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(ABSTRACT) 

A single piece of optical fiber can be utilized to sense both strain and temperature 

simultaneously. To develop such a sensor, we sandwich a section of two-mode elliptical 

core (e-core) fiber between two partially reflecting mirrors. This configuration can be 

considered as an intrinsic Fabry-Perot interferometer, in which the two-mode, e-core fiber 

serves as the resonant cavity. Two different types of phase modulation can be extracted 

under perturbations of strain and temperature on the fiber. These phase changes are due to 

the two-mode interference and intrinsic Fabry-Perot interference, respectively. The 

relationship between the phase information and the two physical measurands, i.e. strain 

and temperature, can be established using two coupled equations, in which the strain and 

temperature are considered as two unknowns. By solving these two coupled equations, we 

can simultaneously determine the strain and temperature. The waveguide theory and the 

Cross sensitivity analysis of this sensor are presented. The descriptions of four independent 

experiments that have been used to determine the coefficients of the two coupled equations 

are given. The resolutions of the strain and temperature measurements have been obtained 

to be 31 um/m and 4.5 °C, respectively.



Acknowledgements 

I would like to express my sincere gratitude to Dr. Richard O. Claus for his inspiration and 

support in the development of this research project and for serving as my academic advisor 

during the past two years. I would like to thank Dr. Ioannis M. Besieris and Dr. Ting C. 

Poon for serving as my graduate committee members. My acknowledgements extend to Dr. 

Ashish M. Vengsarkar and Mr. Kent A. Murphy for introducing their original idea of this 

research topic to me and for their technical advice and support on this project. I should 

thank Dr. Anbo Wang for generously giving his time and effort in helping me to understand 

fiber optic sensing technology. I would also like to acknowledge all other faculty, staff 

members, and students in Fiber & Electro-Optics Research Center (FEORC) for their 

support in numerous ways in the past two years. 

My acknowledgment also goes to those who taught me physics, from which I have 

benefited immensely during my study here in Virginia Tech. They are Dr. C.Y. Yang, Dr. 

K.H. Liu, Dr. W.E. Collins and Dr. D. Bagayoko in Southern University, Baton Rouge, 

Louisiana, and Dr. M.S. Conradi, Dr. A.E. Carlsson and Dr. J. Klarmann in Washington 

University, St. Louis, Missouri. 

On my family side, it would be too little just to say “thanks” to my great grand father, S.G. 

Chow, without whom I would never have any chance to come to the States for higher 

education. He died of a heart attack two years ago in Baton Rouge, Louisiana. His 

kindness, generosity and humor always live in my heart. I would like to acknowledge my 

other relatives in Baton Rouge, Louisiana, including my great grand mother, Y.F. Shih 

Chow, and her daughters (my great aunts), B.L. Chow Lam, B.C. Chow Hu, and B.C. 

Chow Chen, for their financial and moral support during my higher education here in the 

States. Finally, I would like to acknowledge my parents, H.S. and M.Q. Wang, and my 

two sisters, H.M. Wang and Y.Z. Wang, for their love and care. Every letter or phone call 

from my home in China has always comforted me as well as animated me. We have always 

shared both the hardship and joy together. 

This research was sponsored in part by CIT (Center for Innovative Technology, Virginia) 

and by donations of the faculty and staff members in FEORC. 

Acknowledgements iii



Contents 

Chapter 1 Introduction ................ ccc ccc cece eens cee eensceeeaeceeeneseeecsseenens 1 

1.1 Definition of fiber Optic SENSO ............cceccce nce e ence ete ee eecceeeceensseeseceeseeeseaees 1 

1.2 Types Of SEMSOTS 2.0... cece ecce cence eee eee ce eec eee eeeeeeenaeeeeeeseteeneeeeeeeeeeeeeeeees 1 

1.3 Mach-Zehnder fiber interferometer ...............ccccecceeeseccessseeeeseseeeesaceeseseeeees 3 

1.5 Advantages of optical fiber SENSOTS ...........c.cccecceceeseecceeeectesseceeeseseeesenaeees 7 

Chapter 2 Simultaneous measurement of physical measurands ............... 8 

2.1 Definition of simultaneous MEasUTEMENE ........... 0... cee cceec cece eee ee ene neteeeseneeeeees 8 

2.2 Importance of simultaneous MeasUTEMENL .............ce cece cece eee ee teense ene eeee ones 8 

2.3 Using two-mode elliptical core (e-core) fiber ............. cece cece cenecceeectceceeeeeeees 9 

2.4 Fabry-Perot Configuration .............cccce ese eee eee necec eee eeecene cess eceeseeseeneeesenees 10 

2.5 Demodulation technique ............cccccce cece ceeeeceeeeee ees eee ee en sees eeeneeeetaeeeenenes 11 

Chapter 3 Waveguide theory .................cccccccnccecc cece eeeeeceeeseeesenseeeeseees 13 

3.1 Setting up the wave equations using Maxwell’s equations ................cseeeeeeeeees 13 

3.2 The concept of a propagation MOdE ............ ec cee cece cece eee ecee ee eeecceseneeeeeeenes 15 

3.3 LPo, and LP, ,&%€" modes 2.2.0... cece ccc cece cence ee ee ence ences nes ees eeeeeeeeeeseeens 18 

3.4 Two-mode interference electric field EXpressiON .............. ccc ee seeecenee eee eeeeeeeees 21 

3.5 Output field expression of the two-mode and 

the Fabry-Perot interferometers COMbINE ............... sce eeee eee e eee eee eect eeeeeeeeenes 23 

Chapter 4 Cross Sensitivity ................ ccc cece cece scence eee ceeeeesseeteceseeeseees 27 

4.1 Definition of CrOSS SENSILIVILY ............ ccc ee cccee cece eee e eens nen eeee eee eeeessetenenees 27 

4.2 Mathematical description of cross sensitivity (a first order approximation) .......... 27 

Chapter 5 Experiments ...................ccccceccscccecceeeenecenceeeneenseeeseeeeeeenees 30 

5.1 Experiment guideline .............cccccccccc cence nec eeeseceeceeensceesseenseeeeneceneseeenees 30 

5.2 Fabry-Perot strain MCaSUTEMENL ............ ccc cece eee e ecco eee c cnet ee eeeceeeseeneeeneaees 30 

5.2.1 Experimental set-up ............cccccccecceee cece eee eceeseeteeeseeeeeseseeeseeeseneges 30 

5.2.2 Explanation of the experiment ................ccce cece cece es eeeeeceeneteeeeeeeeeees 31 

5.2.3 Experimental result and discussion ...............ccccescecceccececcceeetceseeeceees 31 

Contents iv



5.3 Fabry-Perot temperature MEASUTEMENL ........... cece cece eee ee eee eee eee cece eeneeenes 33 

5.2.1 Experimental set-up ............c cess eceesenececeneeeeeeneeseenceeseeseneeensenseeees 33 

5.2.2 Explanation of the experiment ..............ccecceeeeecescecceecerceeaeenceeseeeeeees 33 

5.2.3 Experimental result and discussion .............cccccescceeceeeeceeeeecssseneseeaes 34 

5.4 Two-mode strain MeasureMeENt ........... cee cec cece cece nee eceeeeeeeceeseeeseeseeeecesenes 35 

5.2.1 Experimental set-up ..........c..ccccceecenseeceeeeecenceeeseeecesseeesenceeseeeeeeee 35 

5.2.2 Explanation of the experiment ......... 0.0... cee eeceseeeeeee sence eee eeeeceneeeeeeees 36 

5.2.3 Experimental result and discussion .............ccccccccceeccneeeeceenececeeeeenees 36 

5.5 Two-mode temperature MEASUTEMENE ........ cece ccc cee ecco eee e ee eece eee enseeeeneees 37 

5.2.1 Experimental set-up ............cccecccesscesscc cece ence ceesceesceeseeenssesseneennes 37 

5.2.2 Explanation of the experiment ..............ccceeseeeceneeeccenectnceessceneetseeees 38 

5.2.3 Experimental result and GiscussiOn ................sceeseeseeec cess eeseeeseeeeeeees 38 

Chapter 6 Resolution of the sensing system ......................0cccccseeeeeeeees 40 

