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Abstract 

In the thesis, we studied the various applications of novel structured fibers for optical 

communication and sensing devices.  

For the part of optical communication, the light modulators assisted with 2D materials 

are introduced. The mechanisms of graphene-based light modulation and modulators with 

different fiber structures are presented. Then the light modulator with down-tapered SMF 

structure assisted with graphene is proposed and demonstrated. The performances of the 

proposed and successfully fabricated light modulator are studied and improved, and the 

analysis of experimental results is included. The experimental results demonstrate a 

feasible method for all-optical light modulation with down-tapered fiber structure assisted 

with graphene nanoflakes. The measured response time is up to 0.4 ns, indicating the 

potential for optical signal processing with bandwidth of up to 2.5 GHz. The research will 

play a very important part in the optical communication system to simplify the optical 

components and realize all-fiber light modulation. 

For the part of sensing devices, the fiber sensors are introduced including 

characteristics of fiber sensors, different sensing principles and various physical structures. 

The fiber sensors are constructed by different structures, such as mismatched single-mode 

fibers, ring-core fiber and hollow core Bragg fiber. Firstly, a mismatched fiber structure is 

successfully created and simulated that demonstrates its application for sensing temperature 

and humidity based on cladding modes modulation. With CNT attached to the fiber, the 

sensitivity of temperature detection in small ranges is enhanced from 0.24561 to 1.65282 

dB/°C, and the humidity sensing becomes more reliable for real application. Secondly, the 
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MZI fiber sensor based on SMF-NCF-RCF-SMF structure is successfully achieved. The 

experiments on temperature, RI and curvature sensing are conducted. Dual demodulation 

of temperature and RI is realized. The maximum sensitivity of temperature sensing is 69 

pm/℃ and that of RI sensing reaches 182.07 dB/RIU and -31.44 nm/RIU with the intensity 

and wavelength demodulation methods, respectively. The maximum sensitivity of 

curvature sensing is -3.68 nm/m-1 with the measurement range of 1.3856 to 3.6661 m-1. 

Based on the linear relationship between dip wavelength shift and the variation of 

temperature and curvature, these two parameters can be simultaneously demodulated by 

using the 2 × 2 matrix. Thirdly, an all-fiber sensor based on HCBF has been successfully 

created which displays excellent performance on human breath monitoring. The response 

time of the proposed sensor is around 0.15 s which enables the rapid and precise recording 

of breath signals. The applied distance between the fiber sensor and the human face is also 

investigated to reveal its influences on sensing results. Moreover, the HCBF sensor proves 

substantial insensitivity to temperature and curvature variation, which demonstrates its 

reliable sensing performance in different application environments. 

The all fiber-based light modulator and fiber sensors are investigated which will be 

beneficial to explore the novel applications of fibers with different configurations. 



 

vii 
 

Acknowledgments 

Until now, I realize that I am going to reach the end of my study. Hereby, I want to thank a 

number of people during my Ph.D. studies. First, I would like to express my deepest 

appreciation to my supervisor, Prof. YU Changyuan. He not only provides me the 

opportunity to conduct my Ph.D. study in PolyU but also contributes great help and support 

to my research work. During the special and difficult COVID-19 period, he offered me the 

opportunity to do my research work in PolyU Shenzhen Institute so that my normal 

experimental work didn’t be disturbed and bogged down. As a good mentor and friend, 

Prof. YU teaches me a lot, not only the professional knowledge and skills but also the 

enthusiasm and rigorous attitude of research.  

In addition. I have met many good friends in PolyU who have offered me a lot of help 

on my Ph.D. study and daily life. Without them, I wouldn’t conduct my research work 

smoothly. I want to thank Dr. LIU Yi and Dr. CHENG Xin who helped me a lot at the 

beginning of my Ph.D. study. I want to thank Dr. XUE Min, Dr. WANG Biwei, Dr. TAN 

Fengze, Mr. WANG Zhuo, Mr. LUO Huaijian, Mr. Abdullah Al Noman, Miss. CHEN 

Shuyang, Mr. YANG Zongru, Mr. LIU Yifan, Miss. QU Jiaqi, Mr. YU Jianxun. Also, I want 

to thank my partners in PolyU Shenzhen Base. I want to thank Dr. JIANG Shoulin, Dr. 

ZHAO Qiancheng, Mr. LI Lingduo, Mr. LYU Weimin, Mr. LIU Zhongxu, Mr. WANG Rui, 

Mr. ZHOU Jing, Mr. YANG Fangang, Mr. CHEN Feifan for their kind help on my 

experiments.  

Finally, I want to thank my families. Without their full support, I wouldn’t be able to 

complete my Ph.D. studies. Especially, I want to thank my wife, Mrs. LI Jiaying. Thank 



 

viii 
 

you for your unconditional love, for accompanying me and for taking care of me during 

my Ph.D. study. 

August 2021 

 



 

ix 
 

Table of Contents 

Certificate of Originality .......................................................................................... i 

Abstract .................................................................................................................... v 

Acknowledgments ................................................................................................. vii 

Table of Contents ..................................................................................................... ix 

List of abbreviations ............................................................................................. xiii 

List of major notations ........................................................................................... xv 

List of Figures ...................................................................................................... xvii 

List of Tables ....................................................................................................... xxiii 

1 Introduction ............................................................................................................... 1 

1.1 Overview ................................................................................................................ 2 

1.1.1 Optical fiber structure ..................................................................................... 2 

1.1.2 Fiber modes ..................................................................................................... 3 

1.1.3 Fiber categories ................................................................................................ 5 

1.2 Optical fibers assisted with graphene used for light modulation ....................... 7 

1.2.1 The introduction of graphene material .......................................................... 7 

1.2.2 The mechanism of graphene-based light modulation ................................. 11 

1.2.3 Light modulators with different fiber structures .......................................... 13 

1.3 Optical fibers used for sensing ............................................................................ 17 

1.3.1 The characteristics of fiber optic sensors ......................................................19 

1.3.2 The sensing principles of fiber sensors ........................................................ 20 

1.3.3 Various physical structures of fiber interferometers ................................... 23 



 

x 
 

1.4 Research objectives ............................................................................................. 29 

1.5 Organization of the thesis .................................................................................. 30 

1.6 Publications ......................................................................................................... 31 

2 All-Optical Light Modulator with Down-Tapered SMF Assisted with Graphene

...................................................................................................................................... 33 

2.1 Overview of light modulators............................................................................. 34 

2.2 The experimental setups .................................................................................... 36 

2.3 The experiment results and analysis .................................................................. 39 

2.4 Conclusion ......................................................................................................... 45 

3 The Humidity and Temperature Sensor Constructed by Mismatched SMFs 

Assisted with CNT...................................................................................................... 46 

3.1 Introduction ........................................................................................................ 47 

3.1.1 The importance of humidity sensor ............................................................. 47 

3.1.2 The introduction of CNT .............................................................................. 47 

3.2 Experiments and simulation work ..................................................................... 48 

3.2.1 The fabrication of humidity sensor .............................................................. 48 

3.2.2 The experimental design.............................................................................. 48 

3.2.3 The simulation works ................................................................................... 49 

3.3 The sensing mechanism ..................................................................................... 50 

3.4 Experimental results and discussions ............................................................... 52 

3.4.1 The performance of temperature sensing .................................................... 52 

3.4.2 The performance of humidity sensing ........................................................ 54 

3.5 Conclusion .......................................................................................................... 56 

4 The Fiber Sensor Based on RCF for Dual Demodulation of Temperature and RI



 

xi 
 

...................................................................................................................................... 57 

4.1 Introduction ........................................................................................................ 58 

4.2 Experimental setups .......................................................................................... 59 

4.3 The sensing mechanism ......................................................................................61 

4.4 Experimental results and analysis ..................................................................... 64 

4.4.1 The performance of temperature sensing ................................................... 64 

4.4.2 The performance of RI sensing ................................................................... 66 

4.5 Discussion .......................................................................................................... 69 

4.6 Conclusion ......................................................................................................... 70 

5 The RCF-Based Sensor Used for Simultaneous Measurement of Temperature 

and Curvature ............................................................................................................ 71 

5.1 Introduction ........................................................................................................ 72 

5.2 Experimental setups ........................................................................................... 75 

5.2.1 The structure of the curvature sensor .......................................................... 75 

5.2.2 The experimental setups for curvature sensing .......................................... 75 

5.3 The sensing mechanism ..................................................................................... 77 

5.3.1 The principles of temperature and curvature detection ............................. 77 

5.3.2 The Rsoft simulation results ........................................................................ 78 

5.4 Experiments and discussions ............................................................................. 80 

5.4.1 The influence of NCF and RCF .................................................................... 80 

5.4.2 The performance of curvature sensing ........................................................ 81 

5.4.3 The performance of temperature sensing ................................................... 83 

5.4.4 The method for simultaneous measurement of temperature and curvature

............................................................................................................................... 85 

5.5 Conclusion .......................................................................................................... 86 



 

xii 
 

6 The HCBF-Based Sensor for Human Breath Monitoring ................................... 88 

6.1 Introduction ........................................................................................................ 89 

6.2 Fiber design and sensor fabrication .................................................................. 90 

6.3 The sensing mechanism..................................................................................... 93 

6.4 Experimental results and analysis ..................................................................... 96 

6.4.1 Experimental setups .................................................................................... 96 

6.4.2 Test on human breath monitoring .............................................................. 96 

6.4.3 Test on temperature and curvature sensitivity ......................................... 100 

6.5 Discussion ......................................................................................................... 103 

6.6 Conclusion ........................................................................................................ 105 

7 Conclusions and Suggestions for Future Research ............................................ 106 

7.1 Conclusions ........................................................................................................ 107 

7.2 Suggestions for future research........................................................................ 108 

Bibliography ............................................................................................................. 112 

 

  



 

xiii 
 

List of abbreviations 

A  

ALD 

ARROW 

APD  

ASE 

Atomic layer deposition 

Anti-resonant reflecting optical waveguide 

Avalanche photodetector 

Amplified spontaneous emission 

B  

BBS Broadband source 

C  

CNT 

CVD 

Carbon nanotube 

Chemical vapor deposition 

CW Continuous wave 

D  

DSP Digital signal processing 

E  

EDFA Erbium-doped fiber amplifier 

EOM 

ER 

Electro-optic modulator 

Extinction ratio 

  

F  

FBG 

FMF 

FPI 

Fiber Bragg grating 

Few mode fiber 

Fabry-Pérot interferometer 

FSR 

FUT 

Free spectral range 

Fiber under test 

FWM Four-wave mixing 

FWHM Full-width at half-maximum 

G  

GeO2 Germanium oxide or Germanium dioxide 

H 

    HCBF 

L 

 

Hollow core Bragg fiber 

LEAF Large effective area fiber 



 

xiv 
 

M  

MCF 

MD 

MF 

MMF 

Multi-core fiber 

Modulation depth 

Microfiber 

Multimode fiber 

MOFI Miniaturized optical fiber interferometer 

MZI Mach–Zehnder interferometer 

N  

NCF No core fiber 

O  

OSA Optical spectrum analyzer 

OSNR Optical signal-to-noise ratio 

OT 

OTDR 

Optical transmittance 

Optical time domain reflectometry 

P  

PC Polarization controller  

PCF 

POF 

Photonic crystal fiber 

Plastic optical fiber or Polymer optical fiber 

PD Photodetector 

R  

RCF 

RF 

RH 

Ring core fiber 

Radio frequency 

Relative humidity 

S  

SMF Single-mode fiber 

SNR Signal-to-noise ratio 

T  

TL Tunable laser 

W  

WDM Wavelength division multiplexing 



 

xv 
 

List of major notations 

V Volume of medium 

E Electric field of optical wave 

c Velocity of light in vacuum 

μ0 Vacuum magnetic permeability 

ε0 Vacuum permittivity 

εg Relative permittivity of graphene 

χ Dielectric susceptibility or Electric susceptibility 

ρ Density of medium 

T Temperature 

γe Electrostrictive coefficient 

κ Thermal conductivity of medium 

q, q Wave number/wave vector of density fluctuation 

Ω Rotation 

k, k Wave number/wave vector of optical field 

ω Frequency (angular) of optical wave 

n Refractive index 

λ Optical wavelength 

ν Frequency of optical wave 

e Normalized polarization vector of optical field 

A Normalized amplitude of optical field 

α Attenuation coefficient of optical fiber 

γ Nonlinear parameter of optical fiber 

Aeff Effective mode area of optical fiber 

P Power of optical field 

Leff Effective length of optical fiber 

Δτ Pulse width 



 

xvi 
 

ΔT Variation of temperature 

L Fiber length 

vg Group velocity 

σ 

ns 

vF 

ω 

μc 

Г 

tg 

 

Normalized amplitude error (Normalized noise level) 

Carrier density 

Fermi velocity 

Radian frequency 

Chemical potential 

Scattering rate 

Thickness of graphene 

  



 

xvii 
 

List of Figures 

Figure 1.1: The schematic diagrams of (a) cross-section view of optical fiber and (b) 

light transmission in the fiber core. ........................................................................ 2 

Figure 1.2. The schematic diagram of graphene. .................................................... 8 

Figure 1.3. Overview of different light modulation methods with thermal (red), 

electrical (green) and optical (blue) excitations. The data are adapted from [14].11 

Figure 1.4. Typical approaches for 2D material-based optical modulation. The data 

are adapted from [14]. ............................................................................................. 12 

Figure 1.5: The schematic diagram of the optical amplitude modulator. (a) The 

diagram of graphene coated down-tapered SMF, (b) Differential transmittance of 

the probe light through a 1.4 μm GCM with 20 μm long graphene cladding as a 

function of the pump−probe time delay with a pump power of 200 nW, showing 

a response time of ∼2.2 ps. The data are adapted from [19]. ................................. 15 

Figure 1.6: The schematic diagram of optical Kerr effect phase modulator based 

on (a) optical amplitude modulation in a GCM, and (b) optical phase modulation 

in a GCM in one arm of an all-fiber MZI. VOA, variable optical attenuator; WDM, 

wavelength division multiplexing; MF, microfiber; APD, avalanche photodetector. 

The data are adapted from [20]. ............................................................................. 16 

Figure 1.7: The schematic diagram of optical thermal effect modulator. (a) 

Schematic of the experimental setup for measuring the phase shift of light 

transmitting in graphene-coated microfiber, (b) measured interference patterns 

without (blue) and with (red) pumping laser. The data are adapted from [18]. .. 17 

Figure 1.8. The schematic diagram of microbend fiber sensor.............................. 21 



 

xviii 
 

Figure 1.9. The schematic diagram of MZI............................................................ 24 

Figure 1.10. The schematic diagram of Michelson fiber interferometer................ 25 

Figure 1.11. The schematic diagram of Sagnac fiber interferometer. .................... 26 

Figure 1.12. The schematic diagram of FPI. ............................................................ 27 

Figure 2.1. The experimental setups of the fiber tapering process and light 

modulation……………………………………………………………………………………………………….37 

Figure 2.2. The image of the fiber tapering machine. . .........................................38 

Figure 2.3. The user interface of the FTM software. ............................................. 38  

Figure 2.4. The relationship between input power and output power through the 

pure microfiber (blue points) and graphene-coated microfiber (red points) ... . 39 

Figure 2.5. The transmission spectrum of femtosecond laser. ............................. 40 

Figure 2.6. The oscillogram of the femtosecond laser used for pumping. .......... 40 

Figure 2.7. The oscillogram of the output signals with different input light of (a) 

200 mA pumping laser only (b) 200 mA pumping laser and CW laser (c) 400 mA 

pumping laser only (d) 400 mA pumping laser and CW laser (e) 600 mA pumping 

laser only (f) 600 mA pumping laser and CW laser. ............................................. 41 

Figure 2.8. The microscope images of (a) normal fiber and (b) tapered fiber………42  

Figure 2.9. The oscillogram of femtosecond laser and continuous-wave laser with 

(a) 1550 nm filter and (b) 1530 nm filter. ................................................................ 43 

Figure 2.10. The oscillogram of femtosecond laser and CW laser with different CW 

laser energy of (a) 10 mW and (b) 20 mW. ............................................................ 43 

Figure 2.11. The response time of light modulation assisted with graphene 

nanoflakes. ............................................................................................................. 44 

Figure 3.1: (a) The schematic diagram of the mismatched SMF and (b) the 

file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739478


 

xix 
 

microscope images of the mismatched node and (c) the CNT coated part [68]..

 ................................................................................................................................ 49 

Figure 3.2: The Rsoft simulation results of the proposed sensor with (a–c) normal 

cladding and (d–f) thick cladding [68]. . ............................................................. 50 

Figure 3.3: The relationship between the wavelength shift of the interference dip 

and the temperature variation from 40 to 125 °C with the step of 5 °C [68]. ........ 52 

Figure 3.4: The relationship between the temperature and the intensity of 

interference dips at the wavelength of 1593 nm [68]. ............................................ 53 

Figure 3.5: The spectra of temperature sensing (a) without and (b) with CNT 

coating [68].. .......................................................................................................... 54 

Figure 3.6: The relationship and linear fit between temperature variation and the 

intensity change of interference dips without (blue line) and with (red line) CNT 

coating [68]. ........................................................................................................... 54 

Figure 3.7: The spectra of relative humidity (RH) and interference wavelength (a) 

without and (b) with CNT attached [68].. ............................................................. 55 

Figure 3.8: The relationship and linear fit between RH and interference dip 

wavelength without (blue line) and with (red line) CNT attached [68].. ........... 56 

Figure 4.1: (a) The microscope images of RCF and (b) the RI distribution along the 

diameter (dash line) [108]. .................................................................................... 60 

Figure 4.2: The schematic diagram of the MZI with the SMF-NCF-RCF-SMF 

structure [108]. ....................................................................................................... 60 

Figure 4.3: The Rsoft simulation results of (a) SMF-RCF-SMF structure and (b) 

SMF-NCF-RCF-SMF structure [108]....................................................................... 61 

Figure 4.4: The interference spectrum of the MZI (inset) and the FFT spectrum 

file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739478
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739478
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739479
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739479
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739480
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739480
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739481
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739481
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739482
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739482
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739483
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739483
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739483
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739484
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739484
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739485
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739485
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739499
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739499
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739500
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739500
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739501
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739501
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739502


 

xx 
 

[108]. ........................................................................................................................63 

Figure 4.5: (a) The interference spectra of the proposed MZI sensor at different 

temperatures from 35 ℃  to 70 ℃  with the interval of 5 ℃  and (b) the 

relationship between temperature and dip wavelength with temperature 

increasing and decreasing [108]. ........................................................................... 66 

Figure 4.6: The relationship between temperature and intensity of interference 

dips at the dip wavelength around 1508 nm [108]. ............................................... 66 

Figure 4.7: (a) The MZI interference spectra with different RIs ranging from 1.33 

to 1.38 with the interval of 0.01 and (b) the relationship between RI and the 

intensity of interference dips [108]. ...................................................................... 67 

Figure 4.8: The mathematical statistics of RI and wavelength shift at the dip of 

around 1505 nm [108]. ........................................................................................... 68 

Figure 5.1: The microscope images of section views of NCF and RCF [137].. ........ 75 

Figure 5.2: The schematic diagrams of (a) the experimental setup for curvature 

sensing and (b) the MZI sensor based on the RCF [137]. ..................................... 76 

Figure 5.3: The Rsoft simulation results of light transmission in (a) straight RCF 

and (b) curved RCF [137]. ...................................................................................... 79 

Figure 5.4: The simulated mode distribution of the cross-section region of the 

straight RCF with the transmission distance of (a) 1 mm, (b) 10 mm, (c) 20 mm, 

and that of the curved RCF with the transmission distances of (d) 1 mm, (e) 10 

mm, and (f) 20 mm [137].. ..................................................................................... 79 

Figure 5.5: (a) The interference spectra of 1-mm NCF MZI sensor with different 

lengths of RCF at 10 cm, 6.7 cm, 4.3 cm, 2.5 cm, 2 cm, 1.5 cm, 1 cm, and 0.5 cm  

and (b) that of 2-cm RCF MZI sensor with different lengths of NCF at 10 mm, 7 

file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739502
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739503
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739503
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739503
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739503
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739504
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739504
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739505
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739505
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739505
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739506
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739506
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739507
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739508
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739508
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739509
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739509
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739510
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739510
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739510
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739510
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739511
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739511
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739511


 

xxi 
 

mm, 5 mm, 3 mm, 1 mm and 0 [137]. ..................................................................... 81 

Figure 5.6: The interference spectra of the MZI fiber sensor with different bending 

curvatures [137]. . ................................................................................................... 82 

Figure 5.7: (a) The interference spectra of dip 1 with different curvature and (b) 

the relationship between curvature and dip wavelength with curvature increasing 

and decreasing [137]. . ........................................................................................... 82 

Figure 5.8: (a) The interference spectra of dip 2 with different curvature and (b) 

the relationship between curvature and dip wavelength with curvature increasing 

and decreasing [137]. . ............................................................................................ 83 

Figure 5.9: The interference spectra of (a) dip 1 and (b) dip 2 with different 

temperatures from 25 ℃ to 55 ℃ with an interval of 5 ℃[137] ...................... .84 

Figure 5.10: The mathematical statistics of temperature and wavelength shift of (a) 

dip 1 and (b) dip 2 [137]. . ....................................................................................... 84 

Figure 5.11. The linear relationship between curvature and wavelength of dip 1 (red 

line) and dip 2 (blue line) [137]………………………………………………………………………….85 

Figure 6.1: (a) The cross-section view of HCBF and (b) refractive index distribution 

along the radial direction [171] . ............................................................................. 91 

Figure 6.2: (a) The schematic diagram of HCBF based sensor and (b) the 

microscope image of splicing point between HCBF and SMF [171]. .................... 92 

Figure 6.3: The schematic diagram of the guiding mechanism of the HCBF [171]. .

