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           
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         
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             
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          

          
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           

              

       
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          

          

           

         

          

            

                 

               
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Background of Research 

 

Fiber optic sensor technology has been and increasingly exploited by the research 

community because of its relatively simple design, low power consumption, low cost, 

relatively low maintenance cost, and the flexibility it offers.  Optical fiber sensors show 

superior potential for many applications such as biosensor for Deoxyribonucleic Acid 

(DNA) quantification (Gonçalves et al., 2016), fiber optic seismic sensor (Liu et al., 

2015), structural health monitoring (Petrovic et al., 2016), and medical monitoring 

(Poeggel et al., 2015).   

 

Recently, a new class of waveguide, photonic crystal fibers (PCFs) has become 

an interesting and extensively developed subject in the worldwide optical field research, 

leading to a large variety of its designs and applications (Liu et al., 2013).  The PCFs 

which is also known as microstructured fibers (MOFs) are distinguished from the 

standard “step-index”optical fibers.  PCFs cladding are formed by low refractive index 

inclusions, such as air holes, that run along to the entire fiber core length.  PCFs have 

unique properties which are frequently superior to traditional fibers’ parameters such as 

lower bending losses, better chromatic dispersion compensation and endlessly single 

mode light propagation for a very broad wavelength range (Stepien et al., 2014).  
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Furthermore by appropriate selection of fibers’ microstructure properties such as the 

hole size, distance between holes – lattice pitch, geometry and the air holes position, 

PCFs can be fabricated with specific properties. 

 

PCF can be designed to be single mode for a wide range of wavelengths 

compared with conventional fiber, whereas special geometries can provide high 

birefringence to these types of waveguides.  As a result of the absence of rigid 

boundaries at the core-cladding interface, light travels in the same material minimizing 

material dispersion effects; this plays a strong influence on the wave-guidance of 

conventional optical fibers (Koutsides et al., 2012).  These interesting characteristics 

turn PCF to critical components in new generation optical sensing applications.  In the 

previous years, a number or techniques have been presented to measure multiple 

measurands.  Fiber Bragg Grating (FBG) is an established technique which can be 

incorporated into PCFs based sensor to further enhance sensing capability.  The 

continuing research, by various groups around the world, into the development of optical 

fiber sensors suitable for the simultaneous measurement of temperature and strain 

indicates the importance of this issue to many areas of technology.  

 

1.2 Problem Statement 

 

A number of techniques involving standard single mode fiber (SMF) have been 

demonstrated to measure a wide set of strain and temperature parameters.  However, the 

main problem encountered by traditional optical fiber sensors incorporating FBG is the 

incapability of distinguishing strain and temperature.  It is known that FBG is sensitive 

to both parameters, and therefore require temperature compensation mechanism.  

Meanwhile, is virtually insensitive to temperature as the core and cladding is made of 

only one material and also due to the air hole structure of the pure silica PCF (Najari et 

al., 2015), hence suits for strain measurement.  A sensing technique utilizing a FBG 

written on a conventional single-mode fiber and a long-period grating (LPG) written on 
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a PCF is demonstrated (Zhao et al., 2009).  In the system, the wavelength change of the 

FBG with environmental temperature is transferred to the intensity of the output via the 

LPG.   

 

Other instance, PCF Bragg grating sensing scheme is demonstrated for 

simultaneous measurement of strain and temperature.  By writing gratings with similar 

Bragg wavelengths into two sections of PCF, and filling one of them with alcohol, 

different temperature sensitivities are obtained while leaving the strain sensitivities 

similar (Naeem et al., 2014).  In order to use the two similar PCF-FBGs for 

simultaneous sensing of strain and temperature, the air holes of one of the PCF-FBG are 

filled with alcohol (methanol) which in turns shifts its Bragg wavelength.  However, 

these sensors required two separate elements in one sensor system to allow for 

temperature compensation purposes.  Therefore, a new sensing scheme is proposed as an 

alternative technique which allows strain and temperature measurement by 

implementing erbium-doped PCF as a sensor.  The erbium ion in the PCF is used to 

produce fluorescence in the emission band which is independent of temperature and 

results in the development of temperature as well as strain sensor.  Besides that, it is 

proven that the strain sensitivity of the air-silica PCF sensors is higher than conventional 

SMF based sensors but the temperature sensitivities of the PCF sensors are much lower 

(Najari et al., 2015). 
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1.3 Objectives of Research 

 

This research concentrates on a configuration in which both ends of the erbium-

doped PCF are spliced to SMFs.  Based on the above mentioned research problem 

statement, the research objectives can be specified as: 

 

 

1) To model and simulate the erbium-doped PCF in order to obtain effective 

refractive index of the fiber.  