6.1 Definition of resolution ........... cece cece cece nce eee eect eeteeeeee eens eee eeee esse eeaeees 40 

6.2 Analysis of the resolution for the two-mode, e-core fiber sensor ..................000 42 

Chapter 7 Comclusion .......... 0... cece ccc e cece eee ete nee e nsec eee ne eens este esse eeeenens 44 

References 2.2.0.0... ccc cece cee cece ence eee eee eee e nee nese eeeeeenneeeneeee sees ees enensens 46 

Vib occ cece cence neon eee nee en ee eee e eee ee eee eens eee eee snes eee eens eee eee eee e ees 48 

Contents Vv



1. Introduction 

1.1 Definition of fiber optic sensor 

Technically, a sensor or measurement transducer is a device that converts the state of a 

particular physical measurand into an easily readable form. For example, a simple 

thermometer effectively converts temperature into a number indicating the height of 

mercury. Sensors are present in every walk of our modern life. A smoke alarm in a kitchen, 

a speedometer in a car, and a guidance detector in a rocket are all sensors. Optical fibers 

have long been recognized as transmission media in the optical communication industry. 

Because of the fact that optical fibers have also many other useful characteristics, they have 

been widely utilized in sensing technology. A sensor that is constructed based upon the 

physical principles of optical fiber can be generally referred to as a fiber optic sensor. 

1.2 Types of sensors 

It has been demonstrated that optical fibers can be employed to sense temperature, 

pressure, strain, magnetic fields, and other physical parameters. All fiber optic sensors can 

be classified into two types. They are intensity-modulated and phase-modulated sensors. 

To clarify this concept, let us express the electrical field inside an optical fiber in the 

simplified form, viz. 

E=A sin (kx - ot+y), (1.1) 
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Figure 1-1. A typical electrical field E versus its phase kx - at + y 

Introduction Page 1



where A is the amplitude, k is the wave number, @ is the angular frequency and y is the 

initial phase of the electric field. These four parameters are constants for a given field. A 

plot of electric field versus the phase is shown in Figure 1-1. The intensity of this wave is 

defined as 

I= <E2>= A2/2, (1.2) 

where < > represents the time average over a complete cycle of the electrical field. A plot of 

this intensity versus phase is shown in Figure 1-2. 

Intensity 4 

  A*A/2 

> 
0 | In 4n 6n kx -@t+y   

Figure 1-2. The corresponding intensity of the electrical field versus the phase. 

The operation of intensity-modulated optical fiber sensors is based upon the fact that optical 

intensity may be made to change due to changing environments, such as temperature, 

displacement, speed of rotation and other factors. In most applications, wide band light 

sources, such as LEDs and white light sources, are used. Multimode fibers are ideal for 

most intensity-modulated sensors. Geometric optics is often applied to describe intensity- 

based sensor behaviors. 

Phase-modulated fiber optic sensors, on the other hand, operate based upon the change of 

phase term, kx - wt + wy , due to the changing environment. This type of sensor is also 

known as an interferometric sensor. Mach-Zehnder, Michelson, Sagnac and Fabry-Perot 

fiber interferometers are examples of phase-modulated fiber sensors. The names of these 

sensors are derived from those of their bulk optic counterparts. Because the simultaneous 

measurement of strain and temperature using two-mode elliptical core (e-core) optical fiber 

is an application of phase modulated sensors, interferometric sensors require further 
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exploration here. In the next section, a simple Mach-Zehnder fiber interferometer is studied 

as an example in order to demonstrate the operation of a typical phase-modulated sensor 

system. 

1.3 Mach-Zehnder fiber interferometer 

The schematic diagram of a Mach-Zehnder fiber interferometer is shown in Figure 1-3. 

  

  

      

  

    

      

Figure 1-3. Mach-Zehnder fiber interferometer. 

L: Laser (wavelength A); M: Microscope objective;F: Single mode fiber at A; 

C: 2x2 single mode coupler at A; S: Sensing fiber arm; R: reference fiber 
arm; E: Environment to be monitored; D: Photodetector, SCP: Oscilloscope. 

Here, a collimated laser beam of wavelength A is focused into a single mode fiber through a 

microscope objective. Since this fiber supports only one mode at the wavelength A, the 

electric field inside the fiber can be treated nearly as a plane wave. At the 2x2 coupler, the 

optical power is divided into reference and sensing arms. The sensing arm experiences a 

changing environment such as changes in temperature, axial strain, pressure and magnetic 

fields, which will generally affect the length of the sensing fiber arm or the polarization 

state of the light or other effects [1]. The light traveling in the reference arm does not 

experience this modulation. The two optical signals are combined and divided into two 

paths at the output of the second 2x2 coupler. One of these output fibers is fed to the 

photodetector where the intensity is detected. The other output fiber is generally 

disregarded. The intensity information is converted into an electrical signal (voltage) which 
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is carried on to an amplifier. The amplified signal is finally shown on the oscilloscope. It 

must be emphasized that the output optical signal is the result of interference between the 

light in the sensing and reference arms because these two light beams are generated from 

the same source (the laser). It is also important that the difference between the sensing fiber 

length and the reference fiber length must be less than the coherence length of the light 

source [2]. 

Figure 1-4 further clarifies the action of interference in a Mach-Zehnder sensing system. 

    

  

  

Figure 1-4 (a). Electric field pattern in Mach-Zehnder interferometer. 

Mathematically, the interference can be described by the following. 

The electric field in the input fiber: 

E=Asin (kx- @t). (1.3) 

The electric field in reference arm: 

B= sin (kx - 01). (1.4) 

The electric field in sensing arm: 

E, = sin (kx - wt+ Ad), (1.5) 

where AQ is the phase change induced by the external environment. We ignore the initial 
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phase difference between the reference and sensing arms and also assume the couplers have 

a 50-50 power splitting ratio. 

The total field in one of the outputs: 

E,=77 G& +E). (1.6) 

[he intensity of the reference arm: 

L=<E?2>=A2/2. (1.7) 

The intensity of the sensing arm: 

I, = <E,?2 >= A2/2. (1.8) 

The intensity of the output fiber: 

I, =<E,2> 

= 1/2, +1, +2 A2 < sin(kx - wt) sin(kx - at + Ad) >) 

= A? cos*(Ad/2). (1.9) 

  

  

MM,   

  

  

  

Figure 1-4 (b). Optical intensity levels in Mach-Zehnder interferometer. 

In reality, Ad very often represents the phase difference between the fields in the reference 

and sensing fibers induced by the elongation of the sensing fiber. Therefore, 

Ao = 2n AL/A, (1.10) 

and the intensity expression at the output becomes 

I, = A? cos2(n AL/A), (1.11) 
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where A is the wavelength of light source and AL is the change of fiber length, which may 

be caused by temperature, strain, pressure and other parameters. The output of a typical 

interferometric sensor is shown in Figure 1-5. 
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Figure 1-5. Typical interference fringes. 