 .................................................................................................................................93 

Figure 6.4: The transmission spectra of the (a) HCBF and (b) HCC with both 

lengths of 7 mm [171]. ............................................................................................ 95 

Figure 6.5: The schematic diagram of experimental setups [171] . ....................... 96 

file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739511
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739512
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739512
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739512
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739512
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739512


 

xxii 
 

Figure 6.6: (a) The transmission spectra of fiber sensor without breath (red line) 

and with breath (blue line) and (b) electrical signals without breath (black line) 

and with breath (red line) [171]. ............................................................................ 97 

Figure 6.7: Breath signal with one deep expiration [171] . .................................... 98 

Figure 6.8: (a) Electrical signals with different distances between the human face 

and fiber sensor at 2 cm, 5 cm, and 10 cm and (b) response time of human breath 

monitoring [171] . ................................................................................................... 99 

Figure 6.9: The transmission spectra of fiber sensor at different temperatures of 

25 ℃, 30 ℃, 35 ℃, 40 ℃, 45 ℃, 50 ℃ [171] . ................................................. 100 

Figure 6.10: (a) The details of transmission spectra at different temperatures of 

25 ℃, 30 ℃, 35 ℃, 40 ℃, 45 ℃, 50 ℃, (b) the peak intensities statistics at 

different temperatures and (c) the relationship between temperature and dip 

(1550 nm) wavelength [171]. ................................................................................... 101 

Figure 6.11: The schematic diagram of the experimental setup for curvature 

sensing [171] ........................................................................................................... 101 

Figure 6.12: (a) The transmission spectra of fiber sensor with different curvature 

values of 0, 0.8841, 1.5313, 1.9769, 2.7957, 3.4240, 3.9537, 4.4204 m-1 and (b) the 

peak intensities statistics at different curvature values [171]............................... 102 

Figure 7.1. Schematic diagram of electrically controlled graphene based electro-

optical modulator. ................................................................................................ 109 

 

  



 

xxiii 
 

List of Tables 

Table 6.1 Comparison of the key parameters between the proposed all-fiber 

sensor and other recent-developed fiber-optic sensors in literatures for human 

breath monitoring [171] ........................................................................................ 103 

 

  

file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739521
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739521
file:///E:/Dropbox/Study/GUO_Thesis/GUO_thesis_v0.67_20180819.docx%23_Toc525739521


 

xxiv 
 

  



CHAPTER 1 

1 
 

1  Introduction 

 

In this chapter, the overview of optical fibers is presented including the fiber 

structures, fiber modes and fiber categories. Then the all-fiber light modulators 

assisted with 2D materials are introduced. The mechanism of 2D materials-based 

light modulation and modulators with different fiber structures are illustrated. After 

that, the fiber sensors are introduced including characteristics of fiber sensors, 

different sensing principles and various physical structures. Subsequently, research 

objectives and outlines of the thesis are given. Finally, the publications during the 

period of the Ph.D. study are highlighted.  
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1.1 Overview 

1.1.1 Optical fiber structure 

Optical fiber is a kind of dielectric waveguides that works in the optical waveband. Optical 

fibers are generally known as cylindrical structures which can confine the electromagnetic 

wave energy within the internal interfaces based on the principle of total reflection. The 

transmission light in the fiber will be guided along the direction of the fiber axis. The 

transmission characteristics of an optical fiber are determined by its structure and material. 

Generally, an optical fiber is constructed of three parts: core, cladding and jacket, as 

shown in Figure 1.1(a). The fiber core serves as the inner layer and cladding is the outer 

layer. The refractive index of the core is slightly larger than that of the cladding to satisfy 

the total reflection. When the incident light meets particular conditions, the light wave can 

be confined in the core area and propagate forward along the core axis. As the core-cladding 

structure can be vulnerable to the external environment, the actual optical fiber has a 

protective layer (jacket) outside the cladding, which is used to protect the optical fiber from 

environmental pollution and mechanical damage. In addition, some optical fibers have 

more complex structures to meet different requirements in practical applications. 

 

Figure 1.1: The schematic diagrams of (a) cross-section view of optical fiber and (b) light transmission 

in the fiber core. 
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1.1.2 Fiber modes 

Light is a kind of electromagnetic wave with a much higher frequency compared to radio 

waves. Thus, the fundamental properties of light wave transmitting in optical fibers can be 

derived from the basic equations of electromagnetic field, namely Maxwell's equations. 

The electromagnetic field in the vacuum can be described by two vectors, electric field 

intensity (E) and magnetic induction intensity (B). To describe the effect of the field on 

matter, three vectors are introduced which are electric displacement vector (D), magnetic 

field intensity (H) and conduction current density (J). The five vectors will vary with the 

change of time and space and the relationship can be determined by Maxwell's equations: 

∇ × 𝐸⃗ = −
∂𝐵⃗ 

∂𝑡
                         (1.1)                            

∇ × 𝐻⃗⃗ =
∂𝐷⃗⃗ 

∂𝑡
+ 𝐽                        (1.2)   

∇ ⋅ 𝐷⃗⃗ = 𝜌                            (1.3) 

∇ ⋅ 𝐵⃗ = 0                            (1.4) 

Maxwell's equations indicate the relation between E, D, B and H. To find out the 

propagation law of light waves in optical fibers, the relation between each factor with time 

and space should be figured out. We can use the following formula transformation to work 

out the relationship between E (or H) with time and space based on Maxwell's equations: 

∇ × (∇ × 𝑬) = −∇ ×
𝜕𝑩

𝜕𝑡
= −

𝜕(∇×𝜇𝑯)

𝜕𝑡
                  (1.5) 

∇ × (∇ × 𝑯) =
𝜕(∇×𝜀𝑬)

𝜕𝑡
+ ∇ × 𝒋                     (1.6) 

After the formula transformation, we can get 

∇2𝐸 + ∇(𝐸 ⋅
∇𝜀

𝜀
) − ∇ (

𝜌

𝜀
) +

∇𝜇

𝜇
× ∇ × 𝐸 = 𝜇𝜀

𝜕2𝐸

𝜕𝑡2 + 𝜇
𝜕𝑗

𝜕𝑡
       (1.7) 

∇2𝐻 + ∇(
∇𝜀

𝜀
⋅ 𝐻) +

∇𝜀

𝜀
× ∇ × 𝐻 = 𝜇𝜀

𝜕2𝐻

𝜕𝑡2 +
∇𝜀

𝜀
× 𝑗 − ∇ × 𝑗       (1.8) 
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Considering the light transmitting in optical fiber, we have μ = μ0, ρ = 0, the equations can 

be further simplified as 

∇2𝑬 + ∇(𝑬 ⋅
∇𝜀

𝜀
) = 𝜇0𝜀

𝜕2𝑬

𝜕𝑡2                        (1.9) 

∇2𝑯 +
∇𝜀

𝜀
× ∇ × 𝑯 = 𝜇0𝜀

𝜕2𝑯

𝜕𝑡2                        (1.10) 

For uniform fiber structure, 𝜀 can be seemed as a constant, so that we have 

∇2𝑬 = 𝜇0𝜀
𝜕2𝑬

𝜕𝑡2                            (1.11) 

∇2𝑯 = 𝜇0𝜀
𝜕2𝑯

𝜕𝑡2                            (1.12) 

For homogeneous light, we have 

𝑬(𝒓) = 𝑬𝟎(𝒓) exp[−𝑖𝑘0𝜑(𝑟)] exp[𝑖𝜔𝑡]                (1.13) 

𝑯(𝒓) = 𝑯𝟎(𝒓) exp[−𝑖𝑘0𝜑(𝒓)] exp[𝑖𝜔𝑡]                (1.14) 

After the formula transformation, we can get 

∇2𝑬 + 𝑘2𝑬 = 0                         (1.15) 

∇2𝑯 + 𝑘2𝑯 = 0                         (1.16) 

The above equations are known as Helmholtz equations. According to Helmholtz 

equations and given boundary conditions, the characteristic solutions can be figured out 

and each characteristic solution is named one mode. The fiber mode is a basic concept in 

the optical waveguide. When a fiber mode transmits along the longitudinal direction, its 

field distribution is constant which means that it has a stable distribution along the z-

direction. It should also be noted that the total field distribution in an optical waveguide is 

a linear superposition of the fiber modes and different modes satisfy the orthogonality 

relation. 
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1.1.3 Fiber categories 

When the light wave propagates in an optical fiber, the solution of the electromagnetic field 

is discontinuous due to the limitation of the core boundary. The discontinuous solutions of 

the electromagnetic field are called fiber modes. The fibers can be classified into two 

categories according to the number of transmission modes: single-mode fiber (SMF) and 

multi-mode fiber (MMF). The fiber that can only transmit one mode is called single-mode 

fiber, and fiber that can transmit multiple modes at the same time is called multi-mode fiber. 

The main differences between SMFs and MMFs are the size and refractive index (RI) 

differentials between core and cladding. For MMFs, the diameter of the fiber core is large 

(50~500 μm), and the RI difference between core and cladding is large (△= 0.01 ~ 0.02). 

For SMFs, the diameter of the fiber core is small (2~12 μm), and the RI difference between 

core and cladding is small (△= 0.005 ~ 0.01). Except for the aforementioned SMFs and 

MMFs, the optical fibers can also be classified into various categories according to different 

classification criteria. There are some examples listed below. 

Based on the RI distribution in the core area, fibers can be divided into step-index 

fiber and gradient-index fiber. The former one has the uniform RI distribution of the core,   

and there is an abrupt change (or step change) of RI at the interface between the core and 

the cladding. For the gradient-index fiber, the RI of the core shows gradient changes from 

the fiber center to the core-cladding interface in the radial direction. And also, the RI 

alteration has a certain functional relationship with the distance to the fiber center.  

Based on the polarization state of transmission, SMFs can be further divided into non-

polarization-maintaining fibers (non-PMFs) and polarization-maintaining fibers (PMFs). 

The difference between the two kinds of fibers is that the former cannot transmit polarized 

light while the latter can. PMFs can be further divided into four types: single-polarization 
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fibers, high birefringence fibers, low birefringence fibers, and circular polarization-

maintaining fibers. Single polarization fiber means a PMF that can only transmit one 

polarization mode. The fiber that can only transmit two orthogonal linear polarization 

modes with different propagation speeds is called high birefringence fiber, and that with 

nearly equal propagation speed is low birefringence fiber. The one that can transmit 

circularly polarized light is called circular birefringent fiber. 

Based on the materials used to manufacture the optical fiber, it can be divided into 

high-purity fused silica fiber, multi-component glass fiber, plastic optical fiber (POF), 

infrared optical fiber, liquid core fiber, crystal fiber and photonic crystal fiber (PCF). High-

purity fused silica fiber is characterized by extremely low optical transmission loss which 

can be as low as 0.2 dB/km at a certain wavelength (generally less than 1 dB/km). Multi-

component glass fiber is characterized by the large RI between the core and cladding, which 

is beneficial to the manufacture of fibers with a large numerical aperture (NA). However, 

the transmission loss is generally large (1 dB/m in the visible light band), which is hundreds 

of times larger than that of quartz fiber. POF is characterized by low cost, large variable 

range of RI and easy doping to meet different requirements. Nevertheless, the POF has 

some disadvantages, such as large transmission loss and poor stability under high 

temperatures. Infrared optical fiber is characterized by high transmittance in near-infrared 

(1~5 μm) and mid-infrared (~10 μm) waveband and the shortcoming is large transmission 

loss. Liquid core fiber is known as a special fiber structure with a liquid core that can meet 

special needs. Crystal fiber has a monocrystal core that can be used to manufacture various 

active and passive optical fiber devices. Photonic crystal fiber is a new type of fiber that 

has appeared in the past decade which has many special optical transmission characteristics. 
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1.2 Optical fibers assisted with graphene used for light 

modulation 

1.2.1 The introduction of graphene material 

In the past 20 years, carbon nanomaterials have been the frontier of scientific and 

technological innovation. The discovery of fullerenes in 1985 and carbon nanotubes in 

1991 both caused a huge research boom [1, 2]. In 2004, British scientists discovered a new 

type of two-dimensional atomic crystal composed of hybrid connected monoatomic layers, 

namely graphene, which is constructed by basic structural units of benzene six-membered 

ring [3]. Graphene is seemed as the ideal two-dimensional nanomaterial and the discovery 

of graphene has enriched the family of carbon materials and formed a complete system of 

zero-dimensional fullerenes, one-dimensional carbon nanotubes, two-dimensional 

graphene and three-dimensional diamond and graphite. Since 2004, research results on 

graphene have been published in SCI indexed journals more than thousands of papers [4]. 

Graphene has shown great scientific significance and application values in both theoretical 

and experimental research. Through more extensive and in-depth research in the field of 

graphene functionalization, people have been aware of this new type of 2D material and 

gained more comprehensive and profound understanding of the intrinsic structure and 

properties of graphene. A series of new materials with superior performance based on 

graphene are produced and the practical applications of graphene are developed on the 

strength of the scientific and technological foundation. 

Graphene is composed of a monolayer of carbon atoms wrapped in a honeycomb 

crystal lattice, as shown in Figure 1.2. It is the thinnest two-dimensional material with a 

thickness of only 0.35 nm and a carbon-carbon bond length of 0.142 nm [5]. The unit cell 
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is constructed by six carbon atoms and the angle between adjacent atoms is 120°. There 

are one s orbital and two in-plane p orbitals in each carbon atom which enables graphene 

to gain strong mechanical stability. The remaining p orbital, perpendicularly oriented to the 

molecular plane, hybridizes to form the p* (conduction) and p (valence) bands, which 

dominate the planar conduction phenomena [4]. The special structure of graphene indicates 

the rich and novel physical phenomena, which makes graphene exhibit many excellent 

properties. For example, the strength of graphene reaches 130 GPa [6], which is more than 

100 times larger than that of steel; the room-temperature carrier mobility is theoretically up 

to 105 cm2⋅V− 1⋅s−1 [7], which is 50 times larger than that of the GaAs material and 60 times 

larger than that of commercial silicon wafers. Under certain conditions (such as low-

temperature quenching, etc.), the carrier mobility of graphene can even reach 250000 cm2

⋅V−1⋅s−1 [5]. The thermal conductivity of graphene can reach 5000 W⋅mK−1 [8], which is 

three times larger than that of the diamond. In addition, graphene also has special properties 

such as room-temperature quantum Hall effect [9] and room-temperature ferromagnetism 

[10].  

 

Figure 1.2. The schematic diagram of graphene 

Graphene can be prepared for various flexible electronic devices and functional 

composite materials due to its excellent mechanical and optoelectronic properties, special 

single-atom layer with planar two-dimensional structure and high specific surface area. 

Benefiting from the unique advantages of excellent performance, low cost and good 
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processability, graphene has great application prospects in the fields of electronics, 

information, energy, materials, and biomedicine, and it is expected to set off a new 

technological revolution in the 21st century.  

Benefiting from the excellent physical and electrical properties, graphene shows 

tremendous potential in the sensing field. Here we take gas sensing as an example. Because 

of the charge transfer within the molecule, the weak hybridization between the electron 

orbitals of the molecule (especially the small molecule) can lead to significant changes in 

its electronic properties. Since electrons on the graphene surface are mainly π electrons and 

are mainly distributed near the Fermi level, the weak coupling will result in the change of 

the Fermi level and disturb the π electron energy. Further, the adjustment of the Fermi level 

can give rise to the change of conductivity. Therefore, the conductivity of graphene is very 

sensitive to external disturbance which enables graphene to be applied on gas sensing. The 

adsorption of small molecules, such as NO2, H2O, CO, NH3, etc., will significantly change 

the Fermi level of graphene which can further induce the variation of conductivity. Even 

the single-molecule adsorption can be detected through the current change.  

Benefiting from the good optical and electrical properties, graphene can be applied on 

optical and optoelectronic devices [11, 12]. Graphene has been used as the transparent 

conductive layer due to the unique characteristics of low resistance and high light 

transmittance [11, 12]. For example, in inorganic, organic and dye-sensitized solar cells, 

graphene can serve as both the transparent conductive layer and the hole transport layer. 

Since the band gap of graphene is close to 0 eV, it can absorb electromagnetic waves from 

ultraviolet to terahertz which enables graphene-based photodetectors to immensely broaden 

the bandwidth of light detection [12]. In addition to the extension of bandwidth, graphene 

with high carrier concentration will enable the photodetector to have an ultra-fast response 

speed. Except for large-area graphene, the nanoscale graphene also exhibits good 
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mechanical, chemical and electrical properties. Thus, graphene can also be used to 

manufacture molecular-scale electronic devices. Graphene can serve as semiconductor 

layers in transistors, field-effect transistors (FETs), and integrated circuits. In addition, 

graphene is also used as capacitor material. 

People have made positive progress in the preparation of graphene and developed 

various preparation methods such as mechanical exfoliation, crystal epitaxial growth, 

chemical oxidation, chemical vapor deposition (CVD), and organic synthesis [5]. The 

continuous improvement of preparation technology promotes the basic research and 

application development of graphene. In addition, to extend the application of graphene, 

controllable functionalization is also very important [5]. The structurally complete 

graphene is a two-dimensional crystal composed of benzene six-membered rings without 

any unstable bonds. Thus, it has an inert surface with high chemical stability which is hard 

to interact with other media (such as solvents). And also, there is strong van der Waals' 

force between the graphene sheets which are prone to aggregation, making it difficult to 

dissolve in water and common organic solvents. This has caused great difficulties for the 

further research and application of graphene. In order to take full advantage of its excellent 

properties and improve its molding processability (such as improving solubility and 

dispersibility), graphene must be effectively functionalized. By introducing specific 

functional groups, graphene can exhibit new properties which will further expand its 

application fields [5]. Functionalization is one of the most important approaches to realize 

the dispersion, dissolution and forming of graphene. The discovery of graphene with two-

dimensional crystals has opened an exciting page for the study of condensed matter physics 

and provided new opportunities in the fields of chemistry and materials. 
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1.2.2 The mechanism of graphene-based light modulation 

Various light-modulation methods based on graphene have been developed in recent years, 

including thermal, electrical and optical excitations, as shown in Figure 1.3. For different 

modulation approaches, the mechanisms are also different. Graphene is generally known 

as 0 bandgap which means that the electrons in the ground state of graphene can be easily 

excited to higher energy levels due to the effect of energy absorption (thermal, electrical 

and optical effect) and the Fermi level of graphene will accordingly be influenced [13]. 

Graphene with different Fermi levels will show various optical properties. The light 

absorption capability and effective RI of graphene can be modified, based on which 

graphene material can be integrated with optical fibers for light amplitude modulation and 

phase modulation. From Figure 1.3, the response time of light modulation using different 

modulation methods can be found. Generally, the thermal modulation has a modulation 

speed ranging from ms to μs which is much slower than electrical modulation with a 

modulation speed of around ns. The optical modulation method demonstrates the highest 

modulation rate up to fs.    

 

Figure 1.3.  Overview of different light modulation methods with thermal (red), electrical 

(green) and optical (blue) excitations. The data are adapted from [14] 
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Figure 1.4.  Typical approaches for 2D material-based optical modulation. The data are 

adapted from [14] 

Figure 1.4 displays the mechanisms of light modulation (including amplitude 

modulation and phase modulation) with different approaches of electrical gating, optical 

excitation and thermal heating. The RI of graphene can be divided into two parts: imaginary 

part and real part. The imaginary part determines the coefficient of light absorption and the 

real part means the optical dispersion. It can be seen from Figure 1.4 that both electrical 

gating and optical excitation can give rise to the significant change of carrier concentration 

which will further result in the alteration of both the imaginary part and real part of RI. 

Thus, the electrical and optical methods can be applied for both amplitude modulation and 

phase modulation. Compared with the electrical and optical approaches, the thermal-optic 

coefficient of graphene is not large enough to induce the remarkable change of RI. 

Therefore, the thermal energy generated by graphene can be transferred to the fiber 

substrate which will result in the temperature and RI change of the whole structure.  

In 2011, a graphene-based waveguide-integrated optical modulator was firstly 

developed by the research group of Liu et al [15]. By tuning the Fermi level of graphene 
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sheet with electrical method, the waveguide modulator with modulation frequency of 1.2 

GHz and broad operation range from 1.35 to 1.6 μm was experimentally demonstrated. In 

2014, Li et al. reported a silicon waveguide-based light modulator assisted with monolayer 

graphene which has the 3 dB bandwidth of 2.5 GHz for modulation [16]. In 2015, Lipson 

et al. demonstrated a graphene electro-optic modulator with 30 GHz bandwidth and 

modulation efficiency of 15 dB per 10 V [17]. The silicon waveguide-based light modulator 

presents combined advantages, such as compact footprint, low operation voltage, ultrafast 

modulation speed and broad operation range, etc. However, there are still some challenges. 

For example, the waveguide modulator relies on electro-absorption of graphene which 

means that the modulation speed can be limited by the charge-discharge frequency of 

capacitor. In addition, the large coupling loss between the silicon waveguide and fiber 

communication channel will be a big problem. Therefore, a fiber-based light modulator is 

proposed to solve the key issues. Firstly, by using the fiber tapering technology, different 

approaches can be developed for graphene-based light modulation, such as electrical gating, 

femtosecond laser pumping and thermal heating. Moreover, the fiber-based modulator can 

directly fusion splice with communication channel, giving rise to relatively low connection 

loss. Therefore, the all fiber-based light modulator assisted with graphene can be promising 

to realize ultrafast modulation speed and low coupling loss when it is applied in optical 

communication system. 

