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(ABSTRACT) 

This thesis describes the implementation of a mechanical 

strain sensor which uses concentric core optical fiber 

waveguide as the sensing element. When this particular type 

of fiber is strained, a transfer of optical power occurs be-

tween propagating modes in the two concentric cylindrical 

cores of the fiber. This strain-induced redistribution of 

optical power may be detected at the output end of the fiber 

using either two separated optical detectors or a two-

dimensional detector array. The calibrated strain sensitiv-

ity of the sensor is reported and suggestions for continuing 

research are discussed. 
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CHAPTER I 

INTRODUCTION 

Optical fiber waveguides having attenuation low enough 

to be of potential use in communication systems were 

developed more then fifteen years ago. These early optical 

fibers consisted of a cylindrical core region of glass having 

one index of refraction surrounded by a single concentric 

cladding region, also usually of glass, having a slightly 

lower index. It was found that to construct low attenuation 

fibers economically the index difference between the core and 

the cladding could be made small, and the glass-on-glass 

fibers could be coated with inexpensive buffer materials to 

reduce the environmental effects of strain, temperature, and 

harsh chemical environments. Optical fiber fabrication 

techniques have dramatically improved during the past fifteen 

years but the basic fiber waveguide designs and buffer 

coating geometries remain the same. 

Less than ten years ago, several researchers observed 

that the inherent sensitivity of conventional 

communications-grade optical fibers to environmental effects 

made them ideal sensors of those effects. Since then, 

optical fibers have been applied to the sensing of a wide 
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range of observables including but not limited to pressure, 

temperature, electric and magnetic fields, rotation rate and 

chemical concentrations. Most of the fiber sensors 

developed, however, employed fibers designed specifically for 

communications applications, namely, fibers which inherently 

exhibit some degree of immunity to environmental effects. 

Only relatively recently have researchers begun the 

study of specialized optical fiber designs which optimize the 

transduction of observable perturbation quantities to 

measurable optical parameters. This thesis considers the 

application of such a novel optical fiber waveguide geometry 

to sensing applications. Specifically, optical fibers having 

concentric inner and outer core regions have been used to 

measure strain in materials. Such concentric-core fibers 

exhibit good bending sensitivity as well as the generic fiber 

sensor advantages of low weight, small volume, flexibility, 

and immunity to electromagnetic interference. 

Succeeding 

experimentally 

chapters 

observed 

describe the 

performance 

predicted 

of two 

and 

such 

concentric-core fiber strain sensor configurations. Chapter 

2 reviews some of the existing multicore optical fibers. 

Chapter 3 describes preliminary observations of fiber 

geometry and launching and output conditions. Chapters 4 and 

5 review previous work in the area of multicore optical fiber 
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waveguide geometries and general fiber analysis techniques, 

respectively. The operation of a prototype concentric core 

strain sensor is then described in detail in Chapter 6. 

Conclusions and suggestions for further research are included 

in Chapter 7. Appendices include computer programs written 

to analyze ray models of concentric-core fiber 

characteristics. 
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CHAPTER II 

MULTI-CORE OPTICAL FIBERS 

In this chapter, we shall review several types of 

mul ticore fibers and some of their current and potential 

applications in the area of optical fiber sensors. 

2.1 INTRODUCTION 

Optical fibers with circular cross-sections are 

generally grouped into two categories: single mode fibers and 

multimode fibers. Both of these types of fibers are weakly 

guiding in that the refractive index of the cladding is 

slightly less than that of the core. Conventional optical 

fibers usually consist of one cylindrical core rod circularly 

surrounded by a concentric layer of cladding. Propagating 

light is confined inside the core due to total internal 

reflection at the core-clad interface. The number of modes 

that can be supported in such a waveguide depends on the V 

number of the fibers, where the V of step-index fibers is 

given by: 

2 2 !::: V = 2 ~ a (n1 - n2 ) 2 / X (2.1.1) 
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where a is the core radius, n 1 and n 2 are the indices of 

refraction of the core and cladding, respectively, and X is 

the free-space wavelength of the propagating light. 

Loss and dispersion are two main concerns in determining 

waveguide propagation properties for either communication or 

sensor applications. Mul timode fibers can support more 

modes, and thus more power, than single mode fibers can. 