By counting the number of sine wave periods (fringes), we can determine the phase 

induced, Ad, from which the exact value of the environmental measurand monitored can be 

derived. It must be noted that the fringe signal only appears when the environmental 

perturbation is active. In other words, if the measurands are stable, there will be a flat DC 

line (constant) on the oscilloscope. Such an effect can also be seen by setting AL equal toa 

constant, which results in a constant intensity output (I,) in Eq.(1.11). 

1 4 Advantages of optical fiber sensors 

In general, optical fiber transducers require much more complicated signal processing 

systems and supporting components than their electronic counterparts. They are also more 

difficult to fabricate and thus they often cost more than conventional electronic sensors. 
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However, optical fiber sensors posses many unique features that electronic sensors cannot 

match. They are: 

(1) High sensitivity. Changes of optical phase can be detected very precisely. 

(2) Light weight. Dielectric materials weigh less than metals. This is crucial in 

the aerospace and many other industries. 

(3) Environmental ruggedness. Optical fiber is immune to electromagnetic 

interference and may be ruggedized to vibration and shock. 

(4) High temperature performance. The melting point of quartz glass is about 

1400°C. Optical fiber can be used to sense temperature and other physical 

parameters such as strain and pressure in a high temperature environment. 

The rest of the thesis is divided as follows. Chapter 2 describes a simultaneous 

measurement scheme using two-mode, e-core fibers. In Chapter 3, starting with Maxwell’s 

equations, general field expressions of both the LPg, and LP; ,°" modes are derived, and 

the field expressions of the two-lobe interferometer and intrinsic Fabry-Perot interferometer 

combined are obtained. The cross sensitivity issue is analyzed in Chapter 4. Chapter 5 

contains the four independent experiments performed to seek four sensitivity coefficients. 

Detailed experimental procedures and considerations about many practical problems are 

also discussed. The resolution of this sensor is addressed in Chapter 6. Conclusions of this 

research and comments about potential applications are presented in Chapter 7. 
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2. Simultaneous measurement of physical measurands 

2.1 Definition of simultaneous measurement 

A single piece of fiber can be utilized to sense more than one physical measurand, such as 

strain and temperature, at the same time. This sensing technique is referred to as 

simultaneous measurement or multiple parameter measurement. 

2.2 Importance of simultaneous measurement 

There are two major motivations for simultaneous measurement. The first motivation is an 

economic consideration. Optical fiber sensors may be constructed as a network over a large 

area of material to monitor the health of the material and structure. This configuration is 

known as a “smart structure” and has direct applications in the aerospace industry. Very 

often the fiber network is embedded inside the material to potentially provide complete 

lifetime monitoring. It is natural to use these embedded fibers to extract as much 

information as possible, for it will be too expensive to use different fibers to monitor 

different environmental parameters. Thus the simultaneous measurement of several 

parameters is required. The second motivation for simultaneous measurement is that to 

measure One parameter such as strain, a signal resulting from another parameter, for 

example temperature, is also inevitably introduced. In other words, it is difficult to make a 

measurement specific. Many temperature-compensated strain gauge optical fiber sensors 

have been proposed [3,4,5,6]. One successful temperature-insensitive strain sensor was 

invented by Murphy et al. [7] and practically employed to measure strain in a high 

temperature facility at the NASA-Langey Research Center. One alternative solution for 

separating strain and temperature is to simultaneously measure both. 

Strain and temperature are the most frequently encountered physical parameters in the 

environment of our interest. What we would like to measure are change of temperature 

(AT) with respect to an initial state and strain, which can be defined as 

Ae = AL/L, (2.1) 

where AL is the fiber elongation and L is the total length of the fiber. 
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2.3 Using two-mode elliptical core fiber 

To simultaneously measure two physical quantities using a single piece of fiber, two 

different physical configurations within the fiber are required such that each of the two 

parameters can be uniquely determined. 

A two-mode, e-core fiber has been demonstrated to be effective for the sensing of strain 

and temperature. It has also been shown that it can be used to construct many optical fiber 

components such as frequency shifters [8], modal couplers [9], and optical switches [10]. 

Since the fiber is operated in its two-mode regime, only the LPp, and LP, ,°’*" modes are 

excited inside the fiber (the detailed waveguide theory is presented in Chapter 3). These 

two linearly polarized modes interfere and produce a two-lobe spatial intensity distribution 

in the fiber. Figure 2-1 shows this phenomenon. 

Two-mode e- / fiber Far field two-lobe pattern 

— cy 6 a 6 @ 

Two-lobe intensity pattern inside the fiber 

  

  

  

Figure 2-1.Two-lobe intensity pattern 

Since the e-core fiber is highly birefringent, the two-lobe intensity pattern is stable [11]. It 

is also realized that the spatial distribution of the intensity outside the fiber endface (i.e. in 

the far field) retains the two-lobe intensity pattern with a 7/2 phase shift relative to the 

pattern at the fiber endface due to diffraction effects [12]. The shape of the two-lobe 

intensity pattern can be modulated by both axial strain and temperature. The two-lobe 

interferometer alone is able to sense either strain or temperature but not both at the same 

time. To simultaneously determine strain and temperature, one more physical configuration 

must be incorporated into this two-mode, e-core fiber. Huang [13], Vengsarkar [14], and 
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Wang [15] have demonstrated different schemes of simultaneous measurement using two- 

mode, e-core fibers. However, all of these schemes either require complicated signal 

processing systems or are otherwise cumbersome, which realistically make them less 

attractive for smart structure and embedding applications. 

2.4 Fabry-Perot configuration 

To effectively reduce the size and weight of the sensing system while keeping the signal 

processing system as simple as possible, a novel simultaneous measurement device is 

proposed, in which an intrinsic Fabry-Perot interferometer (IFPI) is incorporated into the 

two-mode, e-core fiber to resolve strain and temperature. The schematic diagram of this 

configuration is shown in Figure 2-2. 

Two-lobe pattern with 

Fabry-Perot interference 
Two-mode e-core fiber 

| 
Laser / H 

—> fe }— ‘f 
/ 

Partially reflective Partially reflective 

mirror mirror 

  

    

Figure 2-2. Two-lobe intensity pattern with IFPI. 

The fiber section between the two partially reflective mirrors serves as a Fabry-Perot cavity. 

The interference signal of the Fabry-Perot interferometer is encoded within the two-lobe 

intensity pattern at the far field. A spatial filter with a photodetector at the far field can pick 

up both the two-mode and Fabry-Perot interference signals. Notice further that the far field 

two-lobe pattern with Fabry-Perot interference fringes in Figure 2-2 appears only in the 

presence of continuous perturbation on the fiber. If the environment is stable, there will be 

just the two-lobe pattern instead of Fabry-Perot interference signal modulated by the two- 

lobe intensity pattern. 
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2.5 Demodulation technique 

Theoretically, the two-mode interference signal, Fabry-Perot interference signal and the 

superposition of both can be plotted as shown in Figure 2-3. 

  
  

Intensity 

A 

> 

0 Strain/temperature 
change 

Figure 2-3 (a) Two-mode interference signal. 