 

2) To develop a sensing scheme based on erbium-doped PCF which is capable of 

discriminating strain and temperature measurement. 

 

3) To attain improvement in error resolution and sensitivity for the developed 

erbium-doped PCF sensor via matrix analysis. 

 

1.4 Scope of Research 

 

This research starts with detailed literature and technology reviews.  The erbium-

doped PCF structure is modeled and simulated using a commercially available finite 

element software tool; COMSOL Multiphysics software to characterize the PCF in term 

of the effective refractive index and confinement loss.  The erbium-doped PCF sensor is 

developed through a splicing process which is tailored to this special fiber in term of its 

fiber handling and machine settings which differ from splicing SMF to SMF, such as 

reduced arc power and shortened fusion time of 0.2-0.5s.  Optimization of a fused splice 

between a PCF and SMF, using a conventional fusion splicer, is performed.  Next, the 

preparation of instrumentation and experimental platform is executed.  This is achieved 
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by calibrating a 974 nm pump laser to avoid excess power into the erbium-doped PCF 

sensor or other devices and components that can cause damaged. Selection of laser 

pump power is also carry out in this work in order to determine the suitable power which 

is set fixed throughout the whole experiments.  

 

Then, the developed erbium-doped PCF sensor is centered in a stabilized oven 

for calibration tests in order to measure the temperature via two types of fluorescence 

techniques which are the Fluorescence Intensity Ratio (FIR) and Fluorescence Peak 

Power Ratio (FPPR).  The fluorescence intensity of the emission at wavelengths range 

of 1525-1535 nm and 1545-1555 nm in the erbium-doped PCF sensor is studied as a 

function of temperature, over the range of 30-150 oC, using a 974 nm laser diode.  A 

pulley system is used to apply a strain range of 200-850 µε to the erbium-doped PCF 

sensor whereby the mass that is added determined the overall strain exerted on the test 

fiber.  The experimental results are analyzed based on two different configurations 

which are the intensity-based interrogation and combination of intensity and 

wavelength-based incorporating FBG interrogation.  Both interrogations are analyzed 

using matrix method for strain-temperature de-convolution and the performances are 

observed in term of the sensitivity and error values of the sensor. 

 

1.5 Significances and Contributions 

 

The measurement of both temperature and strain is highly desirable in a range of 

industrial applications, e.g., structural health monitoring of composite structures in 

various temperature environments (Park et al., 2009).  In order to develop and 

implement this scheme, a thorough understanding of the configuration which involves 

fluorescence ratio technique of the erbium-doped photonic crystal fiber is crucial. 

 

 The first contribution of this research work is the proposed sensor scheme 

developed based on two different configurations which are the intensity-based 
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interrogation and combination of intensity and wavelength-based incorporating FBG 

interrogation.  Both interrogations are analyzed using matrix method for strain-

temperature de-convolution.  Since PCF is insensitive to temperature due to the low 

thermo optic coefficient, therefore FIR and FPPR technique is used to measure 

temperature utilizing the fluorescence in the erbium-doped PCF.  Moreover, 

fluorescence ratio technique has the advantage of using strain-independent temperature 

measurement allowing for increased flexibility in the de-convolution of temperature and 

strain.  Implementing PCF using fluorescence ratio technique has not been developed yet 

based on our knowledge for such dual temperature and strain measurement. 

 

The second contribution of this research work is the optimization of splicing and 

selection of suitable pump power.  The sensor for dual strain and temperature 

measurements are based on erbium-doped PCF which is spliced between two SMF 

fibers using conventional fusion splicer machine.  A manual recipe is developed to 

fusion splice the PCF and SMF which consists of a short fusion time, low power electric 

arc, smaller gap between PCF and SMF, and an axial offset position.  Other than that, 

the suitable pump current of the 974 nm laser diode is determine such that the effect of 

lasing is avoided in this work.     