However, their severe dispersion due to intermodal group 

delay limits signal transmission bandwidth in optical fiber 

communications systems. In the area of optical fiber 

sensors, both types of fibers are used in various 

applications. For phase sensors, which normally utilize 

interferometric techniques, single mode fibers are most often 

used because multimode interference severely complicates the 

detection of differential phase shifts. 

Besides using the conventional single core single mode 

fiber in optical fiber sensors, some research has also been 

performed with multicore single mode fibers (1-5]. Coaxial 

fibers and twin core fibers, which are the topics of 

subsequent sections, have been utilized in strain, 

temperature and chemical sensors. For amplitude sensors, in 

particular microbend sensors, multimode fibers are more 

frequently used. Such microbend sensors and their operation 

principles are reviewed in Chapter 5. The ITT concentric 
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core fibers which are the main concern of this thesis are 

also multimode. These fibers have shown microbending 

sensitivity and have been used in strain sensor 

configurations as described in the proceeding chapters. 

2.2 COAXIAL FIBERS 

Coaxial fibers have been utilized as directional 

couplers (1,2] and in some prototype optical fiber sensors. 

The refractive index profile of such fibers is shown in 

Figure 1. The inner three layers are made of glass while the 

outer cladding can be any electro-optic medium depending on 

the intended application. These fibers can be treated 

mathematically as a combination of a dielectric single mode 

rod and single mode tube waveguides. By varying the.index 

of refraction n 4 of the outer cladding, the propagation 

constant ~ of the outer core changes. When ~ of the tube 

matches that of the rod, strong power coupling occurs back 

and forth periodically between the two waveguides. The 

amount of power transfered from rod to tube is given by [3]: 

P dsin2 {c 
2 !-:: 

ell> 2 
(1 + ] z } ro 2c 

p = tube 2 (2.2.1) 1 + (~) 2c 
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Figure 1. 
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The refractive index profile of coaxial 
fibers [2] 
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where d6 = at b - a d I C is the coupling coefficient, Z u e ro 
is the waveguide propagation direction, and the power is 

launched in the rod at z=O. 

If the material of outer cladding is temperature 

sensitive, the variation of rod or tube power in a fixed 

length of fiber and at a single wavelength may be used to 

determine temperature changes. If a broadband 

multi-wavelength source is applied instead, the change in n 4 

affects the power coupling of each wavelength differently and 

results in a shift in the power spectrum. This wav~length 

range shift is thus another means to measure n 4 , or external 

disturbances. 

2.3 TWIN CORE OPTICAL FIBERS 

Several twin core fiber optic sensors have been 

developed at the United Technologies Research Center [4,5]. 

This fiber, depicted in Figure 2 , has a pair of single mode 

cores. Light is launched into core a initially, and based 

on mode coupling theory, the optical power is coupled back 

and forth from core a to core b with a beat length lb for an 

unperturbed fiber. Perturbations such as temperature and 

strain cause changes in fiber dimensions and local index 

profile. This results in a change in coupling beat length 

and the amount of power transf ering between the two cores. 
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a. 

Figure 2. The twin core fiber configuration [S] 
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Figure 3. 
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The refractive index profile of concentric 
core optical fibers 
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The output intensity variation of a fixed length optical 

fiber sensor is then a measure of the external disturbances. 

2.4 CONCENTRIC CORE FIBERS 

Concentric core optical fiber, originally designed for 

use in secure communications systems, has a similar 

refractive index profile (RIP) to that of a coaxial fiber as 

shown in Figure 3. The two types of ITT concentric core 

fibers we investigated have radii of 72 µm and 150 µm, 

respectively, and are apparently multimode waveguides. Mode 

coupling effects due to external purturbation applies to high 

order as well as low order modes, and the complete analysis 

of mode coupling involves the understanding of mode existence 

in both the inner and outer cores. This fiber has shown a 

bend-redistribution rather than bend loss characteristic; 

this concept is further expanded in Chapter 3. Such a 

bend-redistribution effect is applied to the implementation 

of concentric core optical fiber strain sensors. The 

theoretical analysis and experimental results for such 

sensors are discussed in Chapter 6. We feel that this is the 

first reported use of concentric core optical fibers in 

sensing applications. 
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2.5 SUMMARY 