1.2.3 Light modulators with different fiber structures 

In 2009, the research group of Prof. Kian Ping Loh successfully fabricated a mode-locked 

fiber laser using atomic-layer graphene as the saturable absorber for the first time [18]. This 

makes it possible for a graphene-based high-frequency modulator. Three kinds of fiber-



CHAPTER 2 

14 
 

based optical modulators are introduced below which include optical saturable absorption 

modulator, optical Kerr effect modulator and optical thermal effect modulator. The optical 

saturable absorption modulator, which is also known as amplitude modulator, is based on 

the good absorption coefficient of graphene. As mentioned above, graphene with one atom 

thickness can absorb 2.3% of vertically incident light which gives rise to the probability of 

light modulation with 2D materials [19]. When the energy density of the introduced laser 

is very high, the absorption spectrum of graphene will be significantly changed because of 

the sharp increase of exited carriers. Based on the principle of the Pauli blocking effect, no 

more photons can be absorbed to induce the transition of carriers from ground state to 

excited state which is known as saturable absorption. By inducing the saturable absorption 

of graphene, the capability of light absorption will be significantly influenced and thus the 

signal light can mostly go through or be absorbed controlled by the status of graphene. As 

reported by the research group of Prof. Limin Tong [19], an ultrafast light modulator based 

on graphene-coated microfiber (GCM) has been demonstrated. Two laser beams with 

different wavelengths (980 nm as pumping laser and 1550 nm as probe laser) and power 

densities (pumping laser with high energy density and probe laser with lower energy 

density) are coupled in a down-tapered single-mode fiber coated with graphene (Figure 

1.5(a)). When the high-power pumping laser is on, the graphene can be induced in the status 

of saturated absorption and hence a part of the signal light will not be absorbed which gives 

rise to the observable signals on the receiving end. The signal light will be mostly absorbed 

by graphene when the pumping laser is cut off. By coding the pumping light, the signal 

modulation can be easily realized. The GCM-based all-optical modulation has a fast 

response time of ∼2.2 ps which is equal to the bandwidth of ∼200 GHz, as shown in Figure 

1.5(b) [19]. 
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Figure 1.5: The schematic diagram of the optical amplitude modulator. (a) The diagram of graphene-

coated down-tapered SMF, (b) Differential transmittance of the probe light through a 1.4 μm GCM with 

20 μm long graphene cladding as a function of the pump−probe time delay with a pump power of 200 

nW, showing a response time of ∼2.2 ps. The data are adapted from [19] 

The graphene-based optical Kerr effect phase modulator is based on the different 

mechanism from the amplitude modulator. On the strength of the strong nonlinearity of 

graphene, the refractive index can be tuned with the effect of a high-power laser which will 

further induce the phase shifting of the signal light. As reported by the research group of 

Prof. Jianlin Zhao, a Mach-Zender Interferometer is applied for the optical phase modulator 

[20]. Figure 1.6 displays the schematic diagram of the optical phase modulator based on 

the principle of Kerr effect. One of the two light paths is coated with graphene on the down-

taper structure part and the other path uses no materials. Similar to the optical amplitude 

modulator, two beams of laser (980 nm as pumping laser and 1550 nm as probe laser) are 

coupled in the Mach-Zender Interferometer and the splitting ratio of the coupler is set to be 

90/10 [20]. This is because that the down-tapered fiber will lead to a low transmission of 

light energy compared to normal SMF in the other path. The applied 90/10 coupler can to 

some extend balance the output signals from two paths and guarantee a relatively large 

extinction ratio. Because of the strong light-matter effect, the refractive index of coated 

graphene will be adjusted by modulation laser with high power density which can give rise 
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to phase shifting of the signal light compared with the condition that the modulation light 

is cutoff. The induced phase shift can lead to destructive or constructive interference and 

the signal modulation can be realized. The phase modulator has better optical transmittance 

and modulation depth compared to the amplitude modulator and the response time of both 

are similar. However, the application of the Mach-Zender interferometer results in a more 

complicated structure which can influence the design of the phase modulator and increase 

the cost. In addition, it should be known that the strong light absorption of graphene will 

be the disadvantage in the phase modulator as it can decrease the transmittance of the 

modulator.  

 

Figure 1.6: The schematic diagram of optical Kerr effect phase modulator based on (a) optical amplitude 

modulation in a GCM, and (b) optical phase modulation in a GCM in one arm of an all-fiber MZI. VOA, 

variable optical attenuator; WDM, wavelength division multiplexing; MF, microfiber; APD, avalanche 

photodetector. The data are adapted from [20]. 

The third modulator is the optical thermal effect modulator which is based on the 

excellent photothermal effect and thermal conductivity of graphene [21]. The large thermal 

energy will be generated when light with high energy density acts on graphene. It can easily 

transfer the thermal energy to the substrate (e.g., fiber or waveguide) and raise the refractive 

index of fiber (or waveguide) where light transmits in. And it will further result in the phase 

shift of signal light. As reported by the research group of Prof. Jianlin Zhao, a Mach-Zender 



CHAPTER 2 

17 
 

Interferometer is used in the optical thermal effect modulator and the structures are similar 

to that in the optical Kerr effect phase modulator, as shown in Figure 1.7. In this work, a 5- 

mm graphene-coated microfiber is used for thermal modulation and a phase change of more 

than 21π with the linear slope of 0.09 π/mW is obtained, which demonstrated an efficient 

all-optical switch. The optical thermal effect modulator has good optical transmittance and 

modulation depth because it can directly change the substrate’s refractive index. However, 

the response time is quite large due to slow heat dispersion which restricts its application 

on the high-frequency device.  

 

Figure 1.7: The schematic diagram of optical thermal effect modulator. (a) Schematic of the experimental 

setup for measuring the phase shift of light transmitting in graphene-coated microfiber, (b) measured 

interference patterns without (blue) and with (red) pumping laser. The data are adapted from [21]. 

The research on optical modulators based on graphene material is important for signal 

processing and optical communication system. Various all-optical modulators based on 

different mechanisms can be compatible with modern high-speed fiber communication 

networks and satisfy the urgent need for ultrafast signal processing. 

1.3 Optical fibers used for sensing 

Optical fiber was firstly designed for light transmission and image transmission in the 
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optical industry. The low-loss optical fiber was produced in the early 1970s, after that, 

optical fiber can be used in communication technology to transmit information over long 

distances. However, optical fibers can not only be used as the propagation medium of light 

waves but also be used for sensors. The characteristic parameters (amplitude, phase, 

polarization state, wavelength, etc.) of light waves propagating in optical fibers can be 

directly or indirectly influenced by external factors (such as temperature, pressure, 

magnetic field, electric field, displacement, rotation, concentration, material composition, 

etc.) so that the optical fiber can be used as the sensing element to detect various physical 

and chemical quantities and other parameters. This is the basic principle of fiber optic 

sensors. It should be noted that although the basic principle of optical fiber sensors is similar 

to that of photoelectric sensors, there are important differences. The main difference is that 

for optical fiber sensors, we need to consider the influence of various characteristics of 

optical fibers (including mechanics, optics, thermotics, acoustics, etc.) on the sensors. In 

addition, several new types of optical fiber sensors have been invented and experimentally 

demonstrated, such as distributed optical fiber sensors, optical fiber grating sensors, 

polymer optical fiber sensors, and photonic crystal optical fiber sensors, that provide unique 

sensing performances and extend the application scenarios. 

Fiber sensors can be divided into two categories: functional type and light-transmitting 

type. The functional optical fiber sensor can realize the measurement and transmission of 

environmental parameters based on the influence of external physical factors on the 

characteristics (e.g., amplitude, phase, polarization state or wavelength) of the light 

transmitting in the optical fiber. This kind of fiber sensor enables the optical fiber to acquire 

and transmit information concurrently. For the light-transmitting fiber sensor, the fiber 

serves as the medium of data transmission. The sensing work and data acquisition are on 

the strength of other light-sensitive components. It is characterized by making full use of 
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the existing optical sensor, which is convenient for diverse applications. The optical fiber 

sensors can further be subdivided based on different sensing principles, such as amplitude 

modulation, phase modulation, polarization state modulation, wavelength modulation, etc. 

1.3.1 The characteristics of fiber optic sensors  

Compared with traditional sensors, the main features of fiber optic sensors are excellent 

performance, the wide range of objects, compatibility, ease to form a network, and low cost. 

(1) Anti-electromagnetic interference, electrical insulation, corrosion resistance, and 

intrinsic safety. The optical sensor, which uses light waves to transmit information is an 

electrically insulating, corrosion-resistant transmission medium. Thus, it is insensitive to 

strong electromagnetic interference and can keep safe and reliable under the external 

electromagnetic field. This also makes fiber sensors convenient and effective for sensing 

in various application scenarios, such as large-scale electromechanical, petrochemical, 

metallurgical, flammable, explosive, and strong corrosive environments. 

(2) The use of optical interference technology makes the sensitivity of many optical 

fiber sensors better than ordinary sensors. Some of them have been demonstrated 

theoretically and experimentally. For example, fiber sensors presented excellent 

performances on the measurement of many physical quantities including rotation angle, 

underwater sound, acceleration, radiation, temperature, and magnetic field. 

 (3) Small size, light weight and variable shapes. In addition to the characteristics of 

light weight and small size, the optical fiber also has the advantage of flexibility. The optical 

fiber can be made into various devices with different shapes and sizes which makes them 

conducive to aerospace and narrow space applications 

(4) Optical fiber has specific applications in distributed sensing which is currently 
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irreplaceable in the sensor fields. Optical fiber distributed sensors can perform the 

distributed measurement in a large spatial range (tens of meters to hundreds of kilometers). 

(5) Optical fiber sensors have currently been applied for the measurement of multiple 

physical and chemical parameters, such as temperature, pressure, displacement, speed, 

acceleration, liquid level, flow, vibration, underwater sound, current, electric field, 

magnetic field, voltage, impurity content, liquid concentration, nuclear radiation, etc.  

(6) The fiber sensor has little influence on the measured medium, which is extremely 

beneficial for applications in the medical and biological fields. 

(7) Fiber sensor is easy for multiple parameters multiplexing which is beneficial to 

facilitate multi-sensor networking and form a remote metering network with existing 

optical communication technology. 

(8) The cost of many types of optical fiber sensors is much lower than the existing 

similar sensors. 

1.3.2 The sensing principles of fiber sensors 

Generally, three main physical dimensions are utilized on fiber sensing: wavelength, 

amplitude and polarization. The wavelength sensing can be used on fiber interferometer by 

detecting the interference dip shifting induced by the surrounding environment. Amplitude 

sensing is widely used on diverse fiber structures such as side-polished fiber, curved fiber, 

tapered fiber and core offset fiber. The structured optical fiber is sensitive to the refractive 

index (RI) of surrounding materials and the mismatched RI will give rise to varying degrees 

of loss and further induce the intensity change of output light. Polarization sensing is 

generally used on side-polished fiber assisted with metal or 2D materials. The coated 

materials can lead to the alteration of light polarization due to atomic resonance absorption. 
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(1) The fiber sensor based on amplitude modulation 

The light transmitting in the fiber can be influenced by the external environment. By 

detecting the amplitude alteration, the environmental parameters can be demodulated. 

There are several ways to change the light intensity in the optical fiber: change the micro-

bending state of the optical fiber; change the coupling condition of the optical fiber; change 

the absorption of light waves by the optical fiber and change the refractive index 

distribution in the optical fiber. We will take the microbend sensor as an example. 

The microbend fiber sensor can be used to detect the change of external parameters 

by measuring the microbending loss in the optical fiber. In detail, when the multimode fiber 

is bent, part of the core mode energy will be converted into the cladding mode energy. By 

monitoring the energy change of core mode or cladding mode, the environmental 

parameters, such as displacement or vibration, can be demodulated. As can be seen from 

Figure 1.8, the laser emitted from the light source is transmitted and coupled into the 

multimode fiber. The unguided mode can be removed by the filter and the deformer is used 

to give rise to fiber bending. When the bending degree of fiber is tuned, the energy 

converted into the cladding mode also changes. After that, the optical signals can be 

collected by the PD and transferred to electrical signals. The PD is connected and controlled 

by the PC which can be used for data analysis. It should be noted that the sensitivity of the 

microbending sensor is determined by the mode distribution of the multimode fiber. As the 

high-order modes are easier to be transformed into cladding modes, more high-order modes 

will bring higher sensitivity,  

 

Figure 1.8. The schematic diagram of microbend fiber sensor 
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The microbend fiber sensor has a relatively simple structure and the used optical 

components (e.g., fibers, PD, laser) are easy to obtain which will be beneficial for its 

practical application. For example, a fiber alarm has been developed based on microbend 

fiber sensor. The basic structure is that the optical fiber is curved and woven in the carpet. 

When a person stands on the carpet, the bending state of the optical fiber increases which 

will further result in the change of light intensity through the optical fiber. The key to the 

development of this type of sensor is to determine the best structure of the deformer.  

(2) The fiber sensor based on phase modulation 

Sensors that use the phase change of light waves to detect various parameters are 

called phase-modulation fiber sensors. There are many unique advantages of phase-

modulation sensors compared to amplitude-modulation sensors because of different 

sensing principles. The main features of this type of optical fiber sensor are shown below. 

◼ High sensitivity 

The fiber interferometer can be much more sensitive than ordinary optical 

interferometers due to the use of optical fibers with lengths of several meters or even 

hundreds of meters or more.  

◼ Flexible and diverse 

Since the sensing part is the fiber itself, the geometry of the probe can be designed in 

different forms according to the requirements. 

◼ Wide range of application 

The optical path of the fiber interferometer can easily be influenced by various 

parameters which conversely means that the fiber interferometer reveals its capacity for 

extensive applications. At present, plenty of types of optical fiber interferometers have been 

developed to measure various parameters, such as pressure, temperature, acceleration, 

current, magnetic field, liquid composition and refractive index, etc. Moreover, one fiber 
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interferometer can also be used for sensing multiple parameters. In Chapter 4 and Chapter 

5, we propose the RCF-based MZI that can be applied for simultaneous measurement of 

temperature and RI (curvature). 

◼ Special requirements for optical fiber 

In the fiber interferometer, the light of the same mode should be superimposed in order 

to obtain the interference effect. Thus, the performance of the single-mode fiber is much 

better than that of the multimode fiber. Indeed, the interference pattern can also be obtained 

by using multimode fiber, but the performance is greatly reduced and the signals are more 

difficult to be detected.  

To achieve the desired interference effect, the vibration directions of the two coherent 

lights must be the same. Therefore, the "high birefringence" single-mode fiber is preferred 

in various fiber interferometers to reduce errors caused by polarization changes. Studies 

have shown that the material of the optical fiber, especially the material of the sheath and 

outer coating, has a great influence on the sensitivity of the fiber interferometer. Therefore, 

to meet the requirements of measuring different physical parameters, the applied fiber 

needs to be specially processed.  

1.3.3 Various physical structures of fiber interferometers 

According to the principles of traditional optical interferometers, Mach-Zehnder fiber 

interferometer, Michelson fiber interferometer, Sagnac fiber interferometer, Fabry-Pérot 

fiber interferometer have been developed. All of them have been widely investigated and 

practically applied in the sensing field. The detailed configurations and principles of the 

mentioned four kinds of interferometers are introduced below. 
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◼ Mach-Zehnder Interferometer (MZI)  

The schematic diagram of the M-Z fiber interferometer is displayed in Figure 1.9. The 

coherent light emitted from the laser source is respectively sent to two single-mode fibers 

(the two arms of the M-Z fiber interferometer) of basically the same length, one of which 

is the sensing arm and the other is the reference arm. The splitting and combining of the 

laser are realized by two fiber directional couplers. The superposition of the two laser 

beams output from the two optical fibers will produce interference effects. The all-fiber 

interferometer has the strong anti-interference ability. 

 

 

Figure 1.9. The schematic diagram of MZI 

According to the principle of double-beam interference, the interference intensity of 

output light can be expressed as  

𝐼 = 𝐼1 + 𝐼2 + 2 ⋅ √𝐼1 ⋅ 𝐼2𝑐𝑜𝑠 [
2𝜋

𝜆
⋅ 𝑛 ⋅ (𝐿1 − 𝐿2)]               (1.17) 

 

when the phase δ=2mπ, it is the maximum value of the interference field; when the 

phase δ=(2m+1)π, it is the minimum value of the interference field, where m is the order 

of interference. Thus, wavelengths of the interference dips can be calculated by equations 

below 

 

2𝜋 ⋅ 𝑛 ⋅ (𝐿1 − 𝐿2)/𝜆 = (2𝑚 + 1)𝜋               (1.18) 

 

𝜆 =
2nΔ𝐿

2𝑚+1
                           (1.19) 

External factors can directly induce the change of the length (corresponding to the 
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elastic deformation of the fiber) and the refractive index n (corresponding to the elasto-

optical effect of the fiber) of the sensing arm in the fiber interferometer. Therefore, when 

the relative optical path difference nΔL is altered caused by external factors (it could also 

be the changes of light frequency or light wavelength), the shape of the interference fringe 

will change accordingly. Therefore, the environmental parameters, such as temperature, 

strain, vibration, etc., can be detected by monitoring the variation of the interference 

patterns. 

◼ Michelson fiber Interferometer 

Figure 1.10 shows the schematic diagram of the Michelson fiber interferometer. A 2

×2 fiber directional coupler is used for laser coupling-in and coupling-out. The end faces 

of two fibers are coated with high-reflectivity films to form a Michelson fiber 

interferometer. One of them is used as a reference arm, and the other is used as a sensing 

arm. The sensing principles of Michelson fiber interferometer are similar to that of MZI.  

 

Figure 1.10. The schematic diagram of Michelson fiber interferometer 

◼ Sagnac Fiber Interferometer 

Sagnac fiber interferometer is composed of a fiber loop formed by one single fiber. As 

can be seen from Figure 1.11, the schematic diagram of the Sagnac fiber interferometer is 

displayed. Two beams of light traveling in opposite directions are coupled in the fiber from 

two fiber ends. The laser emitted from the light source will be divided into two parts 

through coupler 1. One of the two light beams is introduced in optical circulator 1, 

transmitting through the fiber loop and collected by optical circulator 2. The other of the 
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two light beams is coupled in optical circulator 2 and then collected by optical circulator 1. 

Afterward, the two beams of the collected light will be superimposed to produce the 

interference effect, and the intensity of the interference light is detected by the receiver.    

 

Figure 1.11. The schematic diagram of Sagnac fiber interferometer 

The sensing principle of the Sagnac fiber interferometer is that the two light beams 

will show different phase shifts under the influence of the external environment and the 

interference patterns will present corresponding changes. The most typical application of 

the Sagnac fiber interferometer is rotation sensing, which is well known as fiber gyroscope. 

Benefiting from its unique advantages, such as no moving parts and no nonlinear effect, 

Sagnac fiber interferometer can be used for rotation sensor with high performance and low 

cost. 

When the circular optical path has a rotation Ω, there will be an optical path difference 

between the two beams of light propagating in opposite directions 

Δ𝐿 =
4𝐴

𝑐
·Ω                   (1.20) 

where A means the area of the circular optical path, c is the light speed in vacuum. 

When the circular optical path is composed of N-turn single-mode fiber, the phase 

difference between the two beams can be calculated by the equation below 

Δφ =
8π𝑁𝐴

λ𝑐
·Ω               (1.21) 

where λ represents the light wavelength in vacuum. 

The advantages of the Sagnac fiber interferometer are shown below: 
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(1) High sensitivity. For fiber gyroscope, the detection sensitivity of phase shift can 

be enhanced by simply increasing the number of fiber turns to increase the area enclosed 

by the loop (the area changes from A to AN, N is the number of fiber turns). In the meantime, 

the size of the instrument will keep the same. 

(2) No rotating part. The fiber gyroscope can be fixed on the rotating part under test 

which will greatly broaden the scope of practical applications. 

(3) Small size.  

◼ Fabry-Pérot Interferometer (FPI) 

The optical fiber Fabry-Pérot sensor is known as an F-P interferometer composed of optical 

fibers. At present, the fiber Fabry-Pérot cavity in this kind of interferometer mainly has 

three representative structures: intrinsic type, non-intrinsic type, and linear composite 

cavity. The intrinsic Fabry-Pérot cavity means that the cavity is composed of optical fibers, 

while the non-intrinsic type uses the air gap between the two fiber end faces (both ends 

coated with highly reflective coating) to form an air microcavity. Currently, the non-

intrinsic F-P interferometer shows better performance and more extensive applications.  

 

Figure 1.12. The schematic diagram of FPI 

The schematic diagram of the Fabry-Pérot interferometer is shown in Figure 1.12. The 

laser is introduced to the F-P cavity through an optical circulator. The coherent light beam 

will be reflected on the two ends of the microcavity and return along the incident path. Then 

the two beams of reflected light meet and interfere to generate the output signals which are 

collected by the PD on the receiving end. The interference intensity is related to the length 
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of the microcavity. When external parameters (such as force, deformation, displacement, 

temperature, voltage, current, magnetic field, etc.) act on the F-P microcavity, the cavity 

length will change which will further give rise to the variation of the interference intensity 

of output signals. According to this principle, the length of the microcavity and the change 

of external environmental parameters can be derived from the variation of the interference 

signal so that the sensing of various parameters can be realized. For example, the Fabry-

Pérot interferometer can be directly fixed on the sensing object. The slight deformation of 

the object will result in the length change of the Fabry-Pérot cavity and further induce the 

change of output lights. It should be noted that the deformation of an object could be 

induced by strain, stress, pressure, vibration, etc., which means that the F-P interferometer 

is capable of sensing on multiple parameters. In addition, the application of the F-P 

interferometer can be extended by combining it with functional materials. For instance, 

Fabry-Pérot cavity can be integrated with thermal expansion material for temperature 

sensing. The materials with good linearity of thermal expansion coefficient will enable the 

cavity length to change accompanied by the expansion (or contraction) of the thermally 

sensitive material to form the fiber Fabry-Pérot temperature sensor. In addition, as we know, 

fiber itself is magnetically insensitive which means that the fiber sensor is hard to be used 

for magnetic sensing. However, by combining the F-P interferometer with magnetostrictive 

materials, the fiber sensing of the magnetic field can be realized. It’s also the same that 

Fabry-Pérot cavity can be applied as voltage sensor assisted with electrostrictive materials. 

In the optical fiber Fabry-Pérot sensor system, the Fabry-Pérot cavity is the key 

component used as the sensing unit to obtain the information of measured parameters. In 

order to achieve the sensing of multiple parameters and different sensing characteristics, 

the Fabry-Pérot cavity can be fabricated with different structures. In addition, the signals 

obtained by the Fabry-Pérot sensor must be processed and demodulated to get the expected 



CHAPTER 2 

29 
 

results. The demodulation methods of Fabry-Pérot sensors mainly include intensity 

demodulation and phase demodulation. Among them, phase demodulation could be more 

difficult but with more advantages that make it the most widely used demodulation method. 

We suggest that the reflectivity is R, the wavelength and intensity of incident light are 

λand I0, then we can get the intensity of reflected light IR and transmission light IT: 

𝐼R =
2𝑅(1−cosΦ)

1+𝑅2−2𝑅 cosΦ
𝐼0                      (1.22) 

𝐼T =
(1−𝑅)2

1+𝑅2−2𝑅 cosΦ
𝐼0                     (1.23) 

where Φ is the light phase which can be calculated by the equation below 

Φ =
4π

λ
𝑛0𝐿                         (1.24) 

where n0 represents the refractive index of the F-P cavity. 

From the above equations, we can easily find that the output signals of the Fabry-Pérot 

interferometer can be influenced by reflectivity, the refractive index of the F-P cavity and 

cavity length. Thus, by using different sensor parameters and sensing principles, the Fabry-

Pérot interferometer can be applied to broaden scope of sensing fields with diverse 

experimental setups and implementations. 