 

The third contribution of this research work is the modeling and designing of this 

particular erbium-doped PCF using COMSOL software which has not been developed 

yet based on our knowledge.  This erbium-doped hexagonal PCF with 7 rings of air 

holes has a central core region which is perturbed by erbium doping.  The refractive 

index of erbium doped silica is computed by modifying the equation from literature 

based on the coefficients for erbium.  The effective refractive index of the erbium-doped 

PCF is determine to minimize the internal reflection in the fiber.  This information is 

useful for the development of the erbium-doped PCF sensor whereby the erbium-doped 

PCF is spliced to SMF.   
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1.6 Overview of Thesis 

 

This thesis describes the temperature and strain sensing of a developed erbium-

doped PCF sensor.  The fluorescences in the erbium-doped PCF sensor are utilized for 

temperature measurement.  In this Chapter 1, the background and fundamental problem 

of this research work are discussed.  The objectives and scope of this work are explained 

in detail.  The significant and contributions in this work is also presented.  Chapter 2 

introduces the comprehensive literature review on the fundamental PCF and 

technologies apply.  This chapter gives an overall picture of current technologies of PCF 

sensors and their applications.  A review of various PCF sensor configurations for 

temperature and strain sensing is presented and the technologies employed are examined 

and discussed.  In this chapter, the theoretical background such as fundamental of the 

fluorescence techniques are explained.  Various splicing techniques are also reviewed. 

 

Chapter 3 discusses on the modeling of erbium-doped core PCF which has 7 

rings of hexagonal air holes.  The PCF structure with a perfectly matched layer (PML) is 

modeled and simulated using Finite Element Method (FEM) via COMSOL Multiphysics 

software.  The PML is optimized by varying the internal radius and the thickness of the 

layer.  Modal properties of the PCF have been characterized in term of its effective 

index of the supported fundamental mode and confinement loss.  The effective refractive 

index of the erbium-doped PCF is determined to minimize the internal reflection in the 

fiber.  This information is useful for the development of the erbium-doped PCF sensor 

whereby the erbium-doped PCF is spliced to SMF. 

 

Chapter 4 discusses the instrumentation and experimental platform required 

before performing the calibration tests for the developed erbium-doped photonic crystal 

fiber sensor.  This PCF fiber sensor is developed by splicing the PCF to SMF using 

conventional fusion splicer machine.  Other than that, this chapter also discusses the 

laser calibration which is necessary in order to avoid excess power into the sensor or 
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other devices and components that can cause damage.  Selection of laser pump power is 

also discussed in this chapter in order to determine the suitable power which is set fixed 

throughout the whole experiments.  The final sub-topic in this chapter is the 

experimental setups for temperature and strain measurement.  

 

Results and analysis of the experimental works for the developed erbium-doped 

PCF sensor are discussed in Chapter 5.  The experimental results are analyzed based on 

two different configurations which are the intensity-based interrogation and combination 

of intensity and wavelength-based incorporating FBG interrogation.  FIR and FPPR 

technique is used to measure temperature utilizing the fluorescence in the erbium-doped 

PCF.  Both interrogations are analyzed using matrix method for strain-temperature de-

convolution and the performances are observed in term of the sensitivity and error 

values of the sensor.  The conclusions, contributions and future work of this 

investigation are summarized in Chapter 6.  

 

 



 

 

 

 

REFERENCES 

 
 
 
 
AB, C. (2012). COMSOL Multiphysics User’s Guide, Version 4.3. COMSOL AB., 

Stockholm, Sweden. 

 

Amir, A., Revathi, S., Inbathini, S.R., & Chandran, A. (2013). Modeling of Circular 

Photonic Crystal Fiber Structure for High Non-linearity. International Journal of 

Advanced Electrical and Electronics Engineering (IJAEEE). Vol. 2, No. 3: 88-

92. 

 

Arnaud, A., Forsyth, D. I., Sun, T., Zhang, Z. Y., & Grattan, K. T. V. (2000). Strain and 

temperature effects on erbium-doped fiber for decay-time based sensing. Review 

of Scientific Instruments, 71(1), 104-108.  

 

Borzycki, K., Kobelke, J., Schuster, K., & Wójcik, J. (2010, April). Arc fusion splicing 

of photonic crystal fibers to standard single mode fibers. In SPIE Photonics 

Europe (pp. 771414-771414). International Society for Optics and Photonics. 

 

Borzycki, K., & Schuster, K. (2012). Arc fusion splicing of photonic crystal fibres. 

INTECH Open Access Publisher. 

 

Castrellon-Uribe, J., & García-Torales, G. (2010). Remote temperature sensor based on 

the up-conversion fluorescence power ratio of an erbium-doped silica fiber 

pumped at 975 nm. Fiber and Integrated Optics, 29(4), 272-283. 