Intensity 

4 

  
0 Strain/temperature 

change 

Figure 2-3 (b) Intrinsic Fabry-Perot interference signal. 
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Intensity 

4 

  
0 Strain/temperature 

change 

Figure 2-3 (c) The superposition of both the two-mode and 
Fabry-Perot interferometer signals 

From Figure 2-3 (c), we can derive two phases, A®, and A®,, which correspond to the 

Fabry-Perot and the two-lobe signals, respectively. In reality, both A®, and A®, depend 

on strain and temperature in the fiber to different extents. Two coupled equations containing 

both strain (Ae) and temperature change (AT) can be established. For a first order 

approximation (the detailed analysis is presented in Chapter 4 ), these conditions can be 

expressed by 

AO, =A* Ae + B*AT, (2.2a) 

and 

AQ, =C* Ae + D* AT, (2.2b) 

where A, B, C, and D are constants that can be determined experimentally through 

calibration procedures. By counting both Fabry-Perot and the two-lobe fringes using this 

configuration, we can determine both A@, and A0, and use Eqs.(2.2a) and (2.2b) to 

simultaneously resolve the strain (Ae) and temperature (AT) on the fiber. 
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3. Waveguide theory 

The two-lobe spatial intensity distribution inside a two-mode, e-core fiber is the result of 

the interference between the LP), and LP, ,°ve" linearly polarized modes. To thoroughly 

understand this phenomenon, the electric field expression inside the fiber must be derived. 

Then the square of this electric field can be expressed to describe the spatial intensity 

distribution on a cross section of the fiber core. To accomplish this task, Maxwell’s 

equations are employed along with appropriate boundary conditions for a cylindrical 

dielectric wave guide. The effect of Fabry-Perot interference can also be incorporated with 

the two-lobe pattern in terms of derived electric fields. 

3.1 Setting up the wave equation using Maxwell's equations 

To find the electric field in the fiber, we use the cylindrical coordinate system as shown in 

Figure 3-1. 

Cladding 
  

  

Core 

Figure 3-1 (a). Cylindrical coordinate system. 
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AX 

a WO 
Figure 3-1(b). Cross section of the fiber core. 

  
We will use a circular waveguide instead of an elliptical waveguide in analyzing the two- 

mode, e-core fiber. To obtain the electric field at a point (p,0,z) inside the fiber core, we 

apply Maxwell’s equations for a source-free and lossless dielectric (glass) medium, viz. 

VxE = - j op, and (3.0a) 

VxH = j weE, (3.0b) 

where E and H are the electric and magnetic fields at (p,,z) in the fiber core, respectively, 

and @ is the angular frequency of the light source. In this cylindrical coordinate system, a 

guided wave which propagates in the fiber along the positive z axis can be expressed as 

=> 

E=Re | E5(p.0) exp|j(ot - B,2)]}, (3.1a) 

H = Re{H,(9.6) exp[j (xB, 2)|} (3.1b) 

where B, is the phase constant of the wave. Using Eqs. (3.0a) and (3.0b), Eo and Ho can 

be expressed in terms of their field components (scalars) as 

, (3.2a) 

  

dE, dH, E =- 
Pg 46 ars ap 
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ey=- (5,1. oH, (3.2b) 
Bp. \ ~? a dp 

_ j JE. 10H H, =--L(p, S2- pl | (3.2c) Pp 2\'8 9 B: PP a6 

Hy=-A,(p, 1+ oy Me , (3.2d) 
p, \ Po dp 

dE ,08 ,2E 2 —2+1—2,1 248 E, =0, and (3.3a) 
ap- Pap pp” a 

2 2 

oF 1S oe pH =0, (3.3b) 
dp Pop p° am 

where 

2 2 2 2 9 
B,=B -B, andB =wye. (3.4) 

In order to determine the electric and magnetic fields, and hence the intensity inside the 

fiber, we must solve the two differential equations (3.3a) and (3.3b) with appropriate 

boundary conditions and then substitute E, and H, into Eqs. (3.2a) through (3.2d) to 

obtain the other field components. 

3.2 The concept of a propagation mode 

There is a problem solving Eqs. (3.3a) and (3.3b) because, as indicated in Eq. (3.4), B, is 

an unknown (for B, is an unknown). The phase constant B, can be determined by 

imposing the field boundary conditions at the interface between the core and the cladding. It 

turns out (it will be shown) that there are many B, that satisfy the same boundary 

conditions. We will also show that there are many such waves with different B, which can 

propagate in the fiber. Each of these waves is referred to as a wave mode. Different wave 
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modes have different phase velocities. In fiber optic communication, single mode operation 

is often preferred in order to avoid intermodal dispersion of signals. The rest of this section 

is used to determine B, and the number of guided modes for a given structure (fiber 

configuration) and light source frequency (0). 

Starting with Eq.(3.3a) (a similar procedure can be used for Eq.(3.3b)), we apply the 

method of separation of variables. Assume that 

E, = P(p) ®() . (3.5) 

Substitute into Eq.(3.3a), to obtain 

2 

2° +n? =0, and (3.6) 

a 

P,P (2 wp 
——+l—4/p-2 | p=o, (3.7) 
ap” p 9 p? 

where n is an integer. The solution of Eq.(3.6) may be expressed as a sine (or cosine) wave 

and the solution of Eq.(3.7) in terms of Bessel functions of order n. For a given structure, 

letn, and n, be the refractive indices of the fiber core and cladding, respectively. In order 

to satisfy the total internal reflection condition, we demand 

nN, >No. (3.8) 

We further require that the electric field in the core be finite and the electric field in the 

cladding decay radially outward. Therefore, a general solution can be written as 

E, =(A,J.(B.p) + B,K,®,|p))(C,sin (ng) + D,cos (nd)), (3.9) 

where A,, B,, C, and D, are all constants. Since B, is real in the core region and imaginary 

in the cladding region, consulting Eq.(3.4), we obtain 

kno <f,<kn, (3.10) 
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where k is the propagation constant of a plane wave in free space. For the sake of 

discussion,we define 

1/2 2 
u=(k?n,?-B,’| a, and (3.11a) 

2 1/2 
w=(B, . kK? n,?| a, (3.11b) 

where “a” is the radius of the fiber core. Combining Eqs. (3.11a) and (3.11b), we obtain 

u? + w? =k? n,7a7 A, and (3.12a) 

n.2- n2 
As | (3.12b) 

2n,? 

Keep in mind that u and w contain the phase constant B.- Substituting Eq.(3.9) into Eqs. 

(3.2a) through (3.2d), and similarly after solving Eq.(3.3b) and substituting H, into 

Eqs.(3.2a) through (3.2d), the rest of field components can be found. 

To determine B, and the propagation mode characteristics, we impose the following 

boundary conditions, namely, 

E, (p =a) = E,cladding (p = a), (3.13a) 

E,o% (p =a) = E,cladding (p = a), (3.13b) 

H,°° (p =a) = H,<ladding (p = a), (3.13c) 

H,° (p =a) = H,“ladding (p = a), (3.13d) 

Hr? (p = a) = H, cladding (p =a), and (3.13e) 

€, E,core (p =a) = €, E, cladding (p = a), (3.13f) 

to obtain 
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Ju), _K,(w) |e J), Kw) | _ 
uj,@ wkK,(w)Jl&®uJ,@ wK,(w) 

trate t+), 
ua w2)Nl& ww? 

(3.14) 

rr 

    

Combining Eqs. (3.12a) and (3.14), we can solve for u and w hence B,. 

3.3 LP; and LP ,,¢ve" modes 

It is not a trivial matter to solve Eqs. (3.12a) and (3.14) for the latter equation is simply too 

complex to handle. To simplify Eq.(3.14), we assume 

A << 1. (3.15) 

This equation implies the weakly-guiding or paraxial approximation and that the refractive 

index of core (nj) is just slightly larger than that (n,) of the cladding. Applying this weakly 

guiding condition, we can rewrite Eq.(3.14) as 

uJ,1@) _ wK,,_,(w) Say 7 Ke (3.16)   

where 

m=1 corresponds to TM and TE modes, 

m = n+1 corresponds to EH modes, 

m =n -1 corresponds to HE modes, 

J n(x) is the Bessel function of the first kind (order m), and K,,(x) is the modified Bessel 

function of the second kind (order m). Eq.(3.16) is often referred to as the unified 

eigenvalue equation. Our goal is to combine Eqs. (3.12a) and (3.16) and solve for u and w. 