1.4 Research objectives 

The objectives of the research presented in this thesis are to develop the various applications 

of novel specialty fibers for optical communication and sensing devices, to enhance the 

communication and sensing performance of optical fibers with different novel 

configurations. More specifically, the thesis explores the following key research directions: 

⚫ Theoretically study the mechanism and experimentally demonstrate the prominent 

performance of light modulators assisted with graphene by using down-tapered SMF 
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⚫ Develop a new fiber sensor with mismatched SMFs structure that can be applied for 

temperature and humidity sensing. 

⚫ Investigate and demonstrate an RCF-based sensor used for multiple parameters 

sensing, including temperature, RI and curvature. 

⚫ Propose and demonstrate a HCBF-based sensor used for human breath monitoring 

with temperature and curvature insensitivity. 

 

1.5 Organization of the thesis 

This thesis contains 7 chapters. Chapter 1 gives an overview of optical fiber, including fiber 

structure, fiber modes and fiber categories. Then the light modulators based on all-fiber 

structure assisted with 2D materials are introduced. After that, the fiber sensors with 

different structures and sensing principles are presented. Further, the research objectives 

and the thesis outlines are given. Finally, the publications during the period of the Ph.D. 

study are highlighted. 

In chapter 2, an all-fiber modulator is experimentally demonstrated based on tapered 

SMF assisted with graphene nanoflakes. 

In chapters 3 to 6, different novel structures are proposed which can be applied for 

fiber sensors, including the sensor of temperature, humidity, RI, curvature and human 

breath monitoring.  

In the end, chapter 7 gives the conclusions of the works presented in this thesis and 

suggests possible future works of the research area. 
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2  All-Optical Light Modulator with Down-

Tapered SMF Assisted with Graphene 

 

In chapter 2, the light modulator with the down-tapered SMF structure assisted with 

graphene is introduced. In the beginning, the overview of light modulators and 

graphene material is presented. Then, the experimental setups, including 

femtosecond laser, fiber tapering machine and optical paths, are introduced briefly. 

After that, the performances of the proposed and successfully fabricated light 

modulator are displayed, and the analysis of experimental results is included.  
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2.1 Overview of light modulators 

Internet traffic is growing at a phenomenal rate over the years which is mainly driven by 

broadband services such as cloud computing and multimedia application. Optical 

communication system serves as the backbone of the modern Internet and provides ultra-

wide bandwidth for data communication. Fiber is an indispensable transmission medium 

in optical communication systems because of its ultra-low loss. However, the loss of optical 

communication systems is large because the main functional components, such as lasers, 

modulators and photodetectors are still discrete components which gives rise to large 

coupling loss between these elements. Thus, if we can use fiber itself to realize all the 

functions which means that the fiber communication system can be integrated, the low loss 

and high-speed communication system can be built. Light modulators are key components 

in fiber optic communication systems. Various waveguide-based light modulators have 

been investigated and fabricated. Generally, in the fiber system, the communication light 

has to be coupled out to the modulators and then be coupled back to the fiber to realize 

signal modulation. Therefore, the demonstration of modulation function in the fiber itself 

will be a key point to achieve a high-speed all-fiber communication system. The modulation 

speed, modulation depth and optical transmittance are the key parameters of the light 

modulator. For a general electrical modulator, the light signal has to be coupled out and 

converted to the electrical signal. Then the modulated electrical signal is transformed to be 

optical signal and coupled again into the optical communication system. This process 

results in a complex system and reduces the modulation frequency. Thus, the all-fiber 

modulator makes it possible for direct modulation of the light signal. The optical modulator 

can be easily integrated into an optical communication system without signal conversion 
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and guarantee high-frequency light modulation.  

Recently, various 2D materials, such as graphene, black phosphorus (BP), transition 

metal dichalcogenides (TMD), have been extensively investigated because of their 

characteristic optical and electrical properties [14, 22, 23]. It has drawn people's attention 

for wide application in optical, electronic and optoelectronic fields. Compared to bulk 

materials, 2D materials have many advantages based on their unique and diverse electronic 

structures. First, 2D materials can have a wide spectral response from ultra-violet to 

infrared. The diverse energy band structures can allow photon absorption with different 

energy. Second, despite the ultra-thin physical structure of 2D materials which is of one 

atom or a few layers of atoms thickness, there can be strong nonlinearities when light 

interacts with the material. For example, a single layer of graphene can absorb 2.3% of 

optical power with the vertical incidence in a large spectral range. In addition, the surface 

of 2D materials generally is robust and passive which leads to the easy integration of 2D 

materials and other devices, such as Si waveguides. Finally, the optical properties of 2D 

materials can be easily tuned with electric gating, chemical doping, optical excitation, or 

physical structures [22]. For example, the optical bandgap of black phosphorus (BP) can 

be easily adjusted by changing its layers with the mechanical method: energy gap of BP is 

1.73 eV in monolayer, 1. 15 eV in bilayer, 0.83 eV in trilayer and 0.35 eV in the bulk [24]. 

Graphene has been widely investigated as a kind of typical 2D materials because of 

its unique electrical and optical properties [12, 25, 26]. Graphene consists of one layer of 

carbon atoms which means the thickness is only one atom. However, it can absorb 2.3% of 

vertically incident light from ultra-violet to infrared light on account of its strong 

nonlinearity effect [26]. The electrical conductivity and thermal conductivity of graphene 

are excellent which makes sure its wide application in the electronic field. In addition, the 

surface of graphene is robust which gives rise to the easy integration with other materials 
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without lattice mismatching [12]. Due to its remarkable mechanical, electrical and optical 

properties, diverse optical modulators based on graphene have been investigated which can 

be categorized as intensity modulator and phase modulator. The intensity modulator 

generally is based on the light absorption with graphene. The output light intensity can be 

tuned by inducing the saturable absorption of graphene with optical excitation or electrical 

gating [17, 19, 27-33]. This structure can lead to a high-frequency optical modulation. 

However, the modulation depth and optical transmittance are relatively low which limits 

its application in reality [19]. The phase modulator can to some extent overcome the 

deficiencies of the intensity modulator by using Mach-Zehnder Interferometer. On the 

strength of the high non-linearity of graphene, the refractive index can be tuned by laser 

excitation or electrons injection [20, 31, 34-37]. And then it can transform the phase change 

to output intensity change. However, the usage of the Mach-Zehnder interferometer will 

result in a relatively complex structure. In this work, in order to realize the high-frequency, 

convenient optical modulation, the light modulator based on microfiber assisted with 

graphene has been researched and the fast, large-band and stable signal modulation is 

realized which satisfies the urgent need of high-frequency all-optical modulator.  

2.2 The experimental setups 

The tapered single-mode fiber assisted with graphene nanoflakes is studied for optical 

modulation research. As can be seen from Figure 2.1, the experimental setups are displayed 

for fiber tapering and light modulation. The femtosecond laser has the pulse width of ~ 500 

fs and repetition frequency of 100 M with the center wavelength of 1580 nm. The 

continuous wave (CW) is generated by a tunable laser source with the wavelength of 1530 

nm. The CW laser and femtosecond laser are coupled through a 50:50 coupler and 
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introduced into the tapered SMF which is coated with graphene nanoflakes. And then the 

output signals can go through a filter which is used to remove pumping laser energy and be 

received by a photodiode (PD). The PD can transfer the received optical signal to the 

electrical signal which can be displayed by the connected oscilloscope. 

 

Figure 2.1. The experimental setups of the fiber tapering process and light modulation. 

The fiber tapering can be realized by mechanical stretching under the circumstances 

of H2 and O2 heating. The thermal heating process will give rise to the melt of fiber structure 

and various fiber tapers can be achieved through mechanical stretching with different 

speeds. Firstly, the generator of H2 and O2 is turned on until the H2 concentration reached 

a certain value (500 shown in the device). The H2 and O2 can be transferred to the fiber 

tapering machine through transporting pipeline for further utilization. The tapering machine 

is controlled by a personal computer (PC) which can regulate the parameters of the fiber 

tapering process, such as moving distance, moving speed, preheating time, etc. The tapering 

machine needs to be initialized before the start of the fiber tapering experiment to find the 

precise position of fiber holders. Then the single-mode fiber is pre-processed by removing 

the protection layer and then the processed fiber is located on the fiber holders of the fiber 

tapering machine. After the setting of tapering parameters on the PC, the fiber tapering 

process will be started. The heating tip will move towards the processed fiber and give the 

preheating around 5 s. Afterward, the two fiber holders will move slowly in opposite 

directions until reaching the setting position. The image of the fiber tapering machine (FTM) 
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is shown in Figure 2.2. From the user interface of the FTM software (shown in Figure 2.3), 

we can see that various parameters can be adjusted to control the shape of the produced 

fiber taper. Among these parameters, the preheating time, the moving speed and moving 

distance of the fiber holders (in red circles) are extremely important for shaping the tapered 

fiber. With repetitive trials and multiple tuning of the three parameters, the preheating time 

of 5 s, moving speed of 20 mm/min and the moving distance of 18 mm are selected to 

generate the fiber taper with proper diameter and cone shape.  

 

 

Figure 2.2. The image of the fiber tapering machine. 

 

Figure 2.3. The user interface of the FTM software  

The graphene nanoflakes are purchased from Yangtze Optical Fibre Company 

(YOFC). The diameter of the nanoflakes is around 5 μm and the average thickness is about 

3 nm. The graphene nanoflakes are dispersed in ethanol and then the graphene solution is 
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processed by ultrasonic for 1 hour to disperse the nanoflakes as much as possible. After 

that, by using the drop-cast method, the graphene nanoflakes can be attached to the tapered 

fiber.  

2.3 The experiment results and analysis 

  

Figure 2.4. The relationship between input power and output power through the pure microfiber (blue 

points) and graphene-coated microfiber (red points). 

The relationship between input power and output power through the pure microfiber 

(blue points) and graphene-coated microfiber (red points) is displayed in Figure 2.4. It can 

be found that with the increase of input power from 5 mW to 30 mW, the output power 

shows corresponding rising. The transmittance is measured to be around 75% before 

graphene coating and 40% after graphene coating. The difference can be attributed to the 

light absorption of graphene nanoflakes. It should be noted that with different tapering 

shapes of microfibers and graphene coating conditions, the light transmittance through the 

fiber taper will change accordingly. Based on our trials, the insert loss of the proposed light 

modulator can range from 4 dB to 20 dB. The transmission spectrum of the femtosecond 

laser is shown in Figure 2.5. The spectrum is recorded from 1500 nm to 1660 nm, and it 
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can be seen that the laser energy is mainly centralized in the range of 1540 nm to 1640 nm. 

Thus, based on the transmission spectrum, a filter of 1530 nm is utilized for filtering the 

femtosecond laser energy. In addition, the oscillogram of the femtosecond laser is also 

recorded which is shown in Figure 2.6. A strong signal peak can be found which is induced 

by the femtosecond laser pulse.  

 

Figure 2.5. The transmission spectrum of femtosecond laser 

 

Figure 2.6. The oscillogram of the femtosecond laser used for pumping 
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Figure 2.7. The oscillogram of the output signals with different input light of (a) 200 mA pumping laser 

only (b) 200 mA pumping laser and CW laser (c) 400 mA pumping laser only (d) 400 mA pumping 

laser and CW laser (e) 600 mA pumping laser only (f) 600 mA pumping laser and CW laser 

As can be seen from Figure 2.7, we study the influence of input light on the output 

signals received from the oscilloscope. By tuning the amplifier current of femtosecond laser 

with values of 200 mA, 400 mA and 600 mA, the output light energy can reach 28.3 mW, 

71.1 mW and 110.0 mW, respectively. Figure 2.7(a) presents the oscillogram with the input 

light of 200 mA pumping laser only. It can be found that the base energy is around 0.1 and 

the amplitude of the strong peak signal is around 0.5. The signal peak represents the laser 

pulse from the femtosecond laser and the base energy means the laser energy in the time 

interval between two femtosecond pulses. By comparing Figures 2.7(a), (c) and (e), it can 

be seen that the rising of pumping laser energy gives rise to a small change of the base 

energy, but only results in the enhancement of peak amplitude. In addition, from Figures 

2.7(a) and (b), it is obvious that the introduction of CW laser has a great impact on the base 
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energy which is increased from 0.1 to 3.1. However, the amplitude of the peak signal shows 

a very slight change. This can also be demonstrated by experimental results shown in Figure 

2.7(c), (d), (e) and (f). Thus, it can be concluded that the amplitude of peak signal can only 

be influenced by femtosecond laser and the base energy of the output signal completely 

depends on the CW laser. 

 

Figure 2.8. The microscope images of (a) normal fiber and (b) tapered fiber.  

Figure 2.8 (a) and (b) give the microscope images of the fiber before and after the 

tapering process, respectively. For the normal SMF, the diameter is around 125 μm as 

shown in Figure 2.8(a). After the process of fiber tapering, the fiber diameter is decreased 

to about 3~5 μm. The energy density of light transmitting in the fiber can be immensely 

enlarged benefitting from the tapered fiber. And further, when the 2D materials are attached 

to such fiber structure, the interaction between transmitting light and materials will be 

strongly enhanced based on which the light modulation can be realized.  

The optical filter is the indispensable optical component that is used to eliminate 

experimental errors by removing the pumping laser. As the bandwidth of the femtosecond 

laser is much wider than that of the CW laser applied in the experiment, the filtering of the 

femtosecond laser can be easily realized by choosing the proper bandpass filter. As can be 

seen from Figure 2.9, the bandpass filters of 1550 nm and 1530 nm are selected to compare 

both of the output signals. From Figure 2.9(a), it is distinct that the signal peak can be 
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observed which means that the 1550 nm filter cannot remove all of the pumping energy. 

However, when the 1530 nm filter is utilized shown in Figure 2.9(b), no obvious signal 

peak can be found, indicating that most of the pumping laser is successfully filtered from 

the output signals. Based on this, the transmitted signal emitted from CW laser source can 

be detected with slight disturbance of the femtosecond laser.  

 

Figure 2.9. The oscillogram of femtosecond laser and continuous-wave laser with (a) 1550 nm filter 

and (b) 1530 nm filter 

 

Figure 2.10. The oscillogram of femtosecond laser and CW laser with different CW laser energy of (a) 

10 mW and (b) 20 mW 

As can be seen from Figure 2.10, the oscillograms of the output signals with both 

femtosecond laser and CW laser are presented. The energy of the CW laser is set to be 10 

mW and 20 mW, respectively. When the energy density of the introduced femtosecond laser 

is very high, the absorption spectrum of graphene will be significantly changed because of 

the sharp increase of exited carriers. Based on the principle of the Pauli blocking, limited 

photons can be further absorbed to induce the transition of carriers from ground state to 
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excited state which is known as saturable absorption. By inducing the saturable absorption 

of graphene, the capability of light absorption will be significantly influenced and thus the 

signal light can partly go through or be absorbed controlled by the status of graphene. From 

Figure 2.10(a), we can see that no obvious signal peak can be found which can be attributed 

to the light absorption of CW laser. The energy of the pumping laser cannot give rise to the 

completely saturated absorption of graphene nanoflakes, and thus the CW laser can still be 

absorbed. Further, when the energy of the CW laser is increased to 20 mW, a strong signal 

peak appears in the oscillogram shown in Figure 2.10(b). It is noted that the pumping 

energy is maintained the same only with the change of CW laser energy. As the 

experimental results shown in Figure 2.7, the larger energy of the CW laser will result in 

the rising of the base signal and the pumping laser will give rise to the signal peak occurring. 

Thus, the signal peak displayed in Figure 2.10(b) can be attributed to the femtosecond laser 

pumping. Benefitting from the saturable absorption effect of graphene, the femtosecond 

laser will pump the electrons from ground state to excited state so that part of the CW laser 

can transmit through the graphene-coated fiber taper and be collected by the PD at the 

receiving end.  

 

Figure 2.11. The response time of light modulation assisted with graphene nanoflakes 

As shown in Figure 2.11, the single signal pulse of the light modulator is presented. 

The measured response time is up to 0.4 ns, indicating the potential for optical signal 
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processing with the bandwidth of up to 2.5 GHz. However, limited by our lab conditions, 

the experiments cannot be designed and conducted thoughtfully which we think needs to 

be further improved. 

2.4 Conclusion 

In this work, the light modulator with down-tapered SMFs structure assisted with graphene 

is proposed and demonstrated. The experimental setups and optical paths are built that 

consist of femtosecond laser, tunable laser, fiber tapering machine, PD, OSA and optical 

oscilloscope. The performances of the proposed and successfully fabricated light modulator 

are studied and improved, and the analysis of experimental results is included. The 

experimental results demonstrate a feasible method for all-optical light modulation with a 

down-tapered fiber structure assisted with graphene nanoflakes. The measured response 

time is up to 0.4 ns, indicating the potential for optical signal processing with the bandwidth 

of up to 2.5 GHz. The research will play a very important part in the optical communication 

system to simplify the optical components and realize all-fiber light modulation.  
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3  The Humidity and Temperature 

Sensor Constructed by Mismatched 

SMFs Assisted with CNT  

This chapter is reproduced with some adaptations from the manuscript “W. Yuan, H. Qian, 

Y. Liu, Z. Wang, and C. Yu, "Highly Sensitive Temperature and Humidity Sensor Based on 

Carbon Nanotube-Assisted Mismatched Single-Mode Fiber Structure," Micromachines 

(Basel) 10(2019).” 

In this chapter, we report the fiber sensor used for the detection of temperature 

and humidity based on mismatched SMFs structure. The proposed all-fiber sensor 

exhibits stable temperature and humidity sensing performance. For a wide range 

of temperature sensing, from 40 to 100°C, the sensitivity is measured to be 0.24 

dB/°C with the linearity of 0.99461. After the coating of CNT materials on the fiber 

surface, the temperature sensitivity presents a large enhancement from 0.24561 to 

1.65282 dB/°C in a small region. In addition, the performance of humidity sensing 

is also studied. With the coating of CNT, the linearity of humidity sensing result 

shows a dramatic increase from 0.71731 to 0.92278 with the sensitivity of 25.71 

pm/%RH. 
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3.1 Introduction 

3.1.1 The importance of humidity sensor  

The detection of environmental parameters, including physical and chemical changes, has 

become increasingly important for process control, security monitoring, and human 

protection. Temperature and humidity are the key parameters in these applications because 

of their great influence on food safety, manufacturing accuracy, and the service lives of 

precise instruments. Various methods have been used for temperature or humidity sensing, 

such as physical methods [38-42], chemical methods [43-46], and all-fiber devices [47, 48]. 

Among these techniques, the all-fiber structures have great advantages, such as compact 

size, easy fabrication, strong electromagnetic resistance, relatively low price, and ability 

for distributed sensing [49, 50]. On the strength of all-fiber configurations, diverse fiber 

sensors have been designed for various applications based on different mechanisms. Many 

fiber sensors have been reported, such as the Fiber Bragg Gratings sensor [51], long period 

fiber grating sensor [52], side polished fiber structure [53], hollow core fiber [54], single-

mode–multimode–single-mode fiber structure [55], microcavity structure [56], Fabry–

Perot fiber-optical sensor [57], up-tapered fiber [58], and mismatched fiber sensor [59, 60]. 

Among these fiber sensors, the optical interference mechanism is widely used due to its 

high sensitivity and easy fabrication [49]. Combined with other materials or electrical 

devices, the fiber interferometer can be extensively applied in diverse areas. 

3.1.2 The introduction of CNT 

Carbon nanotubes (CNTs), first discovered by Iijima in 1991, are known as one-

dimensional nanostructures with sp2 hybrid carbon atoms [1]. The structure of CNT can be 

treated as a seamless cylinder which is constituted of one or several graphene layers (known 

as single-wall or multiwall CNT) [61]. CNT material provides unique advantages in many 

areas, such as high electrical and thermal conductivity, chemical stability, strong 
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mechanical strength, and large surface-volume ratio [61, 62]. Benefitting from its good 

thermal, electrical, and optical performance, CNT plays a very important role in diverse 

fields, especially in sensing work. Many studies have been conducted for CNT-assisted 

sensors, such as strain sensors, gas sensors, humidity sensors, and temperature sensors [48, 

63-67]. In this chapter, we report the sensing properties of temperature and humidity by 

combining CNT materials with structured fiber devices. 

3.2 Experiments and simulation work 

3.2.1 The fabrication of humidity sensor 

The miniaturized optical fiber interferometer (MOFI) is successfully fabricated by using 

the mismatched SMFs structure. A commercial fusion splicing machine is utilized. The two 

SMFs are placed in the fusion device and spliced through manual operation. The offset of 

two SMFs is set to be 20 μm to make sure that the formed interferometer has a relatively 

large extinction ratio. The distance between two mismatched nodes is chosen as 2 cm. The 

multi-walled CNT are purchased from Xianfeng Nano. Company. The CNT is dispersed in 

ethanol solvent and then processed by ultrasonic. After that, the dispersed CNT-ethanol 

mixed liquor is attached to the surface of MOFI by the drop-casting method. In order to 

make sure CNT adhere to the fiber firmly, the fiber structure is located in a heating oven 

under 100 ℃ and then cooling down to RT. In this process, the CNT can be tightly attached 

to fiber surface due to van der Waals force.   

3.2.2 The experimental design  

To test the performance of the achieved mismatched fiber, and to explore the diverse 

potential applications based on light modulation by environmental change, the experiments 

and comparison between the bare mismatched fiber and the CNT-assisted mismatched fiber 

are conducted on temperature and humidity sensing. The range of the temperature is 

controlled between 40 and 125 °C at an interval of 5 °C. The relative humidity (RH) sensing 
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experiment is conducted by tuning RH between 45% and 95% at an interval of 10% at room 

temperature (24 °C). For each testing step of temperature and RH, an extra observation 

time of 25 min is guaranteed to make sure that the results are stable and reliable. A 

wideband laser device (1300–1650 nm) is utilized as the light source, and the optical 

spectrum analyzer is used for spectra capture. Figure 3.1(a) is the schematic diagram of the 

mismatched single-mode fiber. Figures 3.1(b) and (c) display the microscope image of the 

mismatched node and carbon nanotube coated part.  

 

Figure 3.1. (a)The schematic diagram of the mismatched SMF, (b) the microscope images of 

the mismatched node and (c) the CNT coated part [68]. 