 

 



123 
 

 

Chaves, R. C., Pohl, A. D. A. P., Abe, I., Sebem, R., & Paterno, A. (2015). Strain and 

temperature characterization of LPGs written by CO2 laser in pure silica LMA 

photonic crystal fibers. Photonic Sensors, 5(3), 241-250. 

 

Chen, X., Yu, Y., Xu, X., Huang, Q., Ou, Z., Wang, J., Yan, P., & Du, C. (2014). 

Temperature insensitive bending sensor based on in-line Mach-Zehnder 

interferometer. Photonic Sensors, 4(3), 193-197. 

 

Cheng, J. Q., & Ruan, S. C. (2012). Erbium-doped photonic crystal fiber distributed 

feedback loop laser operating at 1550nm. Optics & Laser Technology, 44(1), 

177-179. 

 

Chong, J. H., Rao, M. K., Zhu, Y., & Shum, P. (2003). An effective splicing method on 

photonic crystal fiber using CO 2 laser. IEEE Photonics Technology Letters, 

15(7), 942-944. 

 

Chong, J. H., & Rao, M. (2003). Development of a system for laser splicing photonic 

crystal fiber. Optics express, 11(12), 1365-1370. 

 

Ding, M., Mizuno, Y., & Nakamura, K. (2014). Discriminative strain and temperature 

measurement using Brillouin scattering and fluorescence in erbium-doped optical 

fiber. Optics express, 22(20), 24706-24712. 

 

Dong, B., Yang, T., & Lei, M. K. (2007). Optical high temperature sensor based on 

green up-conversion emissions in Er 3+ doped Al 2 O 3. Sensors and Actuators 

B: Chemical, 123(2), 667-670. 

 

Feng, W. Q., Liu, Z. Y., Tam, H. Y., & Yin, J. H. (2016). The pore water pressure 

sensor based on Sagnac interferometer with polarization-maintaining photonic 

crystal fiber for the geotechnical engineering. Measurement, 90, 208-214. 



124 
 

 

Forsyth, D. I., Wade, S. A., Sun, T., Chen, X., & Grattan, K. T. (2002). Dual 

temperature and strain measurement with the combined fluorescence lifetime and 

Bragg wavelength shift approach in doped optical fiber. Applied optics, 41(31), 

6585-6592. 

 

Gonçalves, H. M., Moreira, L., Pereira, L., Jorge, P., Gouveia, C., Martins-Lopes, P., & 

Fernandes, J. R. (2016). Biosensor for label-free DNA quantification based on 

functionalized LPGs. Biosensors and Bioelectronics, 84, 30-36. 

 

Haro-González, P., Martín, I. R., Martín, L. L., León-Luis, S. F., Pérez-Rodríguez, C., & 

Lavín, V. (2011). Characterization of Er 3+ and Nd 3+ doped Strontium Barium 

Niobate glass ceramic as temperature sensors. Optical Materials, 33(5), 742-745. 

 

Hossain, M. S., Neupane, K., Shihab Bin Hafiz, M., & Majumder, S. P. (2014, 

December). Dispersion and nonlinear characteristics of a photonic crystal fiber 

(PCF) with defected core and various doping concentration. InElectrical and 

Computer Engineering (ICECE), 2014 International Conference on (pp. 500-

503). IEEE. 

 

Johnson, S. G. (2005). Photonic crystals: Periodic surprises in electromagnetism. 

Lecture 3: Fabrication technologies for 3d photonic crystals. 

 

Koutsides, C., Yiangou, E., Themistos, C., Komodromos, M., Christodoulides, P., & 

Kalli, K. (2012, June). Femtosecond and UV inscribed grating characterization in 

photonic crystal fibres: optimization for sensing applications. In SPIE Photonics 

Europe (pp. 84261O-84261O). International Society for Optics and Photonics. 

 

 

 

 



125 
 

 

Kristensen, J. T., Houmann, A., Liu, X., & Turchinovich, D. (2008). Low-loss 

polarization-maintaining fusion splicing of single-mode fibers and hollow-core 

photonic crystal fibers, relevant for monolithic fiber laser pulse compression. 

Optics express, 16(13), 9986-9995. 

 

Li, L., Xia, L., Xie, Z., & Liu, D. (2012). All-fiber Mach-Zehnder interferometers for 

sensing applications. Optics express, 20(10), 11109-11120. 

