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Abstract

:

In this paper, a temperature sensing scheme with a miniature MZI structure based on the principle of inter-mode interference is proposed. The sensing structure mainly comprises single mode–coreless–multimode–coreless–single mode fibers (SCMCSs), which have been welded together, with different core diameters. The light beam has been expanded after passing through the coreless optical fiber and is then coupled into a multimode optical fiber. Due to the light passing through the cladding and core mode of the multimode optical fiber with different optical paths, a Mach–Zehnder interferometer is formed. Moreover, due to the thermo-optic and thermal expansion effects of optical fibers, the inter-mode interference spectrum of a multimode fiber shifts when the external temperature changes. Through theoretical analysis, it is found that the change in the length of the sensing fiber during temperature detection has less of an effect on the sensitivity of the sensing structure. During the experiment, temperature changes between 20 and 100 °C are measured at sensing fiber lengths of 1.5 cm, 2.0 cm, 2.5 cm, 3.0 cm, 3.5 cm, and 4.0 cm, respectively, and the corresponding sensitivities are 65.98 pm/°C, 72.70 pm/°C, 67.75 pm/°C, 66.63 pm/°C, 74.80 pm/°C, and 72.07 pm/°C, respectively. All the corresponding correlation coefficients are above 0.9965. The experimental results indicate that in the case of a significant change in the length of the sensing fiber, the sensitivity of the sensing structure changes slightly, which is consistent with the theory that the temperature sensitivity is minimally affected by a change in the length of the sensing fiber. Therefore, the effect of the length on sensitivity in a cascade-based fiber structure is well solved. The sensing scheme has an extensive detection range, small size, good linearity, simple structure, low cost, and high sensitivity. It has a good development prospect in some detection-related application fields.






Keywords:


temperature sensing; inter-mold interference; Mach–Zehnder interference; cascaded structure












1. Introduction


Optical fiber sensing technology is a current research hotspot due to its advantages such as high sensitivity, small size, easy production, strong corrosion resistance, anti-electromagnetic solid interference ability, and the practicability of optical fiber sensors in extraordinary and extreme environments. In recent years, fiber optic sensing technology has developed rapidly. Its sensing mechanism mainly lies in the particular modulation of the optical signal transmitted in the optical fiber so that a change in external physical parameters can be transformed into a change in the optical signal. Then, the change in external physical quantity can be reflected by demodulating the optical signal to detect relevant physical quantities including pressure, temperature, displacement, etc. [1,2,3,4,5,6].



Temperature sensors are widely used, and the main types of fiber optic temperature sensors are Sagnac interferometric [7,8,9], fiber Bragg grating [10,11,12], special fiber optic [13,14,15] and cascade sensors [16,17,18]. Lim et al. proposed a Sagnac interferometer, which is composed of two polarization-maintaining fibers, and its temperature sensitivity can reach 65.3 pm/°C [19]. Fiber Bragg grating sensors were fabricated by Osman et al. to compare single-mode fiber grating and multimode fiber grating; these sensors were made with phase mask technology and had temperature sensitivities of 10.9 pm/°C and 13.23 pm/°C [20]. Special fiber optic sensors, such as those reported by Chaudhary V.S. et al., comprise twin core photonic crystal fibers for temperature sensing, and the sensitivity reaches 18.5 pm/°C in the range from 0 °C to 600 °C [21]. Ma et al. proposed a cascade-type temperature sensor based on a single mode–coreless–single mode structure with a sensitivity of 38.7 pm/°C [22]. The literature on various types of temperature sensing provides a reference for temperature detection. However, the temperature sensing system based on the Sagnac interferometer occupies an ample space [23] so cannot be well applied in a miniature temperature detection system. Most fiber Bragg grating sensing structures have low sensitivity and are prone to fracture [24], and for traditional cascaded fiber sensing structures, most of the reflective cascade structures require coating technology [25], which is challenging to operate; additionally, the transmission cascade sensing structure has high requirements for the focus position due to the self-imaging effect, so the length of the sensing fiber needs to be strictly controlled [26,27,28,29,30,31].



In this paper, we propose a miniature MZI temperature sensing scheme based on the SCMCS cascade structure. The transmission Mach–Zehnder interferometer is primarily composed of a single mode–coreless–multimode–coreless–single mode fiber (SCMCS) structure welded together with different core diameters. In terms of temperature measurement, the structure overcomes the dependence of the traditional cascade structure on the length of the sensing fiber. Thus, the length of the sensing fiber has little influence on the sensitivity of the sensor, dramatically reducing the difficult fabrication process for cascade-based structures in micro-sensing schemes. This scheme exhibits characteristics of extensive detection range, small size, good linearity, simple structure, and low cost and has a good development prospect in some detection-related application fields.