Using Eq.(3.11a) or (3.11b), the eigenvalue B, (modal propagation constant) can be 

determined. 
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A particular eigenvalue B, can be determined by the form of Eq.(3.16). It is possible that 

for several different values of m and n the eigenvalue equation (3.16) has the same form. 

The fact that different indices of m and n correspond to the same eigenvalue equation is 

referred to as mode degeneracy. D. Gloge [16] groups the degenerate modes and classifies 

all modes by virtue of eigenvalue equations. He refers to them as LP modes (Linearly 

Polarized Modes). For example, LPo, (m=0) modes correspond to 

U J,@) _ wK,(w) 

Tu) K(w) @.17a) 

which represents the HE,; mode. And similarly LP,; (m=1) modes correspond to 

J,(u) wK,(w) was SAW 3.17b 
J(u) K,w) (3.170) 

This eigenvalue equation comprises TMy,, TEp,, and HE, modes. The final solution of 

Eqs.(3.12a) and (3.16) is presented as Figure 3-1. 
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Figure 3-1. Plot of the propagation constant b as a function of V for various LP modes 

[17]. 
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The vertical axis of the plot in Figure 3-1 is b, defined as 

  

2 _ ew (3.18a) 
v2 

where 

— 2maln 2 2 1/2 V= r (n,2 - n,2}) (3.18b) 

For the weakly-guiding approximation, 

B/k - n, bea (3.19) 

where b is referred to as a normalized propagation constant. The horizontal axis is V. It has 

been shown [17] that the total number (M) of modes in the fiber can be approximated as 

M = V2/2. (3.20) 

Notice that V number is determined solely by the fiber structure and the light source. 

The smallest eigenvalue B, derived from the first root of Eq.(3.17a) is called the LP , 

mode or fundamental mode. The next larger eigenvalue is obtained from the first root of 

Eq.(3.17b) and it is referred to as the LP, , mode. Studying Figure 3-1, we recognize that 

if V is set between 2.405 and 3.832, only the LPg, and LP, ; modes can be excited. Under 

the weakly guiding condition, V is slightly larger than 2.405 since A << 1.0. This is the 

two-mode operation that we want to achieve. 

The LP, ,; mode contains TMg;, TEp; and HE,, modes for a circular wave guide. In an 

elliptical wave guide, this mode degeneracy is broken into two different modes, namely the 

LP, ;°%€" and LP, ,4 modes [13]. To maintain the two-mode operation in an elliptical core 

fiber, we excite only the LPp, and LP, ,°v*" modes. Nevertheless, we still treat the wave 

guide as a circular core fiber in the future analysis. 
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3.4 Two-mode interference electric field expression 

Having derived the algorithm for seeking wave propagation constants under the weakly- 

guiding condition and consulting Eq.(3.9), we can express the modal field amplitude of the 

linearly polarized LP,,, mode in the fiber core region as 

Pim = Aim J (Beam p) cos(1o) expj Beam Z) exp(-jat), (3.21) 

where B, 1m? = @°ny?/c? - By 1m2, is the angular frequency of operation and By jj, is the 

wave propagation constant of the mode. A,,,, 1s the field amplitude coefficient of the mode, 

which depends upon the excitation condition. In the case of two-mode operation, since 

only the LPg, and LP,,°’°" modes are excited in the waveguide, the electric field 

amplitudes can be expressed as 

Poi = Ao, Jo (Beo1 Pp) expGB, 012) exp(-jat), and (3.22a) 

P11 = Ai. J) (Bo11 P) cos(o) expGBei1 Z) exp(-jat). (3.22b) 

The total electric field at (p,,z) in the fiber core can be written as 

Y = Yo + Yi 1 

= Ao Jo (Bo.01 P) expGB, 012) + 

Ayi Ji (Bo.11 P) cos(o) expGB, 11 Z)- (3.23) 

We ignore the exp(-j @ t) factor in Eq.(3.23). The intensity at (p,0,z) in the fiber core is 

[= <P*Y"*> 

= Aoi 7 Jo7(Bo.01 P) + Ani 7 Ji7(Bo,11 P) cos) + 

2 Agi Ar 1 Jo (Bc,o1 P) J1(Be,11 P) cos(o) cos(AB, z), (3.24) 
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where AB, = Bo — B. 1 is the difference in the propagation constants between the LPo, 

and LP, ;°” modes. 

To discern the relationship between the spatial intensity distribution of the two-mode, e- 

core fiber and the external disturbances, 1.e. strain and temperature, we examine Eq.(3.24) 

closely. We conclude that the first two terms represent a steady two-lobe pattern, which 

does not respond to external perturbations. It is the third term containing cos(AB, z) that is 

sensitive to perturbations due to strain and temperature. Let us define 

AO = AB, z, (3.25) 

as the differential phase delay between the LPg, and LP, ,;°¥°" modes. The length of the 

fiber cavity, z, is a function of both strain (by fiber elongation) and temperature (by thermal 

expansion). To see the strain and temperature dependence of AB, we go back to Figure 3-1 

and Egqs.(3.18b) and (3.19). For a given V number between 2.405 and 3.832, there are 

two corresponding b’s (bg, and b, ,), and B, ’s (B, 9; and B, 1). Thus, we have, for the 

weakly- guiding approximation, 

_ ABW) 
Ab (V) = k(n, - nh) , and (3.26) 

AB, (V) =k (n, - ng) Ab (V), (3.27) 

where Ab = bg, - by, and AB, = B, 11 — Bg.o1. Since the V number is function of a, n, and 

ny, which in turn are functions of both strain (€) and temperature (T). Thus, 

AB, = AB, (€,T). (3.28) 

The variation of strain and temperature, hence A@, will then cause an oscillation in the two- 

lobe spatial intensity pattern. Figure 3-2 shows the evaluation of this two-lobe pattern 

versus the differential phase delay AQ. 
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AG =0 AO = x/2 AS=2X 

Figure 3-2. Two-lobe intensity patterns versus A@ on the central axis of fiber core. 

3.5 Output field expression of the two-mode and Fabry-Perot interferometers combined 

Two partially reflective mirrors are incorporated into the two-mode, e-core fiber system as 

indicated in Figure 3-3, and the electric field at the fiber endface can be expressed as 

  

  

      

      

Spatial filter 

Mirror Two-mode e-core Mirror 

fiber 

Injection 

laser \ 
—__»> —_> Output 

_4— 
—__ ] 

Photodetector 

Figure 3-3. Two-mode, e-core IFPI etalon cavity. 
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For LPo 1° 

‘Yo1= Ao1 Jo (Bco1 P) exPGB, 012) + 

Aoi M% F2 Jo (Bc,01 P) xPGBg 012) expG2B, 912), and (3.29a) 

for LP, ,°¥e?: 

Pri = Ai Ji (Bo11 P) cos(o) expGB, 11z) + 

Aii ty 12 Jy (Boar P) cos(o) expGBy 112) expG2B, 112), (3.29b) 

where we ignore the exp(-jq@t) factor. Ag; and Aj, are the excitation coefficients of the 

LP, and LP, ;°v*" modes, respectively. r; and rz are the reflective coefficients of mirror] 

and mirror2, respectively. Here we consider only the primary transmissive and first two 

reflective waves at the output. The other multi-reflective waves are ignored for their field 

amplitudes are much smaller than those of the primary and first reflective waves. To 

simplify Eqs.(3.29a) and (3.29b), we assume that r;=r,=r and Ag, = Aj, = 1 (equal 

excitation), to obtain 

Yo1 = Jo (B..01 P) exPGB, 012) (1 + 1? expG2B, 912) ) 