3.2.3 The simulation works 

The simulation work of the mismatched fiber structure is conducted, and the results are 

shown in Figure 3.2. BeamPROP is applied as the simulation tool, and the index profile 

type is set as STEP. The refractive index of core and cladding are 1.4504 and 1.4447, 

respectively, which are the exact values of commercial single-mode fiber. The offset value 

of the two fibers is 20 μm, and the distance between the two mismatched nodes is 2 cm. 

The results show that the mismatched structure can successfully excite both core mode and 

cladding mode between the two mismatched nodes, which means that the MOFI has been 

achieved in one single fiber. As can be seen from Figure 3.2(a–c), the core mode and multi-

cladding modes are excited at the first node, and then the interference takes effect at the 
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second node. The constructive or destructive interference determines the optical intensity 

of the output light. Then the fiber structure with a thick cladding is simulated to compare 

with the normal cladding modes, which is shown in Figure 3.2(d–f). It is found that the 

intensity of output light becomes very weak, which means that cladding modes dominate 

this mismatched structure. With the change of external environment, the phase and intensity 

of the cladding mode can be tuned, which further gives rise to the change of output light 

intensity. Thus, this mismatched fiber structure can easily be used as a temperature and 

humidity sensor because of the high sensitivity of cladding modes to the surrounding 

conditions. Due to the dominant cladding modes, the slight alteration of external parameters 

can be detected due to the optical modulation of cladding modes. The output signal will 

then be influenced because of the intensity change or phase alteration of cladding modes 

which will give rise to differently constructive or destructive interference. 

 

Figure 3.2. The Rsoft simulation results of the proposed sensor with (a–c) normal cladding  

and (d–f) thick cladding [68]. 

3.3 The sensing mechanism  

Based on the MOFI structure, we can realize sensing performance through tuning light 

interference between the core mode and cladding modes which can be stably excited in the 

mismatched fiber structure.  
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Figure 3.3 elaborates on the interference dip shifting with the continuous temperature 

change from 40 to 125 °C. The dip shift can be attributed to the length change of the fiber 

structure and the effective refractive index (RI) change of core and cladding areas which 

are caused by external thermal energy. The interference equation is shown below [69]: 

𝐼 = 𝐼𝑐𝑜𝑟𝑒 + ∑ 𝐼𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔
𝑘

𝑘 + ∑ 2𝑘 ⋅ √𝐼𝑐𝑜𝑟𝑒 ⋅ 𝐼𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔
𝑘 𝑐𝑜𝑠 [

2𝜋

𝜆
⋅ (𝑛𝑒𝑓𝑓

𝑐𝑜𝑟𝑒 − 𝑛𝑒𝑓𝑓
𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔,𝑘

) ⋅ 𝐿]   (3.1) 

𝐼, 𝐼𝑐𝑜𝑟𝑒, 𝐼𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔
𝑘

 mean the intensity of output light, core mode, and cladding modes. 𝑛𝑒𝑓𝑓
𝑐𝑜𝑟𝑒 

and 𝑛𝑒𝑓𝑓
𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔,𝑘

 mean the effective RI of core mode and cladding modes. L is the 

interference length. 

The destructive interference condition is shown in the following equations [69]: 

2𝜋 ⋅ (𝑛𝑒𝑓𝑓
𝑐𝑜𝑟𝑒 − 𝑛𝑒𝑓𝑓

𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔,𝑘
) ⋅ 𝐿/𝜆 = (2𝑚 + 1)𝜋           (3.2) 

𝜆 =
2Δ𝑛eff𝐿

2𝑚+1
                         (3.3) 

Δ𝑛eff means the difference of effective RI between core and cladding, and 𝜆 in Equation 

(3) means the wavelength of the interference dip. It is known that the effective RI of 

cladding has a relatively faster response to the temperature change compared to that of the 

core, which means that the RI of cladding will increase firstly while the RI of the core area 

will be unchanged at the start of temperature rising [70]. However, with time elapsing, the 

thermal energy around the fiber can finally give rise to the rising of the core’s RI which can 

be larger than that of cladding’s RI [70]. This means that the RI difference between core 

and cladding will firstly decrease because of the RI rising on cladding and the unchanged 

RI on the core. Moreover, it will then increase over a relatively long time in which the 

core’s RI can also be influenced by temperature change. Thus, except for the interference 

length change (L in Equation (3.3)), the wavelength shifting can also be attributed to 

alteration of the RI difference between core mode and cladding modes. The interference 

intensity will also be influenced by energy redistribution of core mode and cladding modes 

which is induced by RI change of fiber core and cladding.  
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3.4 Experimental results and discussions 

3.4.1 The performance of temperature sensing 

Based on the observation in the experiment process, the fiber condition can be stabilized 

within 90 s following the external environment change, which means that the response time 

of temperature sensing can be estimated to be 90 s. The sensitivity is calculated to be 0.2165 

nm/°C which is almost four times higher than 0.0575 nm/°C reported by Dong et al. [71]. 

It is also found that in certain small temperature ranges, the interference intensity displays 

stable variation with the temperature change. This makes it possible for temperature sensing 

simply using a power meter without the need of an optical spectral analyzer. The 

wavelength of 1593 nm is chosen for measuring the relationship between the temperature 

and transmittance intensity. As can be seen from Figure 3.4, the relationship between 

temperature and interference intensity displays good linearity with the sensitivity of around 

0.24 dB/°C. The adjusted R-squared value reaches 0.99461 which demonstrates the good 

linearity between temperature and output optical intensity. 

 

Figure 3.3. The relationship between the wavelength shift of the interference dip and the 

temperature variation from 40 to 125 °C with the step of 5 °C [68]. 
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Figure 3.4. The relationship between the temperature and the intensity of interference dips at 

the wavelength of 1593 nm [68]. 

To increase the sensitivity of temperature sensing performance, the CNT material is 

utilized to alter the cladding modes modulation of the MOFI structure. As can be seen from 

Figures 3.5 (a) and (b), without CNT coating, the intensity shows a small shift with the 

temperature altering from 40 to 34 °C. The alteration can be attributed to the deformation 

of the mismatched node that results in energy redistribution between core and cladding. 

With decreasing temperature, the mismatched node will shrink which can induce more 

energy to be coupled into the core area. Based on the simulation result in Figure 3.2, the 

cladding mode's energy is dominant. This means that temperature change can result in 

relatively equal intensity between the core mode and cladding modes. The sensitivity 

increased dramatically when CNT material is attached to the fiber sensor. The enhancement 

can be attributed to the cladding mode modulation by CNT. The linear fitting results 

between temperature and intensity of interference dip are displayed in Figure 3.6. The blue 

line shows the change of transmittance intensity along with the alteration of temperature 

without CNT, and the red line indicates that CNT coating is present. It is obvious that the 

slope of the fitting line increases after CNT coating, which means that attaching CNT can 

achieve the enhancement of temperature sensing sensitivity. The sensitivity is enhanced 

from 0.24561 dB/°C without CNT to 1.65282 dB/°C with CNT, and this value is almost 

four times higher than the 0.437 dB/°C that was reported by Yin et al. [72]. The adjusted 

R-squared value also shows slight augmentation from 0.92636 to 0.9738, demonstrating 

stronger reliability of the sensing result.  
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Figure 3.5. The spectra of temperature sensing (a) without and (b) with CNT coating [68]. 

 

Figure 3.6. The relationship and linear fit between temperature variation and the intensity 

change of interference dips without (blue line) and with (red line) CNT coating [68]. 

3.4.2 The performance of humidity sensing 

Based on cladding modes modulation, this mismatched fiber structure can also be used for 

humidity sensing, as shown in Figure 3.7. The experiment is conducted by changing RH 

from 45% to 95% at an interval of 10% at room temperature (24 °C). As we can see from 

Figure 3.7(a), with the increase of RH, the interference dip shows a redshift with the range 

of 5 nm. This can be attributed to the phase change of cladding modes induced by humidity 

alteration. The increasing humidity can lead to more sufficient contact between water 

molecules and the fiber surface which results in the effective RI change of cladding modes. 

As can be found from Equation (3.3), the change of Δ𝑛eff will give rise to the interference 

dip shifting. Although the dip wavelength presents a relatively large shift of 5 nm following 
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the humidity changes, the result is not linear enough to show the difference from 45% to 

95%. In order to increase the linearity between the wavelength shifting and humidity 

change, the drop-cast method was applied to attach the CNT onto the fiber structure 

between the two mismatched nodes. Benefiting from the tubular structure of CNT, the 1D 

material can absorb water molecules which will induce the RI change of CNT. The result 

is displayed in Figure 3.7(b). It shows that the relationship between humidity change and 

wavelength shifting becomes more linear. This can be explained that the RI change of CNT 

is smaller and more stable following the change of humidity which can further give rise to 

a more stable change of effective RI of cladding modes, and thus, the wavelength shifting 

displays good stability. Figure 3.8 gives the linear fitting results between the RH and 

wavelength shifting of interference dip. Without CNT attached (blue line), the adjusted R-

squared value of the fitting line is only 0.71731, which means that the wavelength shifting 

cannot accurately present humidity change. This value is dramatically enhanced to 0.92278 

after CNT coating is applied, as depicted by the red line in Figure 3.8. The fit result reveals 

that the CNT-assisted fiber sensor can strengthen the accuracy rating of humidity sensing. 

The CNT-assisted humidity sensor presents the sensitivity of 0.02571 nm/%RH, which is 

slightly higher than 0.0235 nm/%RH in the RH range 40–70% that was reported by Ma et 

al. [73]. In addition, when considering the continuous alteration of RH from 40% to 90%, 

the linearity of humidity response in our work is relatively enhanced compared to that of 

two pseudo linear regions, which indicates the more applicable and practical sensing 

performance of our sensor [73]. 

 

Figure 3.7. The spectra of relative humidity (RH) and interference wavelength (a) without  

and (b) with CNT attached [68]. 
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Figure 3.8. The relationship and linear fit between RH and interference dip wavelength 

without (blue line) and with (red line) CNT attached [68]. 

Based on the above results, it is manifested that both the core mode and cladding 

modes can be excited in the mismatched fiber structure. This structure shows good and 

stable sensing performance of temperature and humidity which is due to the modulation of 

cladding modes by the external environment. Due to the dominant cladding modes, the all-

fiber sensor shows good sensing reliability and sensitivity. 

3.5 Conclusion 

In conclusion, an MZI sensor based on mismatched fiber structure is successfully created 

and simulated that demonstrates its application for sensing temperature and humidity based 

on cladding modes modulation. The sensing experiments are conducted with the structured 

fiber, and it displays good temperature and humidity sensing performance. With CNT 

attached to the fiber, the sensitivity of temperature detection in small ranges is enhanced 

from 0.24561 to 1.65282 dB/°C, and the humidity sensing becomes more reliable for real 

application. The combination of the manufactured MOFI structure and CNT achieves cost-

effective, sensitive, and reliable sensing for both temperature and humidity.  
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4  The Fiber Sensor Based on RCF for 

Dual Demodulation of Temperature 

and RI 

This chapter is reproduced with some adaptations from the manuscript “W. Yuan and C. 

Yu, "Dual Demodulation of Temperature and Refractive Index Using Ring Core Fiber Based 

Mach-Zehnder Interferometer," Micromachines (Basel) 12(2021).” 

 

In this chapter, an RCF-based fiber sensor is proposed and experimentally 

demonstrated that can be used for simultaneous measurement of temperature and 

RI. The proposed sensor is based on MZI structure, which is constructed by RCF, NCF 

and SMFs. The RCF is firstly fusion spliced with NCF to form the N-R fiber structure 

which is then sandwiched by two segments of SMFs. The maximum extinction ratio 

of the interference spectra reaches 27 dB with the free spectra range of 12 nm. The 

temperature sensitivity of the proposed sensor reaches 69 pm/℃ and 0.051 dB/℃. 

The RI sensitivity is recorded as 182.07 dB/RIU and -31.44 nm/RIU with the sensing 

ranging from 1.33 to 1.38. It is noted that the interference is insensitive to temperature 

change which indicates that the RI value can be directly achieved by detecting the 

variation of dip intensity. And then, temperature sensing can also be realized by 

analyzing the wavelength shift of the interference dips. 
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4.1 Introduction 

Optical fiber sensors have got widespread attention recently due to their low cost, easy 

manufacturing, small size, resistance to electromagnetic interference and chemical 

corrosion. Fiber optic sensors have been researched and developed in a variety of 

applications, such as the sensing of temperature [74-77], humidity [78-80], RI [81-83], 

strain [84-88], curvature [89-93], pH [94, 95], gas [96-100], and so on. Temperature and RI 

are considered important parameters because they both are of great significance in 

environmental monitoring, liquid quality testing and food safety testing. Researched 

different fiber structures, including fiber Bragg grating (FBG) [101], Mach-Zehnder 

interferometer (MZI) [70, 102, 103], Fabry-Pérot interferometer (FPI) [104, 105], side-

polished fiber [106] and hybrid fiber structure [72, 102, 107] for simultaneous temperature 

measurement and refractive index. The MZI fiber optic sensor is considered to be one of 

the most effective structures. The temperature sensing principle of the MZI sensor is mainly 

based on the change of the effective RI difference and the interference length between the 

magnetic core and the cladding caused by the thermal effect. The effective RI difference 

and the change of the interference length will cause the wavelength shift of the interference 

spectrum, which can be used for temperature demodulation. RI sensing can be realized by 

exciting the evanescent field on the surface of the fiber, and the surrounding materials on 

the evanescent field have an effect on the fiber cladding mode. This will cause changes in 

the amplitude and phase of the light, leading to changes in the interference spectrum. 

In this chapter, the ring core fiber (RCF) based MZI fiber sensor is proposed and 

experimentally demonstrated for dual demodulation of temperature and RI. The MZI sensor 

is fabricated by direct fusion splicing a piece of no core fiber (NCF) to a segment of RCF. 
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Then the formed N-R fiber structure is connected to two pieces of single-mode fibers 

(SMFs). The built SMF-NCF-RCF-SMF structure can be seemed as the miniatured MZI. 

Multiple fiber modes are stimulated in the RCF and combined into the SMF. The 

experimental results demonstrate the good interference effect of the MZI structure with the 

maximum extinction ratio of 27 dB and the free spectra range of 12 nm. The temperature 

sensing is realized by monitoring the wavelength shift of interference dip induced by 

heating and cooling effect and the RI sensing can be implemented due to the adjustment of 

cladding modes’ amplitude and phase induced by surrounding RI change. The RI value is 

expressed by the refractive index unit (RIU). The interference dip intensity and dip 

wavelength shift display different responses to temperature and RI changes which makes it 

possible for dual demodulation of these two parameters. The variation of temperature can 

result in the wavelength shift with the slope of 69 pm/℃ and negligible change of dip 

intensity in limited temperature ranges. The alteration of RI values gives rise to 

simultaneous wavelength shift of -31.44 nm/RIU and dip intensity change of 182.07 

dB/RIU. Thus, the RI can be demodulated by the change of interference intensity and 

temperature sensing can be achieved through the linear relationship between dip 

wavelength with the value of temperature and RI. 

4.2 Experimental setups  

The MZI is fabricated with four segments which consisted of double commercial single-

mode fibers (SMF-28), no core fiber and ring core fiber. The NCF and RCF are purchased 

from YOFC and the diameters of SMF, NCF and RCF are the same at 125 μm which enables 

the direct fusion splicing without diameter mismatching. The lengths of applied NCF and 

RCF are 1mm and 20 mm, respectively. As can be seen from Figure 4.1(a), the cross-section 
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of RCF can be divided into three parts: fiber center (FC), ring core (RC) and cladding area. 

The radii of FC, RC and cladding are 5.45 μm, 9.35 μm and 62.5 μm, separately. Figure 

4.1(b) displays the RI distribution along the fiber diameter (yellow dash line) and the RI of 

RC is 0.0134 larger than that of FC and cladding with the value of 1.44402. 

 

Figure 4.1. (a) The microscope images of RCF and (b) the RI distribution along the diameter 

(dash line) [108]. 

 

Figure 4.2. The schematic diagram of the MZI with the SMF-NCF-RCF-SMF structure 

[108]. 

Figure 4.2 depicts the schematic diagram of the MZI with the SMF-NCF-RCF-SMF 

structure. The blue parts show the SMFs with the diameter of 125 μm and core diameter of 

~8.5 μm. The grey part represents the NCF with the diameter of 125 μm, which has the 

same RI value as that of SMF cladding. The yellow part depicts the RCF and the details are 

shown in Figure 4.1. The lengths of applied NCF and RCF are 1 mm and 20 mm, 

respectively. Broadband Source (BBS) with the bandwidth from 1470 nm to 1670 nm is 

used as the light source. The light transmitted in SMF will firstly be coupled into NCF and 
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then be transmitted to RCF in which multiple fiber modes will be excited including FC 

mode, RC mode and cladding modes. Different fiber modes will interfere and be coupled 

in SMF again at the splicing node of RCF and SMF. Generally, the miniatured MZI 

structure can be formed in one single fiber to simplify the structure. By using mismatching, 

tapering or other specific methods, both core mode and cladding modes can be excited, and 

the core and cladding will serve as two paths of MZI. For ring core fiber, it can be physically 

divided into three parts. The ring core can be seemed as one path and the other parts can be 

seemed as the other path. That’s why we claim it as the MZI structure. The MZI sensor is 

placed in the heating oven for temperature sensing and the liquids with different sugar 

concentrations are applied for RI sensing. The RI values of different liquids are measured 

and labeled using a commercial saccharimeter. The optical spectrum analyzer (OSA, 

YOKOGAWA, AQ6370D) with the measuring range of 600-1700 nm is utilized for spectra 

recording. 

4.3 The sensing mechanism 

 

Figure 4.3. The Rsoft simulation results of (a) SMF-RCF-SMF structure and (b) SMF-NCF-

RCF-SMF structure [108]. 

To study the effect of NCF on the MZI structure, the Rsoft simulation work is done 
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and the results are shown in Figure 4.3. The modeling of fiber structures with SMF-RCF-

SMF and SMF-NCF-RCF-SMF is conducted with the simulation tool of BeamPROP. For 

SMF, the diameters of core and cladding are set to be 8.5 μm and 125 μm with the RI values 

of 1.4504 and 1.4447, respectively. The lengths of NCF and RCF are built as 1 mm and 20 

mm. The RCF is modeled under the measurement results shown in Figure 4.1. The 

wavelength of 1550 nm is chosen as the free-space wavelength and the grid sizes on 

different axes of X, Y and Z are set to be 0.2 μm. Actually, we have done the simulation 

with different grid sizes and we find that the results are almost the same. If the grid size is 

set to be much smaller, the one-time simulation could be very expensive. For example, the 

one-time simulation would take more than 24 hours when 0.1 µm is chosen as grid size. 

Considering both relatively precise grid size and simulation time consumption, we change 

and choose the grid size of 0.2 µm in the X, Y and Z directions. As can be seen from Figure 

4.3(a), the light is coupled from SMF to RCF and the mismatched interface between SMF 

and RCF gives rise to the energy redistribution which excites multiple modes in RCF 

including the FC mode, RC mode and cladding modes. The light energy is mainly coupled 

in FC mode and RC mode which induces the relatively weak cladding modes. By applying 

the NCF, as shown in Figure 4.3(b), the cladding modes are enhanced and RC mode 

becomes weaker which means that the NCF results in the redistribution of light energy 

among FC mode, RC mode and cladding modes. More cladding modes are excited in RCF 

which can significantly enhance RI sensitivity due to the strong interaction of cladding 

modes and surrounding materials. The Rsoft simulation results indicate that the MZI based 

on SMF-NCF-RCF-SMF can potentially serve as a preferable sensor structure on RI 

sensing compared to that based on SMF-RCF-SMF structure. 
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Figure 4.4. The interference spectrum of the MZI (inset) and the FFT spectrum [108]. 

The interference spectrum of the MZI sensor based on SMF-NCF-RCF-SMF structure 

is displayed in Figure 4.4 (inset). No distinct interference pattern can be recorded if the 

NCF is removed from the fiber structure. Actually, without the introduction of NCF, there 

was no obvious interference occurring which means that the temperature sensing cannot be 

realized. The NCF provides an interface to excite different fiber modes which will interfere 

in the RCF and then be coupled back to SMF. And thus, the interference spectra, which are 

the base for fiber sensing, can be recorded by OSA.  

The spectrum is recorded from 1500 nm to 1600 nm using OSA with the resolution of 

0.02 nm. In our experiment, the BBS with the bandwidth from 1470-1670 is used as the 

light source. However, in the maximum wavelength range of around 200 nm, the light 

energy distribution is not the same stable which means that the light power at the 

wavelength of around 1470 nm and around 1630 nm shows an obvious decrease compared 

to that at the wavelength ranging from 1500-1610 nm. That’s why we recorded the spectra 

ranging from 1500-1600 nm which contains 8 interference dips that we think could be 

reliable for sensing results. The maximum extinction ratio (ER) is measured to be 27 dB 

and the free spectral range (FSR) is 12 nm. The large ER and FSR enable the demodulation 

of environmental parameters by utilizing both dip wavelength and intensity. The fast 
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Fourier transform (FFT) is conducted and the FFT spectrum is shown in Figure 4.4. Except 

for the fundamental mode, multiple high-order modes are also excited which is in 

correspondence with the simulation results depicted in Figure 4.3(b). The relationship 

between interference spectra variation and the external environment change can be 

explained by the interference equations below:  

𝐼 = 𝐼1 + ∑ 𝐼2
𝑘

𝑘 + ∑ 2𝑚 ⋅ √𝐼1 ⋅ 𝐼2
𝑘𝑐𝑜𝑠 [

2𝜋

𝜆
⋅ (𝑛𝑒𝑓𝑓

1 − 𝑛𝑒𝑓𝑓
2,𝑘 ) ⋅ 𝐿]      (4.1) 

𝐼, 𝐼1 represent the intensity of output light and RC mode. 𝐼2
𝑘

  means the intensity of FC 

mode and multiple cladding modes. 𝑛𝑒𝑓𝑓
1  represents the effective RI of the RC mode and 

𝑛𝑒𝑓𝑓
2,𝑘

 shows that of the FC mode and cladding modes. L is the interference length which 

can be seemed as the length of the RCF. The condition of destructive interference can be 

explained with the following equations: 

2𝜋 ⋅ (𝑛𝑒𝑓𝑓
1 − 𝑛𝑒𝑓𝑓

2,𝑘 ) ⋅ 𝐿/𝜆 = (2𝑚 + 1)𝜋              (4.2) 

𝜆 =
2Δ𝑛eff𝐿

2𝑚+1
                            (4.3) 

Δ𝑛eff means the RI difference between the RC with the FC and the cladding. 𝜆 in Equation 

(3) means the wavelength of the interference dips. 