2. Structure and Principle of the Sensor Head


The SCMCS (single mode fiber–coreless fiber–multimode fiber–coreless fiber–single mode fiber) structure designed in this paper is shown in Figure 1.



Fibers with different core diameters have different patterns and can be explained by Equation (1) [32]


  V =   2 π a  λ     n  c o r e  2  −  n  c l a d d i n g  2     



(1)




where V represents the normalized frequency of the fiber, a represents the core diameter of the fiber,   n  c o r e    represents the core refractive index, and   n  c l a d d i n g    represents the cladding refractive index. The higher the normalized frequency is, the more patterns that exist in the fiber. A single-mode fiber has the smallest core a, and only the fundamental mode part exists, while a coreless fiber and a multimode fiber have high-order modes in addition to a basic mode, so when welding different fibers, the pattern mismatch leads to the transition of the pattern.



When the light is introduced from the SMF (single-mode fiber) to the CLF (coreless fiber), due to the difference between the core diameter of the SMF and the core diameter of the CLF, the mode is mismatched and the light diffuses in the CLF due to the large core of the CLF; therefore, the light is effectively coupled into core and cladding of the MMF (multimode fiber). As the refractive index of the fiber core and the cladding of the multimode fiber are different, the optical path difference occurs after output to form a Mach–Zehnder interferometer when the light enters the coreless fiber and couples to the single-mode fiber. When the external physical quantity acts on the multimode fiber and the light passes through the cladding and core of the MMF, an inconsistent response exists, and the interference spectrum changes. (The length of the coreless fiber is 2 mm, the length L of the multimode fiber is 1.5 cm, 2 cm, 2.5 cm, 3 cm, 3.5 cm, or 4 cm, respectively, and the welding machine model is Fujikura 80S, which is produced by Beijing Lingyun Photonics Technology Co., Ltd. in Beijing, China. The single-mode fiber model is G652D, the multimode fiber model is OM2, and the coreless fiber model is CL1010-A.)



Consider the cascading structure as a whole; since it is an interferometric cascade structure, the output light intensity can be explained by the interference theory, that is


  I =  ∑  i = 1  n   I i  + 2  ∑  i = 1   n − 1    ∑  j = i + 1  n     I i   I j    cos  [ 2 π  (  n i  −  n j  )  L / λ ]   



(2)







When the light passes through the cladding and core of the MMF, the light interference intensity is obtained as follows


  I =  I 1  +  I 2  + 2    I 1   I 2    cos Δ φ  



(3)







The phase difference of the interference light is


  Δ φ = 2 π    n  e f f   c o r e   −  n  e f f   c l o d d i n g    λ  L = 2 π   Δ  n  e f f    λ  L  



(4)







In Equation (4),   Δ φ   is the phase difference between the cladding light and the core light of the multimode fiber,   n  e f f   c o r e    and   n  e f f   c l o d d i n g    are the effective refractive index of the core and cladding of the multimode fiber,  λ  is the wavelength of the incident light, L is the length of the multimode fiber, and   Δ  n  e f f     is the effective refractive index difference between the core and the cladding of the multimode fiber. During the experiment,   m = ( 1 , 2 , 3 , … )   level interference troughs were taken to calculate   Δ φ  


  Δ φ = ( 2 m + 1 ) π  



(5)







Substituting Equation (5) into Equation (4) yields the interference trough wavelength.


  λ =  2  2 m + 1   Δ  n  e f f   L  



(6)







The free spectral range of the interference peaks is


  F S R =    λ m  ·  λ  m + 1     Δ  n  e f f   L    



(7)







  λ m   and   λ  m + 1    are the interference trough wavelength of the m and m + 1 levels, respectively. At a huge m,    λ m  =  λ  m + 1    , the FSR is inversely related to the fiber length L for the same observation  λ  range and   Δ  n  e f f     constant.



When the external temperature changes, thermo-optic and thermal expansion effects cause an optical fiber’s refractive index and length to change. According to Equation (6), at this time, the corresponding class m interference trough wavelength varies with temperature and can be expressed as


    Δ λ   Δ T   =  2  2 m + 1      Δ ( Δ  n  e f f   )   Δ T   L +   Δ L   Δ T   Δ  n  e f f     



(8)







Optimising Equation (8)


    Δ λ   Δ T   =   2 Δ  n  e f f   L   2 m + 1    ν + α   



(9)







Both the fiber optic structure thermo-optic coefficient   ν = Δ  ( Δ  n  e f f   )  /  ( Δ  n  e f f   Δ T )    and the thermal expansion coefficient   α = Δ L / ( L Δ T )   are material dependent. Substituting Equation (6) into Equation (9) obtains


    Δ λ   Δ T   = λ  ( ν + α )   



(10)







According to Equation (10), when the observation range  λ  is kept constant, the thermo-optic coefficient  ν  and the thermal expansion coefficient  α  are constants; therefore, it is easy to obtain that the temperature sensitivity of the proposed structure will keep constant, which makes the sensitivity of the structure independent of the length of the sensing fiber. Since  ν ,  α , and  λ  are all positive, the spectrum will be red-shifted when the temperature increases.