This chapter has briefly described multicore optical 

fibers and has suggested some of their applications in the 

area of optical fiber sensors. One of the advantages of the 

concentric core optical fiber sensor systems is the 

simiplicity of their output measurements. While other 

mul ticore sensor systems require more precise methods to 

detect the variation of beat length or phase shift, for 

example, this sensor can operate with a simpler detection 

scheme. This idea will be elaborated on in Chapter 6. 
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CHAPTER III 

PRELIMINARY OBSERVATIONS 

Although the exact modal analysis of optical propagation 

in concentric core fibers is complex, much can be determined 

about fiber geometry and propagation through several simple 

experimental observations and simple ray theory arguments. 

The purpose of this chapter is to describe the results of 

such simple observations in terms of such simple analytical 

models. 

Several experimental observations were made using the 

concentric core optical fiber prior to the design of 

concentric core fiber-optic sensors. These observations, 

their interpretation, and their significance to proposed 

sensor operation are considered in this chapter. 

3.1 FAR FIELD OUTPUT PATTERN VERSUS INPUT LAUNCHING CONDITION 

3.1.1 INTRODUCTION 

The far field output pattern of an optical fiber is a 

superimposed projection of light from all of the propagating 

modes in the fiber. For instance, the pattern of a 
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single-core multimode optical fiber is circular, and the size 

of this pattern is related to the input acceptance angle of 

the fiber based on ray optics analysis [ 6] . The intensity 

distribution and the fringe periodicity of this pattern can 

also indicate the characteristics of the existing modes. 

The experiment described below was performed to 

investigate the specific far field intensity pattern of the 

concentric core optical fiber. 

of this fiber, the input 

Due to the multicore geometry 

launching conditions can be 

important in determining its supported modes. 

3.1.2 EXPERIMENT 

A simple experiment indicates the propagation region 

structure of concentric core fiber. When light is launched 

precisely into the center of concentric core fiber, the 

output far field pattern is equivalent to that of a single 

core multimode optical fiber as shown in Figure 4a. If 

instead light is inserted slightly away from the center into 

the inner cladding region, a dark ring appears in the output 

pattern which is shown in Figure 4b. If the input light is 

still shifted further outward, the resultant output is a 

bigger circle as depicted in Figure 4c. Similar patterns in 

the same sequence are observed if t.he input beam is moved 
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from the center of the fiber in the opposite direction 

because the fiber is circularly symmetric. 

In order to demonstrate that this last pattern is 

generated when light enters through the outer core, a 

cylindrical glass tube 5 mm in diameter was made. The tube 

region was illuminated as shown in Figure 5; in the near 

field, a ring with approximately the same radial dimension 

as that of the glass tube cross-section is observed. As the 

observation distance is moved further away from the glass 

tube end face, the output rays superimpose and form a larger 

circular pattern. This indicates that our assumption that 

light injection through the outer concentric core produces a 

circular but not necessarily uniform far-field intensity 

pattern was reasonable. 

3.1.3 RAY OPTICS ANALYSIS 

Ray optics usually can be applied to the analysis of 

wave phenomena provided that the wavelength of light is short 

compared to the waveguide dimension. For optical fiber 

transmission, the wavelength of a laser source is on the 

order of 1.0µm, 

in most cases. 

so it is proper to use a ray optics model 

Using such a model and Snell's law we can 

derive the critical angle for total internal reflection at a 

core-cladding interface of a step-index fiber as, 
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Figure 5. 
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(3.1.1) 

where n 1 is the refractive index of the core and n 2 is that 

of the cladding. Rays that enter at angles larger than this 

critical angle will eventually radiate into the cladding as 

radiation modes. 