4.4 Experimental results and analysis 

4.4.1 The performance of temperature sensing 

Figure 4.5 depicts the sensing performance of the RCF based MZI at different 

temperatures ranging from 35 ℃ to 70 ℃ with the interval of 5 ℃. The experiment is 

conducted in the air with the surrounding RI of 1.0. As displayed in Figure 4.5(a), the 

wavelength of the interference dip shows continuous shift with temperature change which 

can be attributed to the alteration of effective RI difference (Δ𝑛eff) and the interference 
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length (L) induced by the thermal effect. The thermal-optic coefficient of Ge-doped silica 

core is larger than that of fused silica cladding which means that Δ𝑛eff will increase with 

the rising of the temperature and the redshift of dip wavelength can be observed [70]. In 

addition, the rising and declining of temperature will give rise to the expansion and shrink 

of the fiber length and further lead to the red and blue shift of the dip wavelength. This can 

be explained by Equation (4.3). The mathematical statistics between the temperature and 

the dip wavelength are implemented and the result is displayed in Figure 4.5(b). The red 

line represents the linear fit in the case of temperature increasing and the blue line shows 

that of temperature decreasing. The relationship of temperature and dip wavelength shows 

good linearity in the process of both temperatures rising and declining and the adjusted R 

square values (R2) are both 0.99. The slope of temperature increasing is calculated to be 68 

pm/℃ and the 69 pm/℃ slope is achieved when temperature decreases. The results are 

better than that reported in [109] which can be attributed to the different ring core sizes of 

the applied fiber. It should be noted that to make sure the temperature can be technically 

stable and measured reliably, a large heating oven was used in the experiment which means 

that we have to put not only the fiber part but also the fiber holders into the heating oven. 

The temperature change will inevitably give rise to the small change of fiber holding status 

which may further lead to very slight bending of fiber sensor and that’s why the dips 

wavelength of “Temperature Decreasing” shows total shift compared to that of 

“Temperature Increasing”. And also, it can be found that the slopes of linear fit in the 

processes of both “Temperature Increasing” and “Temperature Decreasing” are the same 

which means that no uncertain influence occurs. We think proper packaging of the fiber 

sensor can eliminate the differences.   
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Figure 4.5. (a) The interference spectra of the proposed MZI sensor at different temperatures 

from 35 ℃ to 70 ℃ with the interval of 5 ℃ and (b) the relationship between temperature 

and dip wavelength with temperature increasing and decreasing [108].  

The statistics of temperature and interference intensity are also conducted which is 

depicted in Figure 4.6. The dip intensity shows very slight alteration as the temperature 

changes. The linear fit gives the slope of 0.051 dB/℃ which means that the intensity of the 

interference dip at around 1508 nm is insensitive to thermal effect. 

 

Figure 4.6. The relationship between temperature and intensity of interference dips at the dip 

wavelength around 1508 nm [108]. 

4.4.2 The performance of RI sensing 
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Figure 4.7. (a) The MZI interference spectra with different RIs ranging from 1.33 to 1.38 

with the interval of 0.01 and (b) the relationship between RI and the intensity of interference 

dips [108]. 

The MZI can also be used for RI sensing because the excited cladding modes induced 

by NCF are sensitive to surrounding RI and the results are shown in Figure 4.7. Unlike the 

FC mode and RC mode which transmit around the center of RCF, cladding modes will be 

reflected on the interface of fiber cladding and air. Thus, cladding modes can be sensitive 

to the variation of surrounding materials which can easily tune both the amplitude and 

phase of the cladding modes. The interference spectra will display the corresponding 

alteration according to the change of the external environment. Figure 4.7(a) presents the 

sensing results with different values of RI ranging from 1.33 to 1.38 with the interval of 

0.01 at room temperature (~25 ℃ ). With the step increasing of surrounding RI, the 

interference spectra show a blue shift which can be explained by Equation (4.3). In addition, 

the change of external RI values can also lead to the amplitude change of cladding modes 

which gives rise to the alteration of interference intensity as shown in Equation (4.1). It 

also can be noticed that the dip shapes show slight changes. As we know, the intensity of 

the interference dips can be influenced by the light intensity transmitting in different paths 

(including core path and cladding path). The equal energy distribution of two paths can lead 

to large intensity of interference dips. Thus, the intensity of cladding modes will be strongly 
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affected by the surrounding RI which can result in the “leak” of light energy and that’s why 

the dip intensity can be further influenced. The dip shape is formed due to the interference 

between the core mode and cladding modes. The shape of interference dips we suppose is 

influenced by the excited multiple cladding modes which will be tuned with the variation 

of RI. 

Figure 4.7(b) displays the relationship between RI and the dip intensity. The 

experiment is repeated and the error bars are signed as black triangles. The RI sensitivity is 

calculated to be 182.07 dB/RIU with the linearity of 0.98. Compared to the dip intensity 

change induced by the thermal effect, which is 0.051 dB/℃  shown in Figure 4.6, that 

influenced by RI is obviously much more remarkable. This makes it possible for direct 

demodulation of RI with the dip intensity by ignoring the weak influence generated by the 

thermal effect. 

 

Figure 4.8. The mathematical statistics of RI and wavelength shift at the dip of around 1505 

nm [108]. 

Figure 4.8 depicts the linear relation between RI and dip wavelength and the slope is 

calculated to be -31.44 nm/RIU. The temperature hence can also be demodulated by using 

the linear equations between wavelength shift with the variation of RI and temperature： 
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𝛥𝜆 = 0.069 ×  𝛥𝑇 + (−31.44)  ×  𝛥𝑅𝐼              (4.4) 

𝛥𝑇 =  
1

0.069
 (𝛥𝜆 +  31.44 ×  𝛥𝑅𝐼)                 (4.5) 

where 𝛥𝜆  means the wavelength shift, 𝛥𝑇  is the change of temperature and 𝛥𝑅𝐼 

represents that of RI. 

4.5 Discussion 

It should be noted that the liquid with different RI used in the experiment is measured at 

room temperature using a commercial saccharimeter so that we can make sure the RI values 

are accurate. However, the liquid RI will be changed when the temperature is varied. Thus, 

if we simultaneously tuned the temperature and RI, the precise value of RI cannot be 

recorded well which will result in the measurement error. In our lab, the real-time 

measurement of liquid RI cannot be realized and that’s why we cannot get the output while 

the temperature and index were simultaneously being varied. 

In addition, we have mentioned the limited ranges while dual-mode operation can be 

conducted. It is true that 1 dB/20℃ is a big change and that’s why we claim that the dual-

mode operation must be controlled in the range of 35℃. The RI sensitivity is 182.07 

dB/RIU which means that 0.01 RIU change will result in 1.82 dB variation which is larger 

than 1.75 dB variation induced by 35℃ temperature change. By proper demodulation 

method, we think the error can be controlled in small ranges. However, considering the 

existing measurement error, we think the temperature range should be narrowed and the RI 

range needs to be specified. Thus, although the influence of thermal effect on interference 

dip intensity is slight (0.051 dB/℃) in the temperature range from 35 ℃ to 70 ℃ based 

on our measurement, large temperature variation can still result in a nonnegligible impact 

on dip intensity which will lead to a relatively large error on the demodulation of RI. 
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Therefore, in our experiment, the dual demodulation of temperature and RI will be confined 

in a finite temperature range (within 20 ℃ variations) to make sure the measurement error 

be controlled within reasonable limits. Future work can be done to seek the solution of such 

demodulation method that enables sensor application within a large measurement range, 

such as optimizing fiber structure or utilizing material assistance.  

The bending will also be the non-negligible factor for the fiber sensor. In our 

experiment, the bending of the fiber sensor will truly affect the results. We did some 

research on this and found that the bending will lead to a blue shift of the dip wavelength 

with the sensitivity of around -3.68 nm/m-1. That’s why we have to make sure the fiber 

structure being straight when we are measuring the temperature and RI. We believe proper 

packaging can eliminate the influence of curvature and realize reliable sensing of 

temperature and RI. 

4.6 Conclusion 

In conclusion, the MZI fiber sensor based on SMF-NCF-RCF-SMF structure is 

successfully achieved. The experiments on temperature and RI sensing are conducted and 

dual demodulation of temperature and RI can be realized with the temperature variation 

under 20 ℃ and RI resolution of 0.01 ranging from 1.33 to 1.38. The maximum sensitivity 

of temperature sensing is 69 pm/℃ and that of RI sensing reaches 182.07 dB/RIU and -

31.44 nm/RIU with the intensity and wavelength demodulation methods, respectively. The 

proposed MZI sensor has advantages of cost-effective source, ease of fabrication and high 

sensitivity for both temperature and RI sensing. In addition, based on the cladding modes 

modulation, the MZI sensor reveals good potential for diverse applications, such as relative 

humidity sensing and pH sensing assisted with chemical materials. Future works will be 

conducted to extend its applications on various environmental monitoring.  
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5  The RCF-Based Sensor Used for 

Simultaneous Measurement of 

Temperature and Curvature 

This chapter is reproduced with some adaptations from the manuscript “W. Yuan, Q. Zhao, 

L. Li, Y. Wang, and C. Yu, "Simultaneous measurement of temperature and curvature using 

ring-core fiber-based Mach-Zehnder interferometer," Optics Express 29, 17915-17925 (2021).” 

 

In this chapter, an MZI fiber sensor based on RCF is proposed and successfully 

fabricated for the detection of temperature and curvature. The MZI fiber sensor can 

be applied for the detection of both temperature and curvature base on different 

sensing mechanisms. The experimental results indicate that the proposed sensor has 

a maximum temperature sensitivity of 72 pm/℃ and the linearity reaches 0.9975. 

The experiments on curvature sensing were also conducted. The measurement range 

for curvature sensing is recorded from 1.3856 m-1 to 3.6661 m-1 with the sensitivity up 

to -3.68 nm/m-1. Meanwhile, the linearity is calculated to be 0.9959 which presents 

the remarkable and reliable sensing performance. By using the 2×2 matrix, the 

simultaneous measurement of temperature and curvature can be realized. 
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5.1 Introduction 

In modern society, the status of optical fiber sensors is becoming more and more important. 

Fiber optic sensors have unique advantages, such as low price, easy preparation, excellent 

electromagnetic resistance, high sensitivity and so on. Fiber optic sensors have many 

applications, such as temperature [75-77, 110, 111], RI [112-117], strain [85, 118-122], 

bending [90, 123-126], gas [96, 99, 127-130] and humidity [131-135] detection. Among 

these parameters, the curvature is very important because it’s significant in various 

applications including aircraft, large buildings, road and bridge engineering, precise 

instruments, etc.  

Diverse fiber structures have been studied for curvature sensing. For instance, Tian et 

al. reported the twisted single-mode–multimode–single-mode hybrid fiber structure 

offering the curvature sensitivity of -2.42 nm/m–1 over a curvature measurement range of 0 

– 1.7390 m–1 [89]. Dong et al. proposed the cascaded fiber interferometer with the 

sensitivity of 4.362 nm/m−1 in the measurement range of 0 – 1.134 m−1 [91].  Jiang et al. 

reported the Mach-Zehnder interferometer (MZI) based on D-Shaped Fiber Grating and 

achieved the sensitivity up to 87.7 nm/m−1 to the low sensing range from 0 to 0.3 m−1 [92]. 

Barrera et al. used the Long Period Gratings (LPG) in multicore fibers and realized the 

linear sensing from 0 to 1.77 m–1 with the sensitivity up to -4.85 nm/m–1 [90]. Gong et al. 

presented the fiber interferometer with two peanut-shaped structures and got the -21.87 

nm/m−1 with the sensing ranges from 2.5 m−1 to 4.2 m−1 [136]. Generally, the fiber sensors 

can be sensitive to the surrounding environment, especially to temperature. The variation 

of temperature can give rise to the change of interference patterns which will further result 

in the inevitable measurement error of curvature sensing. Thus, the simultaneous 
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monitoring of temperature and curvature will be the practical solution for measurement 

error reduction and also be of great importance for the widespread applications of 

multiparametric fiber-optic sensors with high-precision experimental results. 

In this chapter, we report an MZI fiber sensor constituted by RCF, NCF and SMFs for 

the detection of temperature and curvature. Due to the identical diameters of the three kinds 

of fibers, the sensor can be prepared through the method of direct fusion splicing. The fiber 

sensor can be formed by two steps: firstly, the NCF is spliced with the RCF to generate the 

N-R structure; secondly, the N-R structure is connected to two segments of SMFs which 

serve as the lead-in and lead-out fibers. The fabrication process of direct fusion splicing 

makes sure that the fiber sensor can have a sturdy structure compared to other fiber 

structures, such as thin-tapered fiber or side-polished fiber. In addition, the easy preparation 

method can also guarantee the repeatability of the sensor configurations. The MZI fiber 

sensor can be applied for the detection of both temperature and curvature base on different 

sensing mechanisms. The experimental results indicate that the proposed sensor has a 

maximum temperature sensitivity of 72 pm/℃ and the linearity reaches 0.9975. The 

experiments on curvature sensing are also conducted. The measurement range for curvature 

sensing is recorded from 1.3856 m-1 to 3.6661 m-1 with the sensitivity up to -3.68 nm/m-1. 

Meanwhile, the linearity is calculated to be 0.9959 which presents the remarkable and 

reliable sensing performance.  

The advantages of the proposed sensor in this work are listed below: 

1. The novelty of the sensor structure. We firstly proposed the SMF-NCF-RCF-SMF 

structure that is used for curvature sensing. The theoretical analysis, simulation and 

experiments are all conducted to elaborate the mechanism and performance of the MZI 

sensor. The specific RCF is studied in detail to illustrate the light transmission and 

interference occurring. 
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2. Good repeatability of structure and data, and reliable sensing performance. By 

using NCF, the multiple cladding modes can be excited at the interface of NCF and 

RCF. Unlike the mismatched fiber structure and multi-core structure which may need 

precise mismatched distance or core-to-core splicing that leads to the difficulty of 

repeatability, our structure with a simple and effective fabrication method enables good 

repeatability of fabrication. The linearity of curvature sensing reaches 0.9961 and 

0.9969 for curvature increasing and decreasing which demonstrates good repeatability 

and reliable sensing performance. It has been manifested that the experimental data 

obtained from the proposed structure is reliable and highly repeatable, which in turn 

proves the effectiveness of our homemade structure of MZI-based fiber sensor with the 

unique easy-to-fabricate feature.  

3. The cost-effective, tiny and portable sensor structure. The commercial RCF (YOFC) 

has the cost of 10 RMB/m and the 2-cm RCF used in the MZI sensor makes its cost 

even lower. The direct splicing method also provides a convenient and cost-effective 

fabrication process. The interference occurring in a single fiber enables a miniatured 

MZI structure which gives rise to a tiny and portable sensor.  

4. Acceptable sensitivity of both curvature and temperature. It is admitted that the 

sensitivity of the proposed senor is not top-level. The temperature sensitivity of 72 

pm/℃ and curvature sensitivity of -3.68 nm/m-1 are better compared to many kinds of 

fiber sensors. In addition, the advantages mentioned above enable the proposed fiber 

sensor to monitor curvature and temperature reliably in a relatively large sensing range 

with low cost. 
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5.2 Experimental setups 

5.2.1 The structure of the curvature sensor 

The NCF and RCF are purchased from Yangtze Optical Fiber Company (YOFC). As can 

be seen from Figure 5.1, the microscope image of NCF is shown on the left and that of RCF 

is displayed on the right. The diameters of NCF and RCF have the same value of 125 μm 

which is identical to that of SMFs. Thus, the fiber sensor can be prepared by direct fusion 

splicing without structural mismatch. The NCF is the uniform SiO2 material while the RCF 

can be divided into three parts: fiber center (FC), ring core (RC) and cladding area. From 

the microscope image of RCF in Figure 5.1 (right), it can be clearly found that the diameter 

of RC is 18.7 μm and that of FC is 10.9 μm. In addition, according to the information 

provided by YOFC, it is known that the RI of FC and cladding is 1.44402 and that of RC 

is 0.93% higher which is 1.45745.  

 

Figure 5.1. The microscope images of section views of NCF and RCF [137]. 

5.2.2 The experimental setups for curvature sensing  

The experimental setup is shown in Figure 5.2(a) and Figure 5.2(b) displays the schematic 

diagram of the MZI fiber structure. The MZI sensor is primarily formed by fusion splicing 



CHAPTER 5 

76 
 

1-mm NCF with 20-mm RCF. Then the N-R fiber structure is connected with two segments 

of SMFs. The fiber sensor is held by two fiber holders which are fixed on the translation 

stations. One of the stations is immobilized and the other one can be tuned by rotating the 

controller. The distance between two fiber holders (L0) is set to be 50 mm to enable a 

relatively large sensing range with the moving step of 10 μm. The SMF fusion spliced with 

the NCF is connected to a broadband light source (BBS) with the bandwidth from 1470 nm 

to 1670 nm. The output light of BBS can be coupled into the optical spectrum analyzer 

(OSA, YOKOGAWA, AQ6370D) with the resolution of 0.02 nm through the SMF 

connected with the RCF. 

 

 

Figure 5.2. The schematic diagrams of (a) the experimental setup for curvature sensing and (b) the MZI 

sensor based on the RCF [137]. 

Different curvature values are achieved by tuning the movable station with the step of 

10 μm. The curvature can be calculated by the equation below [138]: 

𝑐 =
1

𝑅
≅ √

24𝑥

𝐿0
3                                     (5.1) 

where C refers to the curvature value, R represents the bending radius, x is the displacement 

of the moveable stage, and L0 is the fiber length between two fiber holders when the fiber 

is straight.  
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5.3 The sensing mechanism  

5.3.1 The principles of temperature and curvature detection 

As well known, the interference of MZI structure depends on the differences of different 

arms. The interference patterns are determined by the discrepancy of arm’s length and 

effective RIs. For the proposed MZI sensor in this chapter, the physical lengths of the core 

arm and cladding arm are exactly the same due to the miniatured MZI structure based on 

one single RCF. Thus, this means that the interference occurs due to the effective RI 

difference between fiber core and cladding. The intensity of the output light can be 

expressed by the equation below: 

𝐼 = 𝐼1 + ∑ 𝐼2
𝑘

𝑘 + ∑ 2𝑚 ⋅ √𝐼1 ⋅ 𝐼2
𝑘𝑐𝑜𝑠 [

2𝜋

𝜆
⋅ (𝑛𝑒𝑓𝑓

1 − 𝑛𝑒𝑓𝑓
2,𝑘 ) ⋅ 𝐿]            (5.2) 

𝐼 means the intensity of output light and 𝐼1 is that of RC mode. 𝐼2
𝑘

  represents the intensity 

of FC mode and multiple cladding modes. The effective RI of the RC mode is expressed as 

𝑛𝑒𝑓𝑓
1   and 𝑛𝑒𝑓𝑓

2,𝑘
  means that of the FC mode and cladding modes. L represents the 

interference length of the MZI structure. 

Referring to [139], the relationship between the wavelength of interference dip and bending 

curvature can be written as: 

𝜆𝑑𝑖𝑝 =
𝛥𝑛eff𝐿

2𝑚+1
+

k∙L∙s

2𝑚+1
× 𝐶                             (5.3) 

where m is an integer, k is the constant of the strain RI coefficient. L is the interference 

length. s is the distance between the core mode and cladding modes, C is the bending 

curvature and 𝛥𝑛eff  is the effective RI difference between the core and cladding modes. 

According to equation (5.3), the dip wavelength is linearly proportional to the bending 

curvature with a slope coefficient described as 
kLs

2𝑚+1
. Because of the negative strain RI 

coefficient [140], the wavelength of interference dip will induce blueshift with the increase 
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of bending curvature.  

In addition to the bending curvature, it should be noted that the temperature variation 

can also give rise to the shift of interference dip. The dip wavelength of the destructive 

interference can be calculated by the following equations [68]: 

2π ⋅ (𝑛𝑒𝑓𝑓
1 − 𝑛𝑒𝑓𝑓

2,𝑘 ) ⋅ 𝐿/λ = (2𝑚 + 1)π                          (5.4) 

               λdip =
2Δ 𝑛eff𝐿

2𝑚+1
=

2(Δ 𝑛eff+𝜗Δ 𝑇) (𝐿0+𝑘0Δ 𝑇)

2𝑚+1
                         (5.5) 

Δ𝑛eff means the effective RI difference between the RC mode with the FC mode and the 

cladding modes.  𝜆𝑑𝑖𝑝  means the wavelength of the interference dip. L0 is the initial 

interference length of the MZI at room temperature (25℃). 𝜗 represents the difference of 

thermo-optic coefficient between core and cladding. k0 represents the thermal expansion 

coefficient of the RCF and Δ 𝑇 is the temperature variation. The change of temperature 

will result in two main changes of the fiber MZI. One of the influencing factors is the 

thermo-optic coefficient which determines the variation of the effective RI difference 

between core and cladding and the other is the thermal expansion coefficient that is related 

to alteration of MZI interference length. Because the change of 𝐿 induced by thermal effect 

can be very slight which will bring the negligible influence on interference spectra, the 

thermal response on the MZI sensor can be mainly attributed to the thermo-optic coefficient 

which leads to the change of Δ𝑛eff. According to (5.5), the relationship of dip wavelength 

and temperature depends on the factor  
2𝐿𝜗

2𝑚+1
 which can be seemed as a constant. Thus, the 

theoretical analysis indicates the linear response of dip wavelength to temperature change. 

5.3.2 The Rsoft simulation results 

The simulation work is conducted to exhibit the light transmission in the RCF and bent 

RCF with the curvature of around 1.3856 m-1 which are shown in Figures 5.3(a) and 5.3(b). 
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The modeling of MZI structure and curved structure with SMF-NCF-RCF-SMF is 

conducted using Rsoft with the simulation tool of BeamPROP. For SMF, the diameters of 

core and cladding are set to be 9 μm and 125 μm with the RI values of 1.4504 and 1.4447, 

respectively. The lengths of NCF and RCF are built as 1 mm and 20 mm. The RCF is 

modeled under the measurement results shown in Figure 5.1. The wavelength of 1550 nm 

is chosen as the free-space wavelength. 