3. Experiments and Results


In order to test the performance of the sensing structure, the sensing head was connected to the optical path of a broadband light source, as shown in Figure 2.



The Broad Bandwidth Source (BBS) provides a wide spectrum of light, and the temperature controller (TC) provides a constant temperature for the sensing head. The spectrum was observed with an Optical Spectrum Analyzer (OSA), and the sensing structure SCMCS was fixed on the TC. In order to explore the relationship between FSR (Free Spectral Range) and the length of the sensing fiber in SCMCS, the FSR of the SCMCS cascade sensing head structure was observed by changing the length L of the multimode fiber (sensing fiber) at room temperature (the Broad Bandwidth Source is produced by OPEAK OptoElectronics, and the serial number is ASE141201).



As can be seen in Figure 3a, the FSR of the SCMCS structure decreases from 13.6 nm to 4.9 nm as the length L of the multimode fiber increases from 1.5 cm to 4.0 cm. Figure 3b shows the linear fit of FSR and 1/L. Then, observing the linear fitting plot of FSR and 1/L shows that the fit has a good linearity    R 2  = 0.9954  .   S l o p e     = 2.04 ×  10  − 6     indicates an effective demonstration of the inverse relationship between FSR and the length L of the multimode fibers. In addition,   S l o p e = 2.01 ×  10  − 6     is theoretically calculated from Equation (4), (Take   Δ  n  e f f   = 0.0125  ,   S l o p e =  λ m   λ  m + 1   / Δ  n  e f f    , and as shown in Figure 3a, when L = 3.0 cm, then    λ m  = 1589.1   nm,    λ  m + 1   = 1582.5   nm). The theoretical value is very close to the experimental test fitting result, which shows that the experimental results are in good agreement with the theoretical calculation.



In order to explore the effect of multimode fiber length L on sensing sensitivity, the temperature sensing test was carried out on the SCMCS sensor head, which was composed of six groups of multimode fibers with different lengths L.



Figure 4 shows the spectral drift of the six groups of SCMCS structures with temperature changes, and the sensing performance of the six groups of SCMCS structures was tested in the range of 20–100 °C (the spectral curve of the starting temperature of 20 °C is the dotted line marked in the figure, the other temperature spectral curves are solid lines, and the trough trend is marked with a black arrow). In Figure 4, (a), (b), and (c) are the spectral drift plots of fiber lengths of 1.5 cm, 2.0 cm, and 2.5 cm, respectively, because the length L chosen is relatively short and the corresponding FSR is large; therefore, the experimental phenomenon of wavelength drift can be well observed in the range of 20–100 °C, and there is no overlapping in troughs. (d), (e), and (f) are the spectral drift plots of fiber lengths of 3.0 cm, 3.5 cm, and 4.0 cm, respectively. Due to the limitation of the FSR, the temperature continues to increase and affects the observation; therefore, the temperature range is controlled from 20 °C to 100 °C during the experiment. The trough wavelength data of the six groups of structures with temperature are shown in the Table 1.



The wavelength drift of the above six groups of SCMCS sensing structures was linearly fitted with temperature to obtain Figure 5.



The (a–f) of Figure 5I represent the data points of the trough wavelengths for the SCMCS structures with temperature changes when the multimode fiber length L varies from 1.5 cm to 4.0 cm, and the (g–k,m) of Figure 5I represent the corresponding linear fitting of the measurement data when L varies from 1.5 cm to 4.0 cm. It can be intuitively seen that the fitting lines of each group of SCMCS structures are nearly parallel, confirming that the sensitivity is nearly the same despite the change in the length of the sensing fibers.



Figure 5II shows the sensitivity and linearity values of the linear fitting for each SCMSC structure. By comparing and analyzing, we can see that when the length L of the sensing fiber changes from 1.5 cm to 4.0 cm, the sensitivities change little and all of them are positive, indicating that the spectrum is redshifted with an increase in the temperature. These experimental results are in line with the conclusion obtained in Equation (10) that the change in length has little effect on the sensitivity of the SCMCS structure and the wavelength redshift. (Some fluctuations in the sensitivity value are due to errors in the experimental process, such as poor coupling of the optical fiber welding end face, minor errors in the structure or material of the same optical fiber, etc.)