 

Li, T., Dong, X., Chan, C. C., Hu, L., & Qian, W. (2012). Simultaneous strain and 

temperature measurement based on a photonic crystal fiber modal-interference 

interacting with a long period fiber grating. Optics Communications, 285(24), 

4874-4877. 

 

Liang, H., Zhang, W., Wang, H., Geng, P., Zhang, S., Gao, S., Yang, C., & Li, J. (2013). 

Fiber in-line Mach–Zehnder interferometer based on near-elliptical core photonic 

crystal fiber for temperature and strain sensing. Optics letters, 38(20), 4019-

4022. 

 

Liu, Q., He, Z., & Tokunaga, T. (2015). Sensing the earth crustal deformation with 

nano-strain resolution fiber-optic sensors. Optics express, 23(11), A428-A436. 

 

Liu, Z., Wu, C., Tse, M. L. V., Lu, C., & Tam, H. Y. (2013). Ultrahigh birefringence 

index-guiding photonic crystal fiber and its application for pressure and 

temperature discrimination. Optics letters, 38(9), 1385-1387. 

 

Mahad, F.D., M. Supa’at, A.S., Forsyth, D.I., Sun, T., & Azmi, A.I. (2016) 

Characterization of Erbium-doped Photonic Crystal Fiber. Telecommunication, 

Computing, Electronics and Control (TELKOMNIKA). ISSN 1693-6930 

(Accepted)  

 



126 
 

 

Mondal, K., & Roy Chaudhuri, P. (2013). Investigation of structural dependence of host 

erbium-doped triangular-lattice PCF on lasing properties and design of high 

performance laser. Journal of Modern Optics, 60(15), 1247-1252. 

 

Mehde, M. S., Taha, S. A. A., & Ahmed, A. A. (2015) The Optimum Conditions for Arc 

Fusion to Splice Photonic Crystal Fiber and Single Mode Optical Fiber. Eng. & 

Tech. Journal. 33(1), 101-113.   

 

Murawski, M., Jaroszewicz, L. R., & Stasiewicz, K. (2009). A photonic crystal fiber 

splice with a standard single mode fiber. Photonics Letters of Poland, 1(3), pp-

115. 

 

Naeem, K., & Chung, Y. (2014, July). Strain and temperature discrimination using PCF 

Bragg-gratings filled with different liquids. In Optical Fibre Technology, 2014 

OptoElectronics and Communication Conference and Australian Conference on 

(pp. 795-796). IEEE. 

 

Najari, M., Javan, A. M., & Amiri, N. (2015). Hybrid all-fiber sensor for simultaneous 

strain and temperature measurements based on Mach–Zehnder interferometer. 

Optik-International Journal for Light and Electron Optics, 126(19), 2022-2025. 

 

Pal, S., Sun, T., Grattan, K. T., Wade, S. A., Collins, S. F., Baxter, G. W., Dussardier, 

B., & Monnom, G. (2003). Bragg grating performance in Er–Sn-doped 

germanosilicate fiber for simultaneous measurement of wide range temperature 

(to 500 C) and strain. Review of scientific instruments, 74(11), 4858-4862. 

 

Pal, S., Shen, Y., Mandal, J., Sun, T., & Grattan, K. T. (2005). Simultaneous 

measurement of strain (to 2000 µ&epsiv;) and temperature (to 600° C) using a 

combined Sb-Er-Ge-codoped fiber-fluorescence and grating-based technique. 

IEEE Sensors Journal, 5(6), 1462-1468. 



127 
 

 

Park, S. O., Jang, B. W., Lee, Y. G., Hong, C. S., & Kim, C. G. (2009). Simultaneous 

measurement of strain and temperature for structural health monitoring using 

FBG sensors.17th International Conference on Composite Materials.   

 

Prabhakar, G., Peer, A., Kumar, A., & Rastogi, V. (2012, March). Finite element 

analysis of solid-core photonic crystal fiber. In Engineering and Systems (SCES), 

2012 Students Conference on (pp. 1-5). IEEE. 

 

Peng, J., Liu, L., Fu, Y., Wei, H., Wang, J., & Jian, S. (2009, November). High 

temperature sensing characteristics of erbium-doped fiber using fluorescence 

intensity ratio technology. In Asia Communications and Photonics (pp. 76300B-

76300B). International Society for Optics and Photonics. 

 

Petrovic, M., Mihailovic, P., Brajovic, L., Petricevic, S. J., Zivkovic, I., Kojovic, A., 

&Radojevic, V. (2016). Intensity Fiber-Optic Sensor for Structural Health 

Monitoring Calibrated by Impact Tester. IEEE Sensors Journal, 16(9), 3047-

3053. 