 

Figure 5.3. The Rsoft simulation results of light transmission in (a) straight RCF and (b) curved RCF 

[137]. 

 

 

Figure 5.4. The simulated mode distribution of the cross-section region of the straight RCF with the 

transmission distance of (a) 1 mm, (b) 10 mm, (c) 20 mm, and that of the curved RCF with the 

transmission distances of (d) 1 mm, (e) 10 mm, and (f) 20 mm [137]. 
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Further to the light transmission properties of the RCF in different statuses, the mode 

distributions of the cross-section region of the RCF are also simulated and shown in Figure 

5.4. Figures 5.4(a-c) display the mode profiles of the cross-section region of the straight 

RCF at different transmission distances of 1 mm, 10 mm and 20 mm, respectively. It can 

be clearly seen that different fiber modes, including RC mode, FC mode and cladding 

modes, are excited and interfered in RCF and then coupled into the SMF. Benefitting from 

the specific layout of the ring core structure, the fiber modes can be intensely sensitive to 

curvature which means that a slight curvature value will give rise to significant variation of 

fiber modes. Accordingly, the mode profiles of the bent RCF at different transmission 

distances are also simulated which can be found in Figure 5.4(d-f). The curvature-induced 

change in fiber modes will directly result in the change of interference patterns.  

5.4 Experiments and discussions 

5.4.1 The influence of NCF and RCF 

The influence of the length of NCF and RCF on the MZI interference patterns is firstly 

studied and the results are shown in Figure 5.5. In Figure 5.5(a), 1-mm NCF is chosen in 

the MZI structure and fusion spliced with RCF of different lengths of 10 cm, 6.7 cm, 4.3 

cm, 2.5 cm, 2 cm, 1.5 cm, 1 cm and 0.5 cm, respectively. It can be found that the extinction 

ratio (ER) is small when 10 cm RCF is used which can be attributed to the dispersion of 

excited cladding modes. With the decrease of RCF length, the ER is increased and the free 

spectral range (FSR) is widened. Thus, the 2-cm length of RCF is chosen for a relatively 

large FSR and long interference distance for curvature sensing. Figure 5.5(b) displays the 

interference spectra of 2-cm RCF based MZI with different lengths of NCF at 10 mm, 7 
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mm, 5 mm, 3 mm, 1 mm and 0, respectively. The longest NCF (L ~10 cm) used in our 

experiments results in a small ER due to the large transmitting loss in NCF. With the decline 

of NCF length, the ER is increased accordingly. However, it is noticed that the ER of the 

interference pattern becomes tiny without the NCF (0-mm NCF). This is because no 

adequate cladding mode can be excited. On the basis of all the collected results, 1-mm NCF 

and 2-cm RCF are selected to construct the MZI sensor with the proposed all-fiber structure 

of SMF-NCF-RCF-SMF. 

 

Figure 5.5. (a) The interference spectra of 1-mm NCF MZI sensor with different lengths of RCF at 10 

cm, 6.7 cm, 4.3 cm, 2.5 cm, 2 cm, 1.5 cm, 1 cm, and 0.5 cm and (b) that of 2-cm RCF MZI sensor with 

different lengths of NCF at 10 mm, 7 mm, 5 mm, 3 mm, 1 mm and 0 [137]. 

5.4.2 The performance of curvature sensing 

The research on curvature sensing using the RCF based MZI fiber structure is conducted 

and the result is shown in Figure 5.6. The optical spectra are recorded from around 1575 

nm to 1645 nm and five interference dips can be observed in the measurement range. The 

curvature is altered by turning the rotator controlling the movable stage with the step of 10 

μm and the interference spectrum is preserved by the OSA at different steps. Different 

curvature values are recorded as 1.3856 m-1, 1.9596 m-1, 2.4 m-1, 2.7713 m-1, 3.0984 m-1, 

3.3941 m-1, 3.6661 m-1. As can be seen from Figure 5.6, with the increase of the curvature 

value, the wavelength of the interference dip presents a continuous blue-shift which is 
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coincident with the theoretical analysis. To realize the dual demodulation of temperature 

and curvature, two characteristic interference dips are chosen for analysis. The interference 

dip around 1587 nm is named dip 1 and that around 1642 nm is denominated as dip 2.  

 

Figure 5.6. The interference spectra of the MZI fiber sensor with different bending curvatures [137]. 

 

 

Figure 5.7. (a) The interference spectra of dip 1 with different curvatures. (b) the relationship between 

curvature and dip wavelength with curvature increasing and decreasing [137].  

The detailed interference spectra of dip 1 are displayed in Figure 5.7(a) and the 

mathematical statistics of curvature and wavelength are conducted which is shown in 

Figure 5.7(b). The experiments of curvature increasing and decreasing are done by turning 

the rotator that controlled the movable translation station. For dip 1, with the raise of the 

curvature value, the dip wavelength presents a linear blue shift. The sensitivity is calculated 

to be -2.21 nm/m-1 and the linearity reaches 0.9961. The curvature decreasing gives rise to 

the redshift of dip wavelength and the linear fit is shown as the blue line in Figure 5.7 (b). 
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The slope is -2.33 nm/m-1 with the adjusted R-square value of 0.9969 which shows the good 

linearity of dip wavelength and curvature value. The wavelength of dip 2 also displays 

linear blue shift when the curvature is increased and the experimental results are displayed 

in Figure 5.8. In the case of curvature rising, the sensitivity of -3.48 nm/m-1 is achieved 

with the correlation coefficient square of 0.9924. In the process of curvature declining, the 

sensitivity is -3.68 nm/m-1 with the correlation coefficient square of 0.9959. The maximum 

curvature sensitivity of -3.68 nm/m-1 is around 1.5 times larger than that reported in [89, 

141]. 

 

 

Figure 5.8. (a) The interference spectra of dip 2 with different curvatures and (b) the relationship 

between curvature and dip wavelength with curvature increasing and decreasing [137]. 

5.4.3 The performance of temperature sensing 

The experiments on temperature sensing are also conducted and the results are shown in 

Figure 5.9. The interference spectra of dip 1 are displayed in Figure 5.9(a) and Figure 5.9(b) 

presents that of dip 2. According to Equation (5.5), the relationship of dip wavelength and 

temperature depends on the factor  
2𝐿𝜗

2𝑚+1
  which is a positive constant. Thus, with the 

increase of temperature, the dip wavelength tends to show a red shift. As can be seen from 

Figure 5.9(a), the wavelength of interference dip 1 presents a linear redshift when the 

temperature increases from 25 ℃ to 55 ℃ with the step of 5 ℃ which is corresponding to 

the theoretical analysis. Dip 2 gives similar interference patterns compared to dip 1 with 



CHAPTER 5 

84 
 

temperature change which is displayed in Figure 5.9(b).  

 

Figure 5.9. The interference spectra of (a) dip 1 and (b) dip 2 with different temperatures from 25 ℃ to 

55 ℃ with an interval of 5 ℃ [137]. 

 

Figure 5.10. The mathematical statistics of temperature and wavelength shift of (a) dip 1 and (b) dip 2 

[137]. 

The mathematical statistics of temperature and wavelength shifting are displayed in 

Figure 5.10. The values of dip wavelength are recorded and calculated by repeating the 

experiments four times with the temperature increase and decrease. The error bars are 

represented by the triangles and the inverted triangles. For dip 1, the sensitivity is calculated 

to be 70 pm/℃ and the linearity reaches 0.9992. As shown in Figure 5.10(b), the sensitivity 

of dip 2 is measured to be 72 pm/℃ with the linearity of 0.9975. The experimental results 

indicate the good linearity of temperature sensing with the relatively high temperature 

sensitivity which is 6 times larger than that reported in [125] and 1.8 times larger than that 

reported in [142].  
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5.4.4 The method for simultaneous measurement of temperature and 

curvature 

 

Figure 5.11. The linear relationship between curvature and wavelength of dip 1 (red line) and dip 2 

(blue line) [137]. 

In this work, not only the theoretical analysis but also the experiments have been done 

in our work which can be found in Figures 5.6, 5.7, 5.8, 5.9, 5.10. In addition, due to the 

temperature-induced uncertain changes, such as fiber holding status and expansion of 

metal-base, the precise value of curvature cannot be measured in real-time with the tuning 

of temperature. However, based on the measurement principles, temperature sensing is 

mainly based on the factor 
2𝐿𝜗

2𝑚+1
 and curvature sensing is mainly based on the factor 

kLs

2𝑚+1
. 

The two factors won’t be influenced by the alteration of temperature and curvature. Thus, 

we can use the 2×2 matrix to simultaneously demodulate temperature and curvature which 

has been fully demonstrated in literatures [91, 143]. 

Figure 5.11 presents the linear equations of curvature and dip wavelength of dip 1 and 

dip 2 by taking the average values of dip wavelengths with the process of curvature 

increasing and decreasing. The curvature sensitivity for dip 1 and dip 2 reaches -2.27 nm/m-

1 and -3.58 nm/m-1, respectively. 
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The simultaneous measurement of temperature and curvature can be realized by using 

the 2×2 matrix based on the linear relationship between wavelength shift with the variation 

of temperature and curvature: 

[
𝛥𝜆1

𝛥𝜆2
]  =  [

0.07 −2.27
0.072 −3.58

] [
𝛥𝑇
𝛥𝐶

]                            (5.6) 

where 𝛥𝜆1 means the wavelength shifting of dip 1 and 𝛥𝜆2 means that of dip 2.  

By rearranging the matrix provided in Equation (5.6), the temperature and curvature 

values can be demodulated with the transformed matrix below: 

[
𝛥𝑇
𝛥𝐶

]  =  
1

−0.08716
[
−3.58 2.27
−0.072 0.07

] [
𝛥𝜆1

𝛥𝜆2
]                       (5.7) 

Evidently, with the convenient collection of the wavelength shift of the featured 

interference dips, the temperature and the curvature change can be easily deduced with our 

homemade and specially designed MZI sensor. However, it should be noted that the 

curvature sensing of the MZI fiber sensor is realized in the axis direction of the translation 

stage. In the near future, multi-dimensional curvature sensing is expected by improving the 

structure of RCF-based MZI sensors, such as side-polishing or chemical etching, to meet 

the requirements of practical applications. In addition, benefiting from the all-fiber 

structure of the proposed sensor, high stability can be guaranteed due to optical fiber 

properties of structural stability and chemical resistance. 

5.5 Conclusion 

In conclusion, the MZI fiber sensor based on RCF has been successfully achieved for 

simultaneous measurement of temperature and curvature. The theoretical and experimental 

analyses have been done to elaborate on the sensing principle and performance. The 

temperature sensitivity reaches up to 72 pm/℃ with the linearity of 0.9975 in the range 

from 25 ℃ to 55 ℃. The maximum sensitivity of curvature sensing is -3.68 nm/m-1 and the 
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adjusted R square value reaches 0.9959 within the measurement range of 1.3856 to 3.6661 

m-1. Two interference dips around 1587 nm and 1642 nm are selected for data analysis. 

Based on the linear relationship between dip wavelength shift with the variation of 

temperature and curvature, these two parameters can be simultaneously demodulated by 

using the 2 × 2 matrix. The proposed curvature sensor based on the MZI fiber structure has 

the advantages of compact size, low cost and high sensitivity with a large sensing range. It 

also shows good potential for extensive applications such as pH sensing and humidity 

sensing.  
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6  The HCBF-Based Sensor for Human 

Breath Monitoring 

This chapter is reproduced with some adaptations from the manuscript “W. Yuan, L. Li, Y. 

Wang, Z. Lian, D. Chen, C. Yu, and C. Lu, "Temperature and curvature insensitive all-fiber 

sensor used for human breath monitoring," Optics Express 29, 26375-26384 (2021).” 

 

In this chapter, an all-fiber sensor based on hollow core Bragg fiber (HCBF) is 

proposed and successfully manufactured, which can be used for human breath 

monitoring. Benefiting from the identical outer diameters of HCBF and single-mode 

fibers (SMFs), the sensor can be directly constructed by sandwiching a segment of 

HCBF between two SMFs. Based on optical propagation properties of HCBF, the 

transmission light is sensitive to specific environmental changes induced by human 

breath. Thus, the breath signals can be explicitly recorded by measuring the intensity 

of the transmitted laser. The sensor presents a rapid response time of ~0.15 s and a 

recovery time of ~0.65 s. In addition, the HCBF-based sensor shows good insensitivity 

to the variation of temperature and curvature, which enables its reliable sensing 

performance in the dynamic and changeful environment.  
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6.1 Introduction 

Optical fiber sensors have attracted wide attention because of advantages such as cost-

efficient manufacture, ease of fabrication, outstanding electromagnetic and chemical 

resistance, etc. Various fiber sensors have been investigated for widespread applications, 

including temperature [74, 110, 111, 144, 145], humidity [132, 146-148], curvature [92, 

140, 141, 149], refractive index (RI) [82, 83, 115, 150, 151], gas [99, 100, 152, 153], pH 

value [94, 95] and vital signs monitoring [154-162]. The vital signs monitoring, including 

human breath and heartbeat detection, is a promising research direction for fiber sensors 

[155]. Human breath plays an important role in the noninvasive diagnosis of diseases. The 

health status of people can be evaluated by breath frequency and depth which entails the 

sensor with the capability of continuous monitoring and fast response time. To date, a 

variety of specialized optical fiber structures have been developed for human breath 

monitoring. In 2010, Akita et al. developed a hetero-core optical fiber structure coated with 

hygroscopic polymer layers, which can be used for human breath monitoring, and the 

response time reached 400 ms [163]. After that, in 2017, Li et al. reported the side polished 

optical fiber coated by molybdenum disulfide with the response time of 0.85 s and the 

recovery time of 0.85 s [164]. In 2018, Aldaba et al. proposed the sensor based on SnO2 

sputtering deposition on a microstructured optical fiber Fabry-Pérot (FP) sensing head that 

shows a response time of 370 ms and a recovery time of 380 ms [165]. Afterward, Jiang et 

al. demonstrated a fiber sensor by depositing graphene oxide onto tilted fiber grating, 

exhibiting an ultrafast response within ∼42 ms [166]. In 2020, Yi et al. proposed a gelatin 

film-assisted fiber breath sensor consisting of a microknot resonator superimposed on a 

Mach−Zehnder interferometer with an ultrafast response of 84 ms and recovery time of 29 
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ms [167]. However, all the fiber sensors used for human breath monitoring are combined 

with materials that may limit their applications in various ambient. 

In view of this, to overcome the inconvenience brought by materials, we firstly 

propose and experimentally demonstrate an all-fiber sensor based on hollow core Bragg 

fiber (HCBF) used for human breath monitoring. Many HCBF-based sensors have been 

investigated before which demonstrates the excellent performances in sensing applications 

[168-170]. The sensor presented in this work is composed of 2.5 cm-length HCBF, which 

is directly spliced between two pieces of single-mode fibers (SMFs). Due to human breath-

induced cladding modes' dissipation of HCBF, the breath signals can be demodulated by 

the variation of light transmission intensity. Unlike the materials-assisted fiber sensors, the 

fiber sensor proposed in this work is of all-fiber structure. It should be noted that materials-

assisted fiber sensors may have a severe problem with sensor instability which can be 

caused by materials alteration or loose combination due to temperature change or chemical 

corrosion. Herein, we propose an all-fiber sensor to solve the aforementioned problems. 

The HCBF-based sensor shows a fast response time of 0.15 s and recovery time of 0.65 s. 

In addition, the test of the proposed sensor at different temperature and curvature values is 

conducted. The experimental results demonstrate that the sensor is insensitive to the 

variation of temperature and curvature. Moreover, benefiting from the all-fiber structure, 

the stability of the sensor can be guaranteed due to the properties of optical fibers with 

intensely structural stability and chemical resistance. 

6.2 Fiber design and sensor fabrication 
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Figure 6.1. (a) The cross-section view of HCBF and (b) refractive index distribution along the radial 

direction [171]. 

The hollow core Bragg fiber is a kind of hollow core photonic crystal fibers (HC-PCFs) 

in which light is guided in the air core confined by the photonic bandgap cladding. In most 

of the proposed works, the cladding of the HC-PCFs is a periodic arrangement of air holes 

running along the entire length of the fiber. Different from these fibers, HCBF confines 

light in the air core surrounded by one-dimensional rings with low and high refractive index 

functions as Bragg reflectors but not two-dimensional lattice holes. With the increase of the 

pairs of bilayers, the transmission loss decreases, and most of the guided energy will be 

confined and guided in the air core, which is beneficial to high-power light delivery. 

However, in some sensing applications, part of the guided light is expected to spread out of 

the cladding and interact with the external environment to detect specific parameters with 

high sensitivity effectively. According to our previous simulation result and fiber drawing 

experience [172], four pairs of bilayers and a large air core with the diameter of 32 μm is 

an optimized tradeoff. In order to match with link fiber, the 125 μm outer diameter of the 

HCBF is the same as the outer diameter of an SMF. The cross-section view of the proposed 

HCBF is photographed by scanning electron microscope (SEM) and the refractive index 

distribution is shown in Figure 6.1. We have done the simulation work of the proposed 

HCBF to get the optimal parameters of the core diameter and one-dimensional Bragg rings. 

To meet our experimental requirements, the energy distribution between guide mode and 
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leakage mode should be well designed so that the light will not be completely bound into 

the core (which will lead to a very low sensitivity) and also will not leak out completely 

(which will cause very large transmission loss). Actually, the four bi-layers HCBF structure 

is not the only optimal design in the simulation results. However, considering the errors 

(deformation, asymmetry, etc.) in the drawing process, the prepared four bi-layers structure 

can achieve a better transmission spectrum compared to others. Thus, based on fiber 

drawing experience, four pairs of bilayers and a large air core with a diameter of 32 μm is 

an optimized tradeoff. 

The preform of the Bragg fiber is deposited in the inner side of a commercial silica 

tube by using modified chemical vapor deposition (MCVD) equipment and drawn into 

expected fiber via a modified drawing tower [173]. The high and low refractive index (RI) 

at 1550nm and the thickness of each layer are 1.454, 1.444, 1.06 μm, and 3.07 μm, 

respectively. It is noted that the fiber is fabricated through optical fiber preform melting at 

high temperature (1900 ℃). The Ge ions doped in the core area are hard to diffuse to 

cladding area even at 1900 ℃. After the annealing process, the produced fiber structure can 

have extreme stability. 

 

Figure 6.2. (a) The schematic diagram of HCBF based sensor and (b) the microscope image of splicing 

point between HCBF and SMF [171]. 

 

The schematic diagram of the HCBF-based sensor and the microscope image of the 

splicing point between HCBF and SMF are shown in Figures 6.2(a) and (b). Due to the 
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identical diameters of HCBF and SMF, the HCBF can be manually spliced with SMF 

without size mismatch. A commercial fusion splicer (FITEL, S178A, FURUKAWA) is used 

in the experiment. The discharge amount is chosen as the value of 20 shown in the device 

and the arc duration is 200 ms. The arc power and duration time have been optimized to 

minimize the deformation of the air core and ensure the mechanical strength of the splicing 

points. As can be seen from Figure 6.2(a), the HCBF-based sensor is composed of HCBF 

sandwiched between two pieces of SMFs. Based on the results of our previous studies [172], 

the applied length of HCBF is chosen as 2.5 cm, which can ensure a relatively large 

transmission intensity and the coverage of human breath area. The light can be coupled into 

HCBF through lead-in SMF and collected by the other for data recording and analysis. 

6.3 The sensing mechanism 

 

Figure 6.3. The schematic diagram of the guiding mechanism of the HCBF [171]. 

The guiding mechanism of the HCBF is presented in Figure 6.3. Referring to Figure 

6.1(b), the effective refractive index of the air and the cladding are 𝑛0  and 𝑛𝑒 

(approximately equals to  𝑛1), respectively. With the limited light confining ability of the 

only four bilayers, the light guided in the core can partially leak out of the Bragg rings and 

be reflected from the outer surface of the cladding back into the fiber core. This can be 

explained using the anti-resonant reflecting optical waveguide (ARROW) theory, and the 

cladding of the HCBF can be regarded as an FP etalon. According to the ARROW model, 

the light at the anti-resonant wavelength tends to spread out of the cladding that will result 
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in a loss dip in the transmission spectrum. The anti-resonant wavelength can be expressed 

as 

𝜆𝑚 =
2𝑑

𝑚
√𝑛𝑒

2 − 𝑛0
2

                              (6.1) 

where m is an integer, 𝑛𝑒 represents the effective refractive index of the cladding and d is 

the thickness of the cladding. The wavelength far away from the anti-resonant wavelength 

is called the guided band of HCBF, where the transmission loss is much lower. It is noted 

that the light intensity guided through the fiber at the guided band depends on the photonic 

bandgap effect of the Bragg bilayers and the reflectivity of the outer surface. When the 

reflectivity of the outer surface decreased under specific conditions, the transmission loss 

in the guided band will become higher. It could be a little confusing between the guiding 

mechanism and the sensing mechanism. Actually, the sensing mechanism is on the strength 

of the guiding mechanism. For the proposed HCBF-based sensor, the sensing mechanism 

is that the amplitude of the guiding mode transmitting in the hollow core can be easily 

influenced by human breath. Therefore, the guiding mechanism presented is intended to 

illustrate how the light from lead-in SMF can transmit through the HCBF and thus we can 

know why the proposed sensor can be used for sensing.  

Human breath contains a certain amount of water. When it reaches the HCBF-based 

sensor, this moisture condenses on the outer surface will form an uneven water film, which 

will destroy the uniform silica reflecting surface and increase the transmission loss at the 

guided band. Thus, based on the mechanism, the HCBF sensor can be applied for human 

breath monitoring by detecting the variation of the transmission intensity in the guided band. 

In the human breath monitoring experiment, a single frequency laser within the guided band 

is launched into the fiber, and the transmission light intensity will rise and fall as the 

breathing progresses. 
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Figure 6.4. The transmission spectra of the (a) HCBF and (b) HCC with both lengths of 7 mm [171]. 