We have already discussed the variation in sensitivity with sensing fiber length and temperature based on the proposed SCMCS structure in the fixed wavelength range; next, we study the sensitivity of the same fiber structure in different wavelength ranges.



Figure 6 shows the spectrum shift of a structure with L = 2.0 cm as the temperature changes. The wavelength range is from 1530 nm to 1600 nm, and it can be seen that all the drift amplitudes for the different wavelength dips are nearly the same when the temperature changes. Then, we perform a linear fit of the 6 wavelength trough locations to obtain Figure 7.



Figure 7a represents the linear fit for each point in Figure 6, and the individual fitting lines can be seen to be nearly parallel. Figure 7b shows the linearity and sensitivity of each fitting line, and it can be seen that the linearity of the six groups of fits is above 0.9945, and the temperature sensitivity differences are very small.



In order to study the stability of the proposed SCMCS sensing structure, the spectral variation in the SCMCS structures based on several sensing fibers of different lengths was observed with time at room temperature.



Figure 8a shows the stability analysis data of the trough wavelength of the SCMCS structure of six sensing fibers of different lengths as a function of time. It can be seen that the wavelength fluctuation range of the proposed sensing scheme is within 0.002 nm under different sensing fiber lengths, and the test results prove that the sensing scheme proposed in this paper has good stability and strong repeatability. Figure 8b is the time-dependent variation in the SCMCS structure of L = 2.0 cm. The stability of the spectrum over time can be directly observed. Figure 8 shows that the spectrum is stable.



Table 2 shows some of the temperature sensing schemes proposed in recent years, and their sensing performance is compared with the scheme proposed in this paper.



Table 2 compares temperature sensors in recent years in terms of sensitivity, detection range, and length. In fact, there are still many cascades for temperature sensing that are not shown in the table. For example, Li et al. used RCF to weld single-mode fibers at both ends and showed that the sensitivity reaches 64 pm/°C in the temperature range of 30–90 °C [40]. Wu et al. tapered the RCF and welded the single-mode fiber at both ends, and the sensitivity reached more than 171.9 pm/°C in the temperature range of 5–75 °C [41]. Noor et al. used multimode fiber to weld single-mode fibers at both ends, and the sensitivity reached 21 pm/°C in the temperature range of 30–80 °C [27]. These studies were all associated with good results. In this paper, the SCMCS achieved 72 pm/°C temperature sensitivity in the range from 20 °C to 100 °C. It is easy to see that this SCMCS has the advantages of high sensitivity and large sensing range.




4. Discussion


Both the theoretical derivation and experiment demonstrate the proposed sensing structure, and the following conclusions can be obtained. Firstly, the sensitivity of SCMCS structures with different sensing fiber lengths in the same observation range is almost the same, and the spectrum drifts forward with temperature. Secondly, the FSR is inversely proportional to the length of the sensing fiber of the SCMCS structure. Finally, the temperature sensitivity differences for the same sensing structure when observed from different positions are very small.



Fiber optic sensors are effective for temperature detection [42,43]. In this paper, it can be seen that the length of the sensing fiber of the SCMCS structure has little influence on the temperature sensitivity, which makes the fiber sensor more convenient in the manufacturing process. SCMCS structures have good sensing sensitivity and linearity coupled with the characteristics of corrosion resistance, electromagnetic resistance, miniaturization, and other characteristics of the optical fiber; therefore, SCMCS structures have a good development prospect, which provides a potential possibility for the development of miniature sensors.




5. Conclusions


Based on the principle of inter-mode interference, a temperature sensing scheme based on the SCMCS cascade structure is proposed. The transmission Mach–Zehnder interferometer is primarily composed of a single mode–coreless–multimode–coreless–single mode fiber (SCMCS) structure welded together with different core diameters. In terms of the temperature measurement, the structure overcomes the dependence of traditional cascade-based structures on the length of the sensing fiber, ensuring minimal influence of the sensing fiber’s length on system sensitivity. This dramatically reduces the difficulty of the fabrication process for the cascade structure micro-sensing scheme. During the experiment, temperature tests between 20 and 100 °C were conducted with sensing fibers lengths of 1.5 cm, 2.0 cm, 2.5 cm, 3.0 cm, 3.5 cm, and 4.0 cm, respectively. The corresponding sensitivities were 65.98 pm/°C, 72.70 pm/°C, 67.75 pm/°C, 66.63 pm/°C, 74.80 pm/°C, and 72.07 pm/°C, respectively. All corresponding correlation coefficients were above 0.9965. The experimental results demonstrate that the sensitivity of the proposed sensing scheme remains almost constant even under significant changes in the length of the sensing fibers, consistent with theoretical derivation. The sensing scheme exhibits characteristics such as a large detection range, small size, good linearity, simple structure, low cost, and high sensitivity, making it promising for various detection-related application fields.