= Jo (Bco1 P) Ros expG (By 012+ %,) ), (3.30a) 

and 

11 =F) Bear P) cos(o) expGB, 11Z) (1 + 1? expG2B, 112) ) 

= J, (Be11 P) cos(o) Ry 1 expG (By .11Z +O) )) ), 

(3.30b) 

where 

Ro, =(1 +14 +2 r? cos(2B, 912) )', (3.31a) 

Oy, = arc tan (1? sin (2B, 012) /(1+ rr cos (2B, 012) ), (3.31b) 

and 

Ry, =(l+rA4+27r cos(2B, 112) ya (3.32a) 

©, , = arc tan (1? sin (2B, 112) /( 1+ 12 cos (2B, 112))). (3.33b) 
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The total field amplitude at (p,0,z) (fiber endface) is the 

Y=%o,+ VY, ,, and (3.33) 

the total intensity can be written as 

l=<P* ps 

= (Jo (Be,01 P) Ror)? + (51 (Be,11 P) cos(o) Ry, )? + 

+ 2 Jp (Boor P) Roi Ji (Be,11 P) Rui cos (9)* cos (AB, z+ Aq), (3.34) 

where Aa = O,, — Og,. The results of a numerical computer calculation of the intensity 

from Eq.(3.34) versus fiber elongation is presented in Figure 3-4. 
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Figure 3-4. Sensor output versus fiber elongation in um. 

The long-period sine wave corresponds to the two-lobe oscillation and the high frequency 

sine wave corresponds to the intrinsic Fabry-Perot interference signal, which is modulated 

by the two-lobe interference signal. To further demonstrate the interference pattern, a two- 
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dimensional intensity distribution on the fiber cross section at the endface is calculated and 

mapped using Eq.(3.34). This pattern is shown in Figure 3-5 . 

  
Figure 3-5. Spatial intensity distribution pattern over a cross section area of the fiber 

core (A@ = 7). 

The degrees of brightness represent different intensity values. The Fabry-Perot interference 

pattern cannot be seen here in this figure because the Fabry-Perot interference signal 

appears only when the length of fiber is changing. 
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4. Cross sensitivity 

4.1 Definition of cross sensitivity 

Cross sensitivity in the case of simultaneous measurement is the mutual dependence among 

the physical measurands. For the simultaneous measurement of strain and temperature, the 

optical signals due to strain and temperature are mixed in the measuring process. Therefore, 

two coupled equations must be solved simultaneously to separate the strain and temperature 

information. 

4.2 Mathematical description of cross sensitivity (a first order approximation) 

Studying Figures 2-3(a), 2-3(b) and 2-3(c), it is understood that Fabry-Perot (AQ, ) and the 

two-lobe (A 8.) fringe signals must be counted to determine environmental effects. These 

interference phase signals are generated by several pairs of optical fields. 

For the LPy, and LP, ;*¥€" modes interference, the optical path difference is 

6, = AB, L, (4.1a) 

where AB, = Bz 01 - Bg.11 and L is the length of the fiber. For Fabry-Perot interference, 

there are four major optical path differences. They are 

8, =2B, o1L, (4.1b) 

6,=28,1,L, (4.1¢) 

6,=(2 Be.o1 - Boat )L, and (4.1d) 

6; = (2B, 11- Bz onL, (4.1e) 

where we consider only the first two reflected waves and ignore the other multi-reflected 

waves in the two-mirror cavity because their relative intensities are very small compared to 

those of the first two reflected waves. For the sake of discussion, Eqs. (4.1a) through 

(4.1e) can be unified as 

0; = B; L, (4.2) 

where j = 1, 2 ,3, 4, 5 and 
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B; - AB, , 

B.=2B, 01, 

Bs =2B, 41; 

Ba= 2 By 01 - By 11, and 

Bs= 2 B, 11 -Bg.o1- 

In general, B; and L are functions of both strain (€) and temperature (T). Eq.(4.2) can be 

rewritten as 

8;(€,T) = Bj(€,T) L(e,T). (4.3) 

In the vicinity of an initial state (€),T)), we use a Taylor expansion to obtain the expression 

when a strain (Ae) and temperature change (AT) are applied simultaneously on the fiber, 

V1Z., 

=T9,€=€9 

8;(€,T) = B;(€0,To) L(€o,To) + oe + 26 / Ae 
oe 

T=T,€=€9 

dL op; | 
+ | B-—+-==L AT. 
pz oT (4.4) 

Eq.(4.4) then can be simplified to the form of the first order approximation. 

T=T),€=€ T=T.€=€p 
aL BR, | aL ap, | 

0; =| +h Ae + Bar top l AT. (4.5) 

The major reason for choosing the first order approximation is simplicity. The justification 

of this simplification is, as will be demonstrated in the next chapter, that the experimental 

data suggests that the number of fringes depends linearly on Ae and AT, respectively. It 

was also recognized experimentally that the four major Fabry-Perot interference signals (j= 

2, 3, 4 and 5) could not be separated and they also largely depended upon the mode 

excitation condition. Hence, only the two-lobe interference and one Fabry-Perot 

interference (superposition of the four interferometers) fringe signals can be realistically 
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recorded. Eqs.(4.1b) through (4.1e) are then regarded as one equation and, for j=1 and 2, 

Eq.(4.5) corresponds to Eqs.(2.2a) and (2.2b), respectively. 
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5 Experiments 

5.1 Experiment guideline 

Rewrite Eqs.(2.2a) and (2.2b) as 

A®,=A* Ae + B* AT, and (2.2a) 

AQ, =C* Ae + D* AT, (2.2b) 

where A@, and A@, represent the phases induced by the Fabry-Perot and two-lobe 

interferometers, respectively. The strain and temperature dependence of A®, and A®, 

demonstrates the cross sensitivity effect. To resolve temperature and strain in the sensing 

system, these four coefficient constants A, B,C, and D must be determined. The rest of this 

chapter concerns four independent experiments for obtaining each of the four coefficients. 

5.2 Fabry-Perot strain measurement 

5.2.1 Experimental set-up 

To obtain Fabry-Perot strain constant A in Eq.(2.2a), we strained the fiber while keeping 

the temperature constant (A T=0). Eq.(2.2a) then becomes 

AO, =A* Ae. (5.1) 

By counting the fringes induced by Ae, the change of the Fabry-Perot phase A@, and hence 

the constant A could be determined. The experimental set-up is shown in Figure 5-1. 
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Figure 5-1. Fabry-Perot strain measurement experiment set-up (L= 57 cm). 

5.2.2 Explanation of the experiment 

The laser beam (A= 633 nm) passing through a half wave plate (A/2) was focused by a 

microscope objective into the two-mode, e-core fiber (manufactured by Andrew 

Corporz:ion). The dimensions of the fiber core were 1.25 ttm x 2.50 tm. The entire far 

field intensity pattern was collected by the photodetector. The laser light was linearly 

polarized with an unknown polarization direction. The function of the half wave plate (4/2) 

was to rotate the polarization orientation of the laser light such that it aligned with either 

orthogonal polarization axis of the e-core fiber. This alignment guarantees a sharp and clean 

two-lobe far field intensity pattern [18] even though it was not important for this particular 

strain measurement. The other three experiments would use this half wave plate to obtain 

sharp and clean two-lobe intensity patterns in the far field. The section of two-mode, e-core 

fiber (L= 57 cm) was axially strained using a micropositioner (a movable stage). M1 and 

M2 are two partially reflective (31%) and transmissive (31%) mirrors, manufactured by 

Ealing Electro-Optics. A Fabry-Perot cavity was created by these two mirrors. The signal 

which appeared on the oscilloscope was due to the Fabry-Perot interference fringes caused 

by the straining effect. 

