongjiang Province 
in China (LC2011C11). 

REFERENCES 

[1] Y. Yu, H. Tam, W. Chung, and M. S. Demokan, “Fiber Bragg grating sensor for simultaneous measurement of 
displacement and temperature,” Opt. Lett. 25(16), 1141-1143 (2000) 

[2] B. H. Lee, J. Nishii, “Self-interference of long-period fibre grating and its application as temperature sensor,” 
Electron. Lett., 34(21), 2059-2060 (1998) 

[3] Khaliq S, James S W, Tatam R P. “Enhanced sensitivity fibre optic long period grating temperature sensor,” 
Meas. Sci. Technol., 13(5), 792–795 (2002)  

[4] L. V. Nguyen, D. Hwang, S. Moon, D. S. Moon, and Y. Chung, “High temperature fiber sensor with high 
sensitivity based on core diameter mismatch,” Opt. Express 16(15), 11369-11375 (2008) 

[5] P. Lu, L. Men, K. Sooley, and Q. Chen, “Tapered fiber Mach–Zehnder interferometer for simultaneous 
measurement of refractive index and temperature,” Appl. Phys. Lett. 94(13), 131100-131100-3 (2009) 

[6] L. Jiang, J. Yang, S. Wang, B. Li, and M. Wang, “Fiber Mach–Zehnder interferometer based on microcavities 
for high-temperature sensing with high sensitivity,” Opt. Lett. 36(19), 3753-3755 (2011) 

[7] Y. Wang, M. Yang, D. N. Wang, S. Liu, and P Lu, “Fiber in-line Mach–Zehnder interferometer fabricated by 
femtosecond laser micromachining for refractive index measurement with high sensitivity,” J. Opt. Soc. Am. B 
27(3), 370-374 (2010) 

[8] D. Duana, Y. Raoa, L. Xua, T. Zhua, D. Wua, and J. Yao, “In-fiber  Mach–Zehnder interferometer formed by 
large lateral offset fusion splicing for gases refractive index measurement with high sensitivity,” Sens. 
Actuators B, 160(1), 1198-1202 (2011) 

[9] C. S. Kim, Y. G. Han, R. M. Sova, U-C. Pake, Y. Chung, and J. U. Kang, “Optical fiber modal birefringence 
measurement based on Lyot-Sagnac interferometer,” IEEE Photon. Technol. Lett., 15(2), 269-271 (2003). 

 

Proc. of SPIE Vol. 9157  91572A-4

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 03/06/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspxView publication stats

https://www.researchgate.net/publication/287026751