Author Contributions


Q.Y.: Theoretical analysis, Conduct experiments, Data analysis, Article writing; J.T. (Jing Tian): Provide financial support, Theoretical analysis, Revise the article; X.H.: Experimental aids; J.T. (Jiajun Tian): Experimental aids; Q.H.: Software drawing, Revise the article. All authors have read and agree to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (Grant number: 61801134, 61835003) and the Guizhou University Audit and Evaluation Project (Grant number: GDSHPG2023007).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Zhu, Z.D.; Liu, L.; Liu, Z.H.; Zhang, Y.; Zhang, Y.X. Surface-plasmon-resonance-based optical-fiber temperature sensor with high sensitivity and high figure of merit. Opt. Lett. 2017, 42, 2948–2951. [Google Scholar] [CrossRef] [PubMed]

	



Jauregui-Vazquez, D.; Korterik, J.P.; Offerhaus, H.L.; Rojas-Laguna, R.; Alvarez-Chavez, J.A. Strain optical fiber sensor with modified sensitivity based on the vernier effect. Instrum. Sci. Technol. 2023, 51, 421–434. [Google Scholar] [CrossRef]

	



Mohammed, H.A.; Abu Bakar, M.H.; Anas, S.B.A.; Mahdi, M.A.; Yaacob, M.H. Optical fiber sensor network integrating SAC-OCDMA and cladding modified optical fiber sensors coated with nanomaterial. Opt. Fiber Technol. 2022, 70, 102875. [Google Scholar] [CrossRef]

	



Jiang, B.Q.; Zhou, K.M.; Wang, C.L.; Zhao, Y.H.; Zhao, J.L.; Zhang, L. Temperature-calibrated high-precision refractometer using a tilted fiber Bragg grating. Opt. Express 2017, 25, 25910–25918. [Google Scholar] [CrossRef] [PubMed]

	



Tian, J.; Zuo, Y.W.; Zhou, K.M.; Yang, Q.; Hu, X.; Jiang, Y. Low Acoustic Frequency Sensing Based on Ghost Mode of Small Angle Tilted Fiber Bragg Grating. J. Light. Technol. 2023, 42, 2538–2543. [Google Scholar] [CrossRef]

	



Tian, J.; Zuo, Y.W.; Hou, M.J.; Jiang, Y. Magnetic field measurement based on a fiber laser oscillation circuit merged with a polarization-maintaining fiber Sagnac interference structure. Opt. Express 2021, 29, 8763–8769. [Google Scholar] [CrossRef] [PubMed]

	



Pizzaia, J.P.L.; Silva, R.L.; Leal, A.G.; Castellani, C.E.S. Temperature sensor based on an erbium-doped fiber Sagnac interferometer. Appl. Opt. 2022, 61, 2352–2356. [Google Scholar] [CrossRef] [PubMed]

	



Ge, Q.; Zhu, J.H.; Cui, Y.Y.; Zhang, G.; Wu, X.Q.; Li, S.L.; Wang, H.S.; Yu, B.L. Fiber optic temperature sensor utilizing thin PMF based Sagnac loop. Opt. Commun. 2022, 502, 127417. [Google Scholar] [CrossRef]

	



Lin, W.H.; Shao, L.Y.; Liu, Y.B.; Bandyopadhyay, S.; Liu, Y.H.; Xu, W.J.; Liu, S.Q.; Hu, J.; Vai, M.I. Temperature Sensor Based on Fiber Ring Laser with Cascaded Fiber Optic Sagnac Interferometers. IEEE Photonics J. 2021, 13, 7100512. [Google Scholar] [CrossRef]

	



Yang, X.L.; Liu, M.Y.; Song, H.; Zhu, S.Q.; Wu, Y.H. Vibration resistance FBG temperature sensor fabrication and its application in the motor for hydraulic pump. Measurement 2022, 205, 112141. [Google Scholar] [CrossRef]

	



Wang, X.Y.; Sun, X.Y.; Hu, Y.W.; Zeng, L.; Liu, Q.S.; Duan, J. Highly-sensitive fiber Bragg grating temperature sensors with metallic coatings. Optik 2022, 262, 169337. [Google Scholar] [CrossRef]

	