5.2.3 Experimental result and discussion 

A typical Fabry-Perot strain interference signal on oscilloscope is given in Figure 5-2. 
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Figure 5-2. Fabry-Perot interference fringe signal for the strain of 6.6 im elongation over a 

57 cm long fiber. The scale of vertical axis is 500 mV per division and the scale of 

horizontal axis is 1 second per division. 

Several such strain measurements were obtained and the results are tabulated in Table 5-1. 

Table 5-1. Fabry-Perot strain measurement data (L= 57 cm) 
  

  

  

Fiber elongation (um) Number of fringes Phase induced (Rad/[m) 

11.68 38 20.43 
8.03 23 18.00 
6.60 21 19.98 

11.18 35 19.67 
5.28 16 19.03 

10.06 25 15.61         

The average value of the Fabry-Perot strain coefficient over a 57 cm long fiber is 

A = 19.42 rad/um. (5.2) 

It is worth mentioning that during the Fabry-Perot strain measurement, the fiber 

experienced a tension and was very sensitive to any external disturbance. The number of 

fringes was over counted, particularly at the starting and ending points of the straining 

process. It was estimated that two fringes were produced by manually adjusting the 

micropositioner at the starting and ending moments of the straining process, respectively. 
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5.3 Fabry-Perot temperature measurement 

5.3.1 Experimental set-up 

To determine the Fabry-Perot temperature coefficient B in Eq.(2.2a), we heated up or 

cooled down a small section of fiber and made sure that there was no strain on the fiber 

(Ae=0). Thus Eq.(2.2a) is reduced to 

A8,=B* AT. (5.3) 

By counting the fringes during the temperature change process, the phase change A@, (due 

to AT) was obtained. Hence the constant B could be calculated using Eq.(5.3) . The 

experimental set-up is shown in Figure 5-3. 
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Figure 5-3. Fabry-Perot temperature measurement experimental set-up. M1 and M2 are two 

partially reflective and transmissive mirrors. The length (L) of the fiber under temperature 

exposure is 2.7 cm. 

5.3.2 Explanation of the experiment 

This experimental configuration here is similar to that of the case of the Fabry-Perot strain 

measurement in Figure 5-1. The major differences are that there is no straining device and 
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there is a spatial filter (a 100 um/ 130 fm multimode fiber) in front of the photodetector 

such that only a portion of the two-lobe intensity pattern could be collected. A section of 

the fiber (length L) was heated by an iron heating rod powered by an electrical current 

generator. A thin metal layer was put between the fiber and the heating rod to even out the 

temperature distribution on the fiber. A thermocouple head was placed very close to the 

fiber and thus it sensed the temperature the fiber experienced. During the temperature 

modulation process, the photodetector output gave both the two-mode interference signal 

and the interference signals produced by the light waves inside the two-mirror cavity. 

5.3.3 Experimental result and discussion 

A typical Fabry-Perot temperature interference signal oscilloscope trace is shown in Figure 

5-4. 
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Figure 5-4. Fabry-Perot interference signal for temperature cooling from 76 °C down to 

38 °C. The length of the fiber under temperature exposure is 2.7 cm. The vertical scale is 

200 mV per division and the horizontal scale is 2 seconds per division. 

Several such measurements were taken and the results are tabulated 1n Table 5-2. 
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Table 5-2. Fabry-Perot temperature data 
  

  

Starting T (°C) End T (°C) Number of fringes Phase induced (Rad/°C) 

63 39 40.0 10.472 
76 38 58.0 9.590             

The average value of the Fabry-Perot temperature coefficient for an effective 2.7 cm long 

fiber is 

B = 10.04 rad/°C. (5.4) 

As mentioned earlier, in addition to Fabry-Perot temperature fringe signal in Figure 5-4 

during the cooling process, the DC level of those fringe signals is decreased. This effect 

was caused by the two-lobe intensity pattern oscillation under the influence of temperature. 

5.4 Two-mode strain measurement 

5.4.1 Experimental set-up 

Similarly, to find the two-mode strain coefficient constant C in Eq.(2.2b), we axially 

strained the fiber while keeping temperature constant (AT=0). Eq.(2.2a) is reduced to 

AO, =C * Ae. (5.5) 

Measuring the phase (A®, ) induced by the strain Ae, C could be calculated using Eq.(5.3) . 

The experimental set-up is shown in Figure 5-5. 
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Figure 5-5. Two-mode strain measurement experimental set-up (L = 37.2 cm). 
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5.4.2 Explanation of the experiment 

Since we were interested only in the two-mode interference signal, the two mirrors were 

removed. A section of fiber (length L = 37.2 cm) was fixed by two stages. One of the 

stages was permanently fixed and the other stage was movable. By controlling the movable 

stage, a precise axial strain could be applied on the fiber. 

5.4.3 Experimental result and discussion 

A typical two-mode strain interference signal oscilloscope trace is given in Figure 5-6. 
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Figure 5-6. Two-mode interference signal for the strain of 800 um elongation over a 

37.2 cm fiber. The vertical scale is 1 V per division and the horizontal scale is 0.5 second 

per division. 

Several such strain measurements were obtained and the results are tabulated in Table 5-3. 
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Table 5-3. Two-mode strain interference data (L = 37.2 cm) 
  

  

Fiber elongation ( im) Number of fringes Phase induced (Rad./pim) 

563.8 7.12 0.07939 
800.1 10.00 0.07853 

1028.7 13.00 0.07940 
292.2 3.75 0.08066 
254.0 3.12 0.07730           

The average value of the two-mode strain coefficient over a 37.2 cm long fiber is 

C = 0.079 rad/um. (5.6) 

5.5 Two-mode temperature measurement 

5.5.1 Experimental set-up 

To determine coefficient D in Eq.(2.2b), we heated up or cooled down a section of two- 

mode, e-core fiber under the condition of no strain (Ae=0). Eq.(2.2a) is reduced to 

A0,=D* AT. (5.7) 

By counting the fringes and recording AT, A@,, the phase induced, and hence the 

coefficient D could be found using Eq.(5.7). 

The experimental set-up is shown in Figure 5-7. 
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Figure 5-7.Two-mode temperature measurement set-up. 

5.5.2 Explanation of the experiment 

Instead of straining the fiber, a section of the fiber (length L) was heated by an iron heating 

rod similar to the case of Fabry-Perot temperature measurement in Figure 5-3. There was 

no axial strain on the fiber and no mirrors, therefore the reading at the photodetector 

represented the two-lobe interference signal induced solely by external temperature change. 

5.5.3 Experimental result and discussion 

Two typical two-lobe interference temperature signals on the oscilloscope induced by 

cooling and heating processes, respectively, are presented in Figure 5-8 (a) and (b). 
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Figure 5-8 (a). Two-lobe interference signal for temperature cooling on a 16 cm long fiber 
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from 297 °C down to 124 °C. The vertical scale is 1 V and the horizontal scale is 

10 seconds. 

Figure 5-8 (b). Two-lobe interference signal for temperature increasing on a 16-cm-long 

fiber from 29 °C up to 279 °C. The vertical scale is 1 V per division and the horizontal scale 

is 100 seconds per division. 

Many such temperature measurements were taken and the results are tabulated in Table 5-4. 