We have tested the transmission spectrum of the HCBF with the length of 7 mm to 

study the characteristics of the HCBF, as shown in Figure 6.4(a). Several loss dips in the 

spectrum are consistent with theoretical analysis based on the ARROW theory. Some 

ripples in the transmission spectra are caused by the multiple reflections of the guiding light 

on the inner and outer surfaces of the fiber cladding and the multiple-mode interference. At 

the wavelength far away from the anti-resonant dips, the loss is obviously lower, which is 

beneficial from the ARROW mechanism of the cylindrical HCBF and the photonic bandgap 

effect of the four Bragg bilayers. According to our previous work [172], the minimum loss 

of the HCBF in the guided band is much lower than that of the hollow core capillary (HCC) 

with the same size as our fiber. In order to testify the advantages of the Bragg structure, the 

contrast experiment is carried out. The HCC with inner/outer diameters of 25/125 μm is 

chosen to form the same structure, and the transmission spectra are illustrated in Figure 

6.4(b). The ripples in the transmission spectra of the HCBF are much slighter than those in 

HCC because more light is confined in the core and less involved in the multiple reflections 

in the guided band. The flat and smooth guided band in our human breath monitoring 

experiment is highly advantageous because it can maintain the stability of the transmission 

light intensity even if the transmission spectrum redshifts/blueshifts with temperature or 

curvature fluctuation.  
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6.4 Experimental results and analysis 

6.4.1 Experimental setups 

 

Figure 6.5. The schematic diagram of experimental setups [171]. 

The schematic diagram of experimental setups is displayed in Figure 6.5. The 

broadband light source (BBS) has a bandwidth from 1528 nm to 1603 nm with fixed optical 

power of 10 mW. The tunable laser (TL) can be tuned from 1480 nm to 1640 nm with a 

power range of 0 – 50 mW. The optical spectrum analyzer (OSA, YOKOGAWA, AQ6374) 

with the bandwidth of 350 – 1750 nm and resolution of 0.05 nm is used for recording 

transmission spectra. The photodiode (PD) with 3 dB bandwidth of 3 GHz and Data 

Acquisition (DAQ) Card with the data acquisition rate of 100 K is employed for electrical 

signal collection. The optical paths can be divided into two parts: BBS and OSA are applied 

to analyze optical spectra; TL and PD are used for electrical signal acquisition. The light 

emitted from BBS and TL can be coupled into the HCBF sensor and received by OSA and 

PD, respectively. The electrical signals from PD are collected by the DAQ card, which is 

controlled by LabVIEW on Personal Computer (PC). The collection rate of 1000 Hz and 

sampling points of 50176 are applied for human breath data collection.  

6.4.2 Test on human breath monitoring 
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Figure 6.6. (a) The transmission spectra of fiber sensor without breath (red line) and with breath (blue 

line) and (b) electrical signals without breath (black line) and with breath (red line) [171]. 

The transmission spectra of the HCBF-based sensor are displayed in Figure 6.6(a). 

The optical spectrum is collected from 1528 nm to 1603 nm with the resolution of 0.05 nm, 

and it is seen that three peaks are observed in the measurement range. The red line in Figure 

6.6(a) represents the transmission spectrum under the status of no breath at room 

temperature (RT, 23 – 25 ℃), and the blue line shows that in the status of breathing. 

Obviously, the decrease of peak value at around 1543 nm can be observed when human 

breathe towards the fiber sensor, which can be attributed to the cladding modes depletion 

caused by fiber-surface moisture-content change. Thus, the HCBF-based all-fiber sensor 

can be applied for human breath monitoring based on optical amplitude detection. In 

addition, it can be observed that there is a slight difference of transmission intensity at the 

third peak in Figure 6.6(a) between breath and no breath, which is due to the recovery of 

moisture-content condition on the fiber surface. As seen from Figure 6.6(b), the electrical 

signals of experimental results on human breath monitoring are presented that the black 

line indicates the collected signals without breath and the red line represents that with 

human breath. The TL at 1543 nm with a power of 1 mW is utilized as the light source. The 

laser will transmit through the HCBF and be collected by the PD and DAQ card controlled 

by LabVIEW. It can be observed that breath signals are explicitly revealed with 14 times 

breathing in 50 s and breath interval of around 3.5 s, according with results recorded 
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through human-eye observation. 

 

Figure 6.7. Breath signal with one deep expiration [171]. 

To analyze the relationship between breath and electrical signals, the experiment of 

one deep expiration was conducted, which is shown in Figure 6.7. As generally known, a 

breathing process can be split into inspiration and expiration, and it is readily 

comprehensible that inspiration makes a slight impact on moisture change. As the human 

breath monitoring in this work is based on moisture-content detection, inspiration can be 

seemed as the recovery process of breath sensing. Expiration has a powerful influence on 

moisture around the fiber sensor so that the experimenter kept one deep expiration (lasting 

for around 6 s) towards the sensor for the signal catch. As can be seen from Figure 6.7, the 

signal declines rapidly in the first 2 s, which can be explained by the decrease of light 

transmission due to moisture rising induced cladding modes dissipation. In this process, the 

moisture increasing caused by expiration is stronger than moisture decreasing caused by 

evaporation of water molecules. In 2 – 6 s, although the experimenter continues expiration, 

the signal is reversely enhanced, which can be interpreted that the evaporation process 

becomes dominant.  
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Figure 6.8. (a) Electrical signals with different distances between the human face and fiber sensor at 2 

cm, 5 cm, and 10 cm and (b) response time of human breath monitoring [171]. 

In addition, the distance between the human face and fiber sensor is studied to 

investigate its influence on sensing performance. As can be seen from Figure 6.8(a), 

different distances of 2 cm, 5 cm, 10 cm are set for data recording. The blue line represents 

the breath signals detected at the distance of 2 cm, and the red line shows the sensing results 

at 5-cm distance. It is clear that there are slight differences between the two sets of signals. 

However, as the distance is increased to 10 cm, the amplitude of breath signals decline 

remarkably, which is shown as the black line. Although the 10-cm breath signals can still 

be distinguished, the weak amplitude will lead to measurement errors with a high 

probability. Considering this, the effective distance of the HCBF-based sensor used for 

human breath monitoring is less than 10 cm. Figure 6.8(b) shows the response time of the 

fiber sensor. Based on the data analysis in Fig 6.7, the one breath signal can be divided into 

three parts. The ~0.15 s time slot represents the rapid-declining process of signal amplitude 

induced by human expiration. Then the amplitude of the signal fluctuates and recovers in 

the next ~0.8 s until the end of the expiration process. After that, the sensor is completed 

recovered in the next ~0.65 s within the process of human inspiration. Thus, the response 

time of the fiber sensor is measured to be around 0.15 s. 
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6.4.3 Test on temperature and curvature sensitivity 

For all-fiber sensors used for human breath monitoring, the temperature and curvature will 

be the nonnegligible factors that may lead to significant measurement errors on sensing 

results. In view of this, further experiments are conducted to investigate the potential 

impacts of temperature and curvature on the proposed sensor structure. The fiber sensor 

was located in the temperature chamber with a resolution of 0.1 ℃ for temperature sensing. 

The BBS and OSA served as the light source and spectra recorder, respectively.  

 

Figure 6.9. The transmission spectra of fiber sensor at different temperatures of 25 ℃, 30 ℃, 35 ℃, 

40 ℃, 45 ℃, 50 ℃ [171].  

Figure 6.9 displays the transmission spectra of HCBF based sensor at different 

temperatures of 25 ℃, 30 ℃, 35 ℃, 40 ℃, 45 ℃, 50 ℃. Evidently, the transmission spectra 

at different temperatures approximately maintain the same waveshapes but with a slight 

redshift. The details of the transmission peak at 1543 nm are shown in Figure 6.10(a). It is 

distinct that the light intensity at 1543 nm, which is the applied wavelength of TL for breath 

signal recording, is almost unchanged. The fluctuation of peak values keeps within 0.17 dB 

in the temperature range of 25 – 50 ℃, as shown in Figure 6.10(b), which is negligible 

compared to the 5 dB variation induced by human breath. Hence, the proposed all-fiber 

sensor used for human breath monitoring can be considered temperature insensitive. In 
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addition, the sensor can also be used for temperature sensing based on the wavelength shift, 

which is induced by the difference of RI change between Ge-doped high-index layers and 

low-index layers. Figure 6.10(c) presents the relationship between temperature change and 

wavelength variation at the interference dip of 1550 nm. The sensitivity is measured to be 

16.5 pm/℃ with the adjusted R-square value of 0.9983.  

 

Figure 6.10. (a) The details of transmission spectra at different temperatures of 25 ℃, 30 ℃, 35 ℃, 

40 ℃, 45 ℃, 50 ℃, (b) the peak intensities statistics at different temperatures and (c) the relationship 

between temperature and dip (1550 nm) wavelength [171]. 

 

Figure 6.11. The schematic diagram of the experimental setup for curvature sensing [171]. 

As shown in Figure 6.11, the experiment on curvature sensing can be conducted by 

fixing the fiber sensor on two translation stages (one is fixed, and the other one is moveable). 

By tuning the moveable translation station with a step of 20 μm, different curvature values 

can be achieved. In general, the curvature can be calculated by the equation shown below 

[138]: 
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                                 𝑐 =
1

𝑅
≅ √

24𝑥

𝐿0
3                                    (6.2)                                               

where C represents the curvature value, R refers to the bending radius, x is the displacement 

of the moveable stage, and L0 (8.5 cm) is the fiber length between two fiber holders when 

the fiber is straight.  

The experimental results of curvature sensing are presented in Figure 6.12(a) that the 

transmission spectra are monitored and saved for comparison at different steps. The 

curvature values are set as 0, 0.8841, 1.5313, 1.9769, 2.7957, 3.4240, 3.9537, 4.4204 m-1, 

respectively. It is evident that the transmission spectra show slight variations at different 

bending degrees. To reveal transmission intensity change induced by the bending, the 

relationship between curvature values and peak intensity at 1543 nm is displayed in Figure 

6.12(b). Compared to the 5 dB variation caused by human breath, the curvature-induced 

fluctuation of transmission intensity at 1543 nm is much smaller with a value less than 

0.353 dB. Thus, the all-fiber sensor based on HCBF can be considered as a curvature-

insensitive device for human breath monitoring. The comparisons of overall sensing 

performances between our sensor and previously reported sensors are shown in Table 6.1. 

 

Figure 6.12. (a) The transmission spectra of fiber sensor with different curvature values of 0, 0.8841, 

1.5313, 1.9769, 2.7957, 3.4240, 3.9537, 4.4204 m-1 and (b) the peak intensities statistics at different 

curvature values [171]. 
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Table 6.1. Comparison of the key parameters between the proposed all-fiber sensor and other 

recent-developed fiber-optic sensors in literatures for human breath monitoring [171] 

 

Sensor Structure 

 

Response 

Time (s) 

 

Recovery Time 

(s) 

 

Temperature Insensitivity 

 

Curvature Insensitivity 

Fiber + hygroscopic 

polymer [163] 

0.5 

 

0.4 

 

Not mentioned 

 

Not mentioned 

 

 

Fiber + PEO [79] 

 

0.785 

 

Not mentioned 

 

 

Not mentioned 

 

 

No 

Fiber + MoS2 [164] 0.85 0.85 Not mentioned 

 

Not mentioned 

 

Fiber + MoS2 [174] 0.066  2.395 Not mentioned 

 

Not mentioned 

 

Fiber + SnO2 [165] 0.37 0.37 No Not mentioned 

 

Fiber + GO [166] 0.042 0.115 No Not mentioned 

 

Fiber + gelatin [167] 

 

0.084 0.029 Yes Not mentioned 

 

All-fiber (This work) 0.15 0.65 Yes Yes 

 

6.5 Discussion 

It should be noted that the proposed sensor is not entirely based on the explanation of 

humidity, but the moisture content brought by breath. The human breath is companied by 

temperature change and irregular airflow so that the water vapor brought by human breath 

will show an irregular process of increasing or decreasing. The sensor based on humidity 

is very sensitive, which will in reverse lead to a larger cross response to temperature and 

humidity. To a certain extent, our sensor is not as extremely sensitive as other works 

mentioned before. However, combining with the test results, the sensitivity of the sensor 

for breath monitoring is sufficient to detect and analyze the breathing process. In addition, 
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this makes our sensor more stable in different environments.  

We also do the comparison experiment by controlling variables. It is supposed that the 

possible influence factors of human breath on fiber sensors could be temperature, curvature, 

vibration and moisture content. We have done the tests of temperature and curvature and 

the experimental results indicate that the sensor is insensitive to temperature and curvature. 

Vibration is also one of the very important factors that need to be considered. In the 

experiment, we actually utilize a rubber air blower to simulate the vibration induced by 

human breath and no changes are observed from the optical spectrum and electrical signals. 

The difference between human breath and rubber air blower can be moisture and 

temperature and further experiments on temperature sensing demonstrate that the proposed 

sensor is insensitive to temperature change. Thus, we can make sure that the variation of 

output signals is induced by moisture change brought by human breath but not temperature, 

curvature, or vibration.  

In addition, we think that the experiment of close human breath is different from the 

humidity test in the chamber. Firstly, the human breath is companied by temperature change 

and irregular airflow so that the water vapor brought by human breath will show an irregular 

process of increasing or decreasing. Combining the experimental results and observation, 

we conclude that the moisture content will increase dramatically, reach saturation and then 

decrease rapidly because of the airflow. The human breath is a dynamic process that will 

result in a much higher concentration of water vapor compared to that in the humidity 

chamber.  

We also do the humidity experiment in a humidity chamber, which can provide the 

normal ranges of humidity but found that the effect was much smaller compared to that 

induced by human breath. Actually, the sensor designed to monitor the human breath is 

immobilized in the inner surface of a face mask, so the distance between the sensor and the 
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mouth is set as several centimeters. It is noted that, in our experiment, the concentration of 

water vapor brought by close breathing is far greater than the influence of air humidity, 

which is easy to understand by putting your palms in front of your mouth and breathing. 

By analyzing the experimental result, we believe the condensation of water vapor in the 

dynamic process of human breath is more suitable to explain the principle of our sensor but 

not the simple humidity change. 

6.6 Conclusion 

An all-fiber sensor based on HCBF has been successfully created in this work which 

displays excellent performance on human breath monitoring. The response time of the 

proposed sensor is around 0.15 s which enables the rapid and precise recording of breath 

signals. The applied distance between the fiber sensor and the human face is also 

investigated to reveal its influences on sensing results. Moreover, the HCBF sensor proves 

substantial insensitivity to temperature and curvature variation, which demonstrates its 

reliable sensing performance in different application environments. The proposed all-fiber 

sensor has advantages of low price, ease of fabrication, and insensitivity to the change of 

temperature and curvature, which provides a creative and reliable approach to human breath 

monitoring. 
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7  Conclusions and Suggestions for 

Future Research  

In this chapter, the conclusions of the aforementioned research results are given. And 

also, the extension of the previous works and more potential applications of the 

aforementioned fiber sensors are presented. 
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7.1 Conclusions 

In the thesis, we study the various applications of novel structured fibers for optical 

communication and sensing devices. The light modulators assisted with 2D materials are 

introduced. The mechanism of 2D materials-based light modulation and modulators with 

different fiber structures are presented. The performances of the proposed and successfully 

fabricated light modulator are studied and improved, and the analysis of experimental 

results is included. The experimental results demonstrate a feasible method for all-optical 

light modulation with a down-tapered fiber structure assisted with graphene nanoflakes. 

The measured response time is about 0.4 ns, indicating the potential for optical signal 

processing with the bandwidth of up to 2.5 GHz.  

Then, the fiber sensors are introduced including characteristics of fiber sensors, 

different sensing principles and various physical structures. The fiber sensors are 

constructed by different structures, including mismatched single-mode fibers, ring-core 

fiber and hollow core Bragg fiber. The proposed sensors can be applied in various fields of 

sensing including temperature, humidity, refractive index, curvature and human breath. 

Firstly, a fiber sensor based on mismatched SMFs is proposed and experimentally 

demonstrated which indicates good application on sensing of temperature and humidity 

based on cladding modes modulation. With CNT attached to the fiber, the sensitivity of 

temperature detection in small ranges is enhanced from 0.24561 to 1.65282 dB/°C, and the 

humidity sensing becomes more reliable for real application. Secondly, the fiber sensor 

based on MZI composed of SMF-NCF-RCF-SMF structure is successfully achieved. The 

experiments on temperature, RI and curvature sensing are conducted. Dual demodulation 

of temperature and RI can be realized with the temperature variation under 20 ℃ and RI 

resolution of 0.01 ranging from 1.33 to 1.38. The maximum sensitivity of temperature 
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sensing is 69 pm/℃ and that of RI sensing reaches 182.07 dB/RIU and -31.44 nm/RIU with 

the intensity and wavelength demodulation methods, respectively. The maximum 

sensitivity of curvature sensing is -3.68 nm/m-1 and the adjusted R square value reaches 

0.9959 within the measurement range of 1.3856 to 3.6661 m-1. Two interference dips 

around 1587 nm and 1642 nm are selected for data analysis. Based on the linear relationship 

between dip wavelength shift with the variation of temperature and curvature, these two 

parameters can be simultaneously demodulated by using the 2 × 2 matrix. Thirdly, an all-

fiber sensor based on HCBF has been successfully created which displays excellent 

performance on human breath monitoring. The response time of the proposed sensor is 

around 0.15 s which enables the rapid and precise recording of breath signals. The applied 

distance between the fiber sensor and the human face is also investigated to reveal its 

influences on sensing results. Moreover, the HCBF sensor proves substantial insensitivity 

to temperature and curvature variation, which demonstrates its reliable sensing 

performance in different application environments. 

The all-fiber-based light modulator and fiber sensors are investigated and the research 

will play a very important part in optical communication networks and sensing systems to 

simplify the structures and enrich the functionality of optical components. The works 

presented in the thesis will also be beneficial to explore the novel applications of fibers 

with different configurations.  

 

7.2 Suggestions for future research 

Based on the current research outcomes, it is planned to do the extensive investigation on 

light modulators and fiber sensors.  

For light modulators, we currently focused on the all-optical modulation method 
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assisted with graphene materials which can theoretically provide a high modulation speed. 

However, there are still some defects that will have a great impact on its practical 

applications. The all-optical modulation method is mostly based on the tapered SMF (~ 1 

μm diameter) which is very fragile compared to traditional fiber structures. The structure 

of the light modulator can easily be broken down by external environment changes, such 

as temperature (that will lead to structural expansion and contraction), vibration and so on. 

Thus, the fragile construction of such light modulator will bring large difficulty to its real 

application. The electro-optical modulation method could be the solution to this kind of 

problem. 

 

Figure 7.1. Schematic diagram of electrically controlled graphene-based electro-optical modulator. 

A capacitor is designed for the electro-optical modulator in order to actively control 

the RI of graphene, which is shown in Figure 7.1. The capacitor is of the sandwich structure 

which includes three parts: graphene layer, Al2O3 dielectric layer and the electrode layer 

(Au) [30, 31, 175-177]. The gold electrode can be fabricated by a thermal evaporation 

device and the Al2O3 dielectric layer can be achieved by using the atomic layer deposition 

(ALD) system. The thickness of the dielectric layer is designed to be 30 nm to make sure 

of the large capacity so that small voltage can be used to accumulate a mass of electrons on 

graphene layer. The free carriers on the graphene layer will give rise to the change of 

graphene’s chemical potential, which is also known as Fermi Level. The Fermi Level will 

determine the optical conductivity of graphene which can further influence the RI of 
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graphene. The functions are shown in Equation (7.1) (7.2) (7.3) [178]:    

ns =
2

πℏ2vF
2 ∫ ε[𝑓𝑑(𝜀) − 𝑓𝑑(𝜀 + 2𝜇𝑐)]𝑑𝜀

∞

0
                 (7.1) 

 

σ(ω, μc,Γ, T) =
−je2(ω+j2Γ)

πℏ2 [∫ ε (
∂fd(ε)

∂ε
−

∂fd(−ε)

∂ε
) dε

∞

0
−∫ (

fd(−ε)−fd(ε)

(ω+j2Γ)
2
−4(ε/ℏ)2

)dε
∞

0
]     (7.2) 

 

ng = (εg)
1/2

= (1 +
jσ

ε0ωtg
)
1/2

                       (7.3) 

where ns means the carrier density, vF is the Fermi velocity, ℏ is the reduced Plank’s 

constant, ε  represents energy, 𝑓𝑑(𝜀)  is the Fermi-Dirac distribution, ω  is the radian 

frequency, μc  is the chemical potential,  Γ  means the scattering rate,  T  is the 

temperature, ng  is the refractive index of graphene, εg  is the relative permittivity of 

graphene,  tg is the thickness of graphene, ε0 is the permittivity of free space. Thus, the 

usage of alternating current can realize the fast carriers’ accumulation and dispersion on the 

graphene layer which will implement the alteration of graphene’s RI. Based on this 

mechanism, the Mach-Zehnder interferometer can transform phase change to intensity 

change and ultimately achieve light modulation. 

For fiber sensors, we have introduced a number of fibers (such as FMF, MMF, 

capillary, RCF, HCBF) and fiber structures (such as MZI, FPI, Michelson interferometer, 

Sagnac interferometer) used for multiple parameters sensing. In our works, most of the 

experiments on fiber sensing are conducted by utilizing the properties of the fiber itself 

(SiO2 material). For example, the proposed MZI-based sensor composed of SMF-NCF-

RCF-SMF structure can be applied for sensing temperature, RI and curvature. All the 

parameters can be measured by detecting the variation of light transmittance in the fiber 

sensor which can be attributed to environment-induced alteration of fiber characteristics, 

such as RI distribution, length, etc. However, to some extent, SiO2 may not be the optimal 
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material for measuring different factors. For example, the thermal expansion coefficient 

and thermo-optic coefficient of SiO2 are relatively small which means that the temperature 

sensitivity of all-fiber sensors is relatively low. Thus, in order to improve the sensitivity of 

fiber sensors, many kinds of materials with a larger thermal expansion or thermo-optic 

coefficient can be used as the coater or filler, such as polydimethylsiloxane (PDMS), 

polyimide or graphene material. In addition, under some circumstances, the material 

combination could be indispensable for fiber sensors, such as the measurement of the 

magnetic field, as SiO2 has no response to the variation of the magnetic field.  

Therefore, future work can be focused on materials-assisted fiber sensors to develop 

extensive and practical applications. The packaging technique is also an important problem 

we should attach importance to because materials-assisted fiber sensors may confront a big 

problem of sensor instability which can be caused by materials alteration or loose 

combination due to temperature change or chemical corrosion. By considering both 

advantages and disadvantages of materials combination, a variety of fiber sensors coated 

with materials can be developed which will bring a new milestone for the application of 

optical fiber sensing. 
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