Zhang, L.; Liu, X.; Li, K.; Du, D.J.; Zheng, M.; Niu, Q.; Yang, Y.; Zhou, Q.; Sun, T.; Grattan, K.T.V. Real-Time Battery Temperature Monitoring Using FBG Sensors: A Data-Driven Calibration Method. IEEE Sens. J. 2022, 22, 18639–18648. [Google Scholar] [CrossRef]

	



Mollah, M.A.; Islam, S.M.R.; Yousufali, M.; Abdulrazak, L.F.; Hossain, M.B.; Amiri, I.S. Plasmonic temperature sensor using D-shaped photonic crystal fiber. Results Phys. 2020, 16, 102966. [Google Scholar] [CrossRef]

	



Abbasi, M.; Soroosh, M.; Namjoo, E. Polarization-insensitive temperature sensor based on liquid filled photonic crystal fiber. Optik 2018, 168, 342–347. [Google Scholar] [CrossRef]

	



Liu, D.J.; Wu, Q.; Mei, C.; Yuan, J.H.; Xin, X.J.; Mallik, A.K.; Wei, F.F.; Han, W.; Kumar, R.; Yu, C.X.; et al. Hollow Core Fiber Based Interferometer for High-Temperature (1000 °C) Measurement. J. Light. Technol. 2018, 36, 1583–1590. [Google Scholar] [CrossRef]

	



Deng, H.C.; Jiang, X.W.; Huang, X.X.; Chen, M.; Yang, H.Y.; Cheng, Y.; Teng, C.A.X.; Xu, R.H.; Yuan, L.B. A Temperature Sensor Based on Composite Optical Waveguide. J. Light. Technol. 2022, 40, 2663–2669. [Google Scholar] [CrossRef]

	



Yan, X.; Wei, L.; Fu, R.; Cheng, T.L. Highly sensitive temperature sensor based upon a multimode interference structure filled with an ethanol-glycerol solution. Instrum. Sci. Technol. 2022, 51, 465–477. [Google Scholar] [CrossRef]

	



Zhang, Y.; Liu, M.J.; Zhang, Y.X.; Liu, Z.H.; Yang, X.H.; Zhang, J.Z.; Yang, J.; Yuan, L.B. Simultaneous measurement of temperature and refractive index based on a hybrid surface plasmon resonance multimode interference fiber sensor. Appl. Opt. 2020, 59, 1225–1229. [Google Scholar] [CrossRef] [PubMed]

	



Lim, K.S.; Pua, C.H.; Harun, S.W.; Ahmad, H. Temperature-sensitive dual-segment polarization maintaining fiber Sagnac loop mirror. Opt. Laser Technol. 2010, 42, 377–381. [Google Scholar] [CrossRef]

	



Osman, S.S.; Salim, M.A.M.; Sahidan, N.S.; Bakhtiar, H.; Krishnan, G.; Othman, M.H.D.; Rahman, M.A.; Ismail, A.F.; Yahya, N. Comparison of Fiber Bragg Grating based on SMF and MMF over Temperature Sensitivity. Senai Malays. 2019, 1484, 012014. [Google Scholar] [CrossRef]

	



Chaudhary, V.S.; Kumar, D.; Mishra, R.; Sharma, S. Twin core photonic crystal fiber for temperature sensing. Mater. Today Proc. 2019, 33, 2289–2292. [Google Scholar] [CrossRef]

	



Ma, L.; Kang, Z.X.; Qi, Y.H.; Jian, S.S. Fiber-optic temperature sensor based on a thinner no-core fiber. Optik 2015, 126, 1044–1046. [Google Scholar] [CrossRef]

	



Xin, Y.; Dong, X.Y.; Meng, Q.Q.; Qi, F.; Zhao, C.L. Alcohol-filled side-hole fiber Sagnac interferometer for temperature measurement. Sensors Actuators A-Phys. 2013, 193, 182–185. [Google Scholar] [CrossRef]

	



Razali, N.F.; Abu Bakar, M.H.; Tamchek, N.; Yaacob, M.H.; Mahdi, M.A. Temperature Sensitivity Comparison between Bare FBG and Buffered FBG. In Proceedings of the 2014 IEEE 5th International Conference on Photonics (ICP), Kuala Lumpur, Malaysia, 2–4 September 2014; pp. 36–37. [Google Scholar]

	



Yang, S.; Rong, Q.Z.; Sun, H.; Zhang, J.; Liang, L.; Xu, Q.F.; Zhan, S.C.; Du, Y.Y.; Feng, D.; Qiao, X.G.; et al. High temperature probe sensor with high sensitivity based on Michelson interferometer. Acta Phys. Sin. 2013, 62, 084218. [Google Scholar] [CrossRef]