 

Poeggel, S., Tosi, D., Duraibabu, D., Leen, G., McGrath, D., & Lewis, E. (2015). 

Optical fibre pressure sensors in medical applications. Sensors, 15(7), 17115-

17148. 

 

Rakov, N., & Maciel, G. S. (2012). Three-photon upconversion and optical thermometry 

characterization of Er 3+: Yb 3+ co-doped yttrium silicate powders. Sensors and 

Actuators B: Chemical, 164(1), 96-100. 

 

Sanchez-Martin, J. A., Abenia, J. M. Á., Rebolledo, M. Á., Andres, M. V., & Diez, A. 

(2012). Amplifiers and Lasers Based on Erbium-Doped Photonic Crystal Fiber: 

Simulation and Experiments. IEEE Journal of Quantum Electronics, 48(3), 338-

344. 



128 
 

 

Stepien, K., Tenderenda, T., Murawski, M., Szymanski, M., Szostkiewicz, L., Becker, 

M., RothhardtM., Bartelt H., Mergo P., Poturaj K., Nasilowski T.&Jaroszewicz, 

L. R. (2014, May). Fiber Bragg Grating inscription in novel highly strains 

sensitive microstructured fiber. In SPIE Photonics Europe (pp. 91280E-91280E). 

International Society for Optics and Photonics. 

 

Tiburcio, B. D., Fernandes, G. M., & Pinto, A. N. (2013, November). Extremely small-

core photonic crystal fiber fusion splicing with a single-mode fiber. In 8th Ibero 

American Optics Meeting/11th Latin American Meeting on Optics, Lasers, and 

Applications (pp. 8785FF-8785FF). International Society for Optics and 

Photonics. 

 

Trpkovski, S., Wade, S. A., Baxter, G. W., & Collins, S. F. (2003). Simultaneous and 

co-located measurement of strain and temperature in optical fibre using a Bragg 

grating and strain-independent erbium fluorescence. Proc. Conf. on Sensors and 

their Applications XII (Bristol: IOP). 21-27. 

 

Trpkovski, S., MacDonald, J., Wade, S. A., & Collins S. F. (2003). Fibre optic strain and 

temperature  sensors for very high temperatures using Er3+:Sn co-doped fibre. 

Australasian Conf. on Optics, Lasers and Spectroscopy, Book of Abstracts. 

 

Trpkovski, S., Wade, S. A., Collins, S. F., & Baxter, G. W. (2005). Er3+: Yb3+ doped 

fibre with embedded FBG for simultaneous measurement of temperature and 

longitudinal strain. Measurement Science and Technology, 16(2), 488. 

 

Viale, P., Février, S., Gérôme, F., & Vilard, H. (2005, November). Confinement loss 

computations in photonic crystal fibres using a novel perfectly matched layer 

design. In Femlab Conference. 

 

 



129 
 

 

Wade, S. A., Collins, S. F., Grattan, K. T., & Baxter, G. W. (2000). Strain-independent 

temperature measurement by use of a fluorescence intensity ratio technique in 

optical fiber. Applied optics, 39(18), 3050-3052. 

 

Wade, S. A., Forsyth, D. I., Grattan, K. T. V., & Guofu, Q. (2001). Fiber optic sensor for 

dual measurement of temperature and strain using a combined fluorescence 

lifetime decay and fiber Bragg grating technique. Review of Scientific 

Instruments, 72(8), 3186-3190. 

 

Wade, S. A., Collins, S. F., & Baxter, G. W. (2003). Fluorescence intensity ratio 

technique for optical fiber point temperature sensing. Journal of Applied physics, 

94(8), 4743-4756. 

 

Wang, J. N., & Tang, J. L. (2012). Photonic crystal fiber Mach-Zehnder interferometer 

for refractive index sensing. Sensors, 12(3), 2983-2995. 

 

Xiao, L., Jin, W., & Demokan, M. S. (2007). Fusion splicing small-core photonic crystal 

fibers and single-mode fibers by repeated arc discharges. Optics letters, 32(2), 

115-117. 

 

Zhao, C. L., Zhao, J., Jin, W., Ju, J., Cheng, L., & Huang, X. (2009). Simultaneous strain 

and temperature measurement using a highly birefringence fiber loop mirror and 

a long-period grating written in a photonic crystal fiber. Optics Communications, 

282(20), 4077-4080. 

 