Table 5-4. Two-lobe interference temperature data (L= 16 cm) 
  

  

  

Starting T (°C) End T (°C) Number of Fringes Phase induced (Rad./°C) 

27 106 1 0.07953 

106 176 1 0.08976 
26 176 2 0.08378 
176 205 0.5 0.10833 
29 104 1 0.08378 
104 170 1 0.09520 
170 238 1 0.09240           

The average value of the two-mode temperature coefficient (for L= 16 cm) is calculated to 

be 

D = 0.087 rad/°C. (5.8) 
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To summarize the experimental results, we tabulate the determined four coefficients with 

their gauge lengths as 

A =19.42 rad/um, L=57.0 cm. 

B = 10.04 rad/°C, L= 2.7 cm. 

C =0.079 rad/um, L=37.2 cm. 

D = 0.087 rad/°C, L = 16.0 cm. 
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6. Resolution of the sensing system 

6.1 Definition of resolution 

Resolution of a fiber optic sensor is the minimum values of the measurands that the sensor 

can detect. Normally the direct outputs of fiber optic sensors are the encoding parameters, 

from which the measurands can be derived. In our case, the encoding parameters are the 

Fabry-Perot and two-mode interferometer phase changes (AQ, and A®,), and the 

measurands are strain (Ae) and temperature (AT). To mathematically illustrate the concept 

of resolution, we define x and y as the two measurands and €, and €, as the two encoding 

parameters, respectively. The relationships among the encoding parameters and measurands 

can be expressed as 

€, =f, (x,y), and (5.1a) 

Eo = f2(x,y), (5.1b) 

where f, and f, are analytic expressions. The differentiation of €, and €, with respect to x 

and y are given as 

dé, = of, dx + of, dy, and (5.2a) 
ox oy 

dé, = 82 dx +22 ay, (5.2b) 
Ox oy 

If d§, and d&, are the minimum detectable values of the encoding parameters, then dx and 

dy represent the resolutions of the measurands x and y, respectively. Using Eqs. (5.2a) and 

(5.2b), we can find the dx and dy as 

ole =o 
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In our measurement of strain and temperature, both f, and f, are linear functions of x and 

y, as indicated in Eqs.(2.2a) and (2.2b). The four partial differentiation terms are the four 

coefficients. 

6.2 Analysis of the resolution for the two-mode, e-core fiber sensor 

Having determined A,B,C and D, we rewrite Eqs.(2.2a) and (2.2b) as 

A@, = (19.42 rad/um Ae + 3.719 radi(cm°C) AT )xL, —(5.4a) 

A6, = (0.079 radjum Ae + 5.438x10-3 rad/(cm°C) AT)xL, —(5.4b) 

where the dimensions of AT and Ae are °C and j1m/cm, respectively. A@, and A®, are 

expressed in radians. Here, L, the gauge length of the sensor, is introduced to balance the 

units of the simultaneous equations. Studying these coefficients carefully, we realized that 

the phase induced by Fabry-Perot interferometer is about several hundred times larger than 

the phase induced by the two-mode interferometer for a given external perturbation. Due to 

this large discrepancy, it is difficult to count these two fringe signals both accurately and 

simultaneously. 

Numerically estimating the resolution of this sensing system, we consult Eqs.(5.3a) and 

(5.3b) and assume that the minimum phase changes (encoding parameters) that can be 

recognized in experiments are 500x2n/8 and 2x/8 (derived from the Fabry-Perot 

temperature measurement data) for the Fabry-Perot and two-lobe interferometers, 

respectively. We calculate that the minimum detectable temperature change and strain are 

4.5 °C and 31um/m (with a gauge length of 16 cm), respectively. 

Another way to evaluate the quality of fiber optic simultaneous measurement systems is to 

study the coefficients of the simultaneous coupled equations. Vengsarkar et al. have 

presented a method of evaluating the resolution of a simultaneous measurement system 

[14]. Their method is to study the coefficients (A,B,C and D) and the relationship among 
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them by calculating a condition number (rcond) of the coefficient matrix A, which is given 

as 

condition number = rcond(A), (5.5) 

and 

_{AB A=(A8 . (5.6) 

The criterion for comparison is: if A is well conditioned, the reciprocal of the condition 

number of the matrix, rcond(A), is near 1.0 and if A is ill-conditioned, rcond( A), is closer 

to zero. Reciprocals of condition numbers obtained in the past have been in the 0.01 - 0.1 

range. The condition number of the coefficient matrix of Eqs.(5.4a) and (5.4b) is about 

0.001, which is one order of magnitude less than most other simultaneous measurement 

schemes. 
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7.Conclusion 

Optical fiber simultaneous measurement or multi-parameter measurement has gained a great 

amount of attention during the past several years. The research in this area is still in 

progress. The goal of simultaneous measurement has been to unambiguously determine 

physical measurands such as strain and temperature simultaneously utilizing less 

complicated systems. Such a measurement is of particular interest to smart structure 

applications. The objective of such research has been to explore and apply physical 

principles of optical fibers and to construct sensing systems for simultaneous measurement. 

Like the research areas of “absolute measurement” techniques and distributed sensors, 

simultaneous measurement is one of the most important research topics in the fiber optic 

sensor technology today. 

Strain and temperature are the two most frequently encountered physical parameters in the 

environment of our interest. Generally, there are three steps to develop a sensing system to 

simultaneously resolve these two parameters employing a single piece of optical fiber. The 

first step is to identify two physical configurations pertaining to this fiber such that two 

different signals can be extracted. The second step is to employ these two output signals to 

mathematically set up two independent equations in which strain and temperature are 

considered as unknown variables. The final step is to devise a calibration procedure to 

experimentally determine all the coefficients in the two independent equations. The normal 

operation of the sensing system is to obtain the output signals experimentally and substitute 

these two pieces of information (encoding parameters) into the two coupled equations. 

Thereby, the strain and temperature can be determined by solving these two equations. The 

performance quality of the sensing system depends largely on the two physical 

configurations initially chosen. 

Following this guideline, we have proposed a novel scheme of simultaneous measurement 

using two-mode, e-core fibers to measure both strain and temperature. The two physical 

configurations are the inherited two-mode interferometer within the fiber and an intrinsic 

Fabry-Perot interferometer, respectively. The Fabry-Perot interferometer is created by 

placing two partially reflective and transmissive mirrors on either end of this two-mode, e- 

core fiber. The output of these two interferometers are subject to changes under the 

variations of both strain and temperature. The output signal of this sensing system is 

therefore the Fabry-Perot interferometer fringe signal which is modulated by the two-mode 

interferometer fringe signal. Two types of phase information have been obtained 
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experimentally. For the sake of simplicity, we set up two linear first order coupled 

equations, where strain and temperature are the two unknowns and there are four 

coefficients remained to be determined. Four independent experiments have been designed 

as a calibration procedure in which those four coefficients can be obtained. A resolution of 

5 °C and 314.m/m for the gauge length of 16 cm has been achieved. 

To evaluate the quality of this two-parameter sensing system, the cross sensitivity and 

resolution issues have been analyzed. Compared to many other fiber optic simultaneous 

measurement schemes, our sensor has a relatively low resolution and the quality of 

isolation between strain and temperature is below the average. The major reason for this is 

that there is an inherent mutual dependence between the two-mode and Fabry-Perot 

interferometers. In other words, these two physical configurations are not completely 

separated from one another. Despite these unfavorable factors, achievable advantages such 

as miniaturization, mass production (once the mirrors are deposited on the fiber endfaces) 

and the high sensitivity of the Fabry-Perot scheme lead us to believe that further research in 

the improvement of the resolution can lead to highly superior systems. 
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