	



Hatta, A.M.; Rajan, G.; Semenova, Y.; Farrell, G. SMS fibre structure for temperature measurement using a simple intensity-based interrogation system. Electron. Lett. 2009, 45, 1069–1070. [Google Scholar] [CrossRef]

	



Noor, S.; Harun, S.W.; Ahmad, H.; Muhammad, A.R. Multimode interference based fiber-optic sensor for temperature measurement. J. Phys. Conf. Ser. 2018, 1151, 012023. [Google Scholar] [CrossRef]

	



Wu, Q.; Hatta, A.M.; Wang, P.F.; Semenova, Y. Use of a Bent Single SMS Fiber Structure for Simultaneous Measurement of Displacement and Temperature Sensing. IEEE Photonics Technol. Lett. 2011, 23, 130–132. [Google Scholar] [CrossRef]

	



Wang, K.; Dong, X.C.; Kienle, P.; Fink, M.; Kurz, W.; Köhler, M.H.; Jakobi, M.; Koch, A.W. Optical Fiber Sensor for Temperature and Strain Measurement Based on Multimode Interference and Square-Core Fiber. Micromachines 2021, 12, 1239. [Google Scholar] [CrossRef] [PubMed]

	



Gao, R.X.; Wang, Q.A.; Zhao, F.; Meng, B.; Qu, S.L. Optimal design and fabrication of SMS fiber temperature sensor for liquid. Opt. Commun. 2010, 283, 3149–3152. [Google Scholar] [CrossRef]

	



Shao, M.; Cao, Z.W.; Gao, H.; Fu, H.W.; Qiao, X.G. High-sensitive and temperature-immune curvature sensor based on bitaper sandwiching in SMS fiber structure. Opt. Commun. 2023, 540, 129501. [Google Scholar] [CrossRef]

	



Lian, X.K.; Wu, Q.; Farrell, G.; Shen, C.Y.; Ma, Y.Q.; Semenova, Y.L.Y. Discrete Self-Imaging in Small-Core Optical Fiber Interferometers. J. Light. Technol. 2019, 37, 1873–1884. [Google Scholar] [CrossRef]

	



Fu, X.H.; Xie, H.Y.; Yang, C.Q.; Zhang, S.Y.; Fu, G.W.; Bi, W.H. Research on the temperature sensing characteristics of triple cladding quartz specialty fiber based on cladding mode resonance. Acta Phys. Sin. 2016, 65, 024211. [Google Scholar]

	



Liu, F.; Wei, S.P.; Li, B.; Tan, Y.X.; Guo, X.; Fu, X.H. A novel fast response and high precision water temperature sensor based on Fiber Bragg Grating. Optik 2023, 289, 171257. [Google Scholar] [CrossRef]

	



Ahmad, H.; Zulkhairi, A.S.; Azzuhri, S.R. Temperature sensor and fiber laser based on optical microfiber knot resonator. Optik 2018, 154, 294–302. [Google Scholar] [CrossRef]

	



Li, C.X.; Liu, Y.; Qu, S.L.; Chen, M. Temperature fiber sensor without cross sensitivity based on the multi-thin-no-thin-multi fiber coated with PDMS. J. Phys. D-Appl. Phys. 2021, 54, 455101. [Google Scholar] [CrossRef]

	



Sun, Y.; Liu, D.; Lu, P.; Sun, Q.; Yang, W.; Wang, S.; Liu, L.; Ni, W. High sensitivity optical fiber strain sensor using twisted multimode fiber based on SMS structure. Opt. Commun. 2017, 405, 416–420. [Google Scholar] [CrossRef]

	



Novais, S.; Ferreira, M.S.; Pinto, J.L. Relative Humidity Fiber Sensor Based on Multimode Interferometer Coated with Agarose-Gel. Coatings 2018, 8, 453. [Google Scholar] [CrossRef]

	



He, Y.; Yang, H.; Lim, K.; Ahmad, H.; Feng, Z.; Zhang, P.; Tian, Q.; Lu, K.; Han, Z.; Liu, J. Discriminative measurement for temperature and humidity using hollow-core Fabry-Pérot interferometer. Opt. Fiber Technol. 2019, 53, 102027. [Google Scholar] [CrossRef]

	



Li, X.; Chen, N.K.; Xi, L.X.; Zhang, H.; Zhang, X.G.; Zhang, W.B.; Tang, X.F. Micro-fiber Mach-Zehnder interferometer based on ring-core fiber. Opt. Express 2019, 27, 34603–34610. [Google Scholar] [CrossRef]

	



Wu, Y.Q.; Yan, D.; Chen, N.K.; Grattan, K.T.V.; Rahman, B.M.A.; Li, X.; Tian, Z.; Zhang, L.Q.; Zhang, X.; Zhang, X.G.; et al. High sensitivity micro-fiber Mach-Zehnder interferometric temperature sensors with a high index ring layer. Opt. Express 2019, 27, 34248–34258. [Google Scholar] [CrossRef]

	



Roriz, P.; Silva, S.; Frazao, O.; Novais, S. Optical Fiber Temperature Sensors and Their Biomedical Applications. Sensors 2020, 20, 2113. [Google Scholar] [CrossRef] [PubMed]

	



Miliou, A. In-Fiber Interferometric-Based Sensors: Overview and Recent Advances. Photonics 2021, 8, 265. [Google Scholar] [CrossRef]








[image: Photonics 11 00363 g001] 





Figure 1. Schematic diagram of the SCMCS structure. 






Figure 1. Schematic diagram of the SCMCS structure.



[image: Photonics 11 00363 g001]







[image: Photonics 11 00363 g002] 





Figure 2. Optical fiber temperature sensing system based on a broad bandwidth source. 
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Figure 3. (a) Spectral shift with different L varies. (b) Linear fitting of FSR and 1/L. 
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Figure 4. Spectral shift with temperature changes. (a) L = 1.5 cm, (b) L = 2.0 cm, (c) L = 2.5 cm, (d) L = 3.0 cm, (e) L = 3.5 cm, (f) L = 4.0 cm. 
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Figure 5. Linear fitting of spectral wavelength shift with temperature changes. (I) (a–f) Wavelength data for L increases from 1.5 cm to 4.0 cm. (g–k,m) The fitting line for (a–f). (II) Sensitivity and linearity of linear fitting for structures with different L. 
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[image: Photonics 11 00363 g005]







[image: Photonics 11 00363 g006] 





Figure 6. The spectrum shift with temperature changes when L = 2.0 cm. 
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Figure 7. Linear fitting of the spectral wavelength shift with temperature changes when the sensing fiber length L = 2.0 cm. (a) Diagram of linear fitting for different wavelength dips. (b) Sensitivity and linearity of the linear fit at each dip. 
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Figure 8. Stability diagram of the sensing structures (a). SCMCS structures with six different sensing fiber lengths. (b) The spectral change for L = 2.0 cm. 
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Table 1. SCMCS structure trough wavelength and temperature data table.
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	Temperature (°C)
	Trough When L = 1.5 cm (nm)
	Trough When L = 2.0 cm (nm)
	Trough When L = 2.5 cm (nm)
	Trough When L = 3.0 cm (nm)
	Trough When L = 3.5 cm (nm)
	Trough When L = 4.0 cm (nm)





	20
	1575.92
	1577.44
	1578.55
	1579.46
	1572.8
	1574



	30
	1576.58
	1578.08
	1579.23
	1580.06
	1573.44
	1574.64



	40
	1577.24
	1578.72
	1579.78
	1580.72
	1574.16
	1575.28



	50
	1577.89
	1579.32
	1580.48
	1581.36
	1574.84
	1575.96



	60
	1578.52
	1580.08
	1581.08
	1581.98
	1575.56
	1576.68



	70
	1579.28
	1580.76
	1581.86
	1582.7
	1576.36
	1577.48



	80
	1579.82
	1581.6
	1582.46
	1583.42
	1577.12
	1578.24



	90
	1580.54
	1582.4
	1583.24
	1584.02
	1577.92
	1579



	100
	1581.21
	1583.24
	1584.02
	1584.8
	1578.8
	1579.68










 





Table 2. Performance comparison of optical fiber temperature sensing schemes.
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	Sensing Structure
	Temperature (°C)
	Sensitivity (pm/°C)
	Length (mm)
	Reference





	Triple cladding quartz specialty fiber
	35∼95
	73.34
	5, 10, 20
	[33]



	Gallium alloy sensitivity-enhanced FBG
	5∼30
	30
	—
	[34]



	Optical microfiber knot resonator
	27∼95
	14.5
	Diameter = 1.3
	[35]



	MMF-TCF-NCF-TCF-MMF
	35∼90
	65.24
	25
	[36]



	SMF-MMF-SMF
	15∼75
	29.33
	44
	[37]



	A thinner no-core fiber
	−30∼100
	38.7
	33.7–35.1
	[22]



	SMF-NCF
	10∼70
	13.6
	30
	[38]



	SMF-HCF-PCF
	25∼70
	10.64
	1229
	[39]



	This work
	20∼100
	72
	20–40
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