The numerical aperture (NA) of such a single-core fiber 

is defined as, 

NA = sin S0 (3.1.2) 

where S0 is the corresponding critical angle in the air which 

is assumed to surround the fiber. The NA of the inner core 

of concentric core fiber is identical to that of this type 

of conventional multimode fiber, but the acceptance analysis 

for the outer core requires additionally the consideration 

of the curvature of the inner and outer cladding. A computer 

program was written for the analysis of the input acceptance 

angle of such a fiber. It assumes that input light rays are 

considered to be in the shape of a cone with a variable planar 

angle which is inserted into the outer core of the fiber as 

shown in Figure 6. The program listing and the mathematical 

derivations are listed in Appendix A. 
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Figure 6. aay Optics lllodel for the input NA computer Program 
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The program results plotted in Figure 7 show the 

cross-section of the input acceptance volume for various 

values of light source NA. As can be seen, the majority of 

rays are accepted into the outer core region upon the first 

intersection at the core-cladding interface. For a source 

with an NA smaller than that of the fiber, no rays are 

refracted into the claddings; but for a larger input NA, some 

rays that intercept the outer cladding are cutoff. Next, if 

the input is shifted from the center of outer core, as 

depicted in Figure 8, a different amount of displacement 

results in a different acceptance volume. However, these 

input acceptance volumes only indicate the result of the 

first intersection; as light propagates along the optical 

fiber, more rays wi 11 be cut off and the mode distribution 

will eventually reach an equilibrium state. 

3.2 BENDING EFFECT ON CONCENTRIC CORE OPTICAL FIBERS 

3.2.1 BEND-REDISTRIBUTION CHARACTERISTICS 

When a single-core multimode optical fiber is subjected 

to external bending, the higher order modes can be converted 

to radiation modes, and this results in a loss in transmitted 

power. 
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The concentric core optical fibers exihibit a more 

interesting mode mixing phenomenon. If light is inserted 

exactly into the inner core without overfilling it, bending 

does not cause much change in the output far field pattern 

except for some observable shift in the speckles. This is 

different from the effect observed for conventional multimode 

fibers in that the pattern of such fiber shrinks upon 

bending. When bending is applied to a fiber with its outer 

core illuminated, the output intensity pattern appears to be 

slightly expanded, but no significant power loss is measured. 

If instead light is entered through the region between inner 

and outer cores, bending causes the central dark ring to be 

filled, and the total power measured still remains constant. 

The change in the redistributed pattern is found to be 

proportional to the degree of bend. 

The above experiment has been conducted with a short 

length of fiber. If a long segment of fiber is used instead, 

the application of bending at a location near the input end 

does not affect the output pattern much. Only when the 

perturbation is applied near the output end do the effects 

become noticeable. This occurs because the mode distribution 

in fiber reaches a steady state after a certain transient 

distance [7]. Hence, the mode redistribution effects, which 

occur at the near input end due to bending, are nulled after 
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this transient period. It is important to know that short 

fibers are more desirable for such sensor applications. 

3.2.2 MODE STRIPPING 

The purpose of mode stripping liquid is to eliminate the 

cladding modes, radiation modes, 

before the fiber reaches its 

present in the waveguide 

transient distance. The 

refractive index of this liquid is approximately equal to 

that of the cladding so that cladding modes can radiate 

easily. 

In order to investigate the nature of the modes that are 

generated upon external perturbation of concentric core 

optical fibers, an experiment was performed with input 

launching conditions as shown in Figure 4b. The fiber was 

subjected to random bending and mode stripping liquid was 

applied at the output end. It was observed that the 

application of such a liquid removed some filled portion of 

the far field intensity pattern created by microbending. 

Thus we can conclude that the change in the output pattern 

is the far field projection of the cladding modes which are 

the result of mode conversion from high order modes due to 

the bend effect. 
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3.3 ANALYSIS OF BENDING 

3.3.1 THE WKBJ METHOD 

The results of WKBJ method are applied here to aid in 

the illustration of mode conversion theory upon bending. The 

general approach of this method is described in Appendix B. 

The bounded modes are analyzed graphically in Figure 9 for 

the concentric core optical fiber. These graphs are plotted 

as functions of r. The value of propagation constant 6 lies 

between k 1 where k. = n. k. 
1 1 

The 

trajectories of hybrid modes of the inner core are bounded 

by two turning points at r = r 1 and r = a, and that of its 

meridional modes pass through the center of the fiber with 

r 1 =0. For the outer core, all modes are bounded by r = b and 

r = c. 

2.3.2 MODE CONVERSION 

Mode conversion is induced when bending is applied to 

the fiber. A simple analysis was performed in [ 8] which 

states that, as a result of bending, 6 is converted to 

6R/(R+r), where R is the radius of curvature and r is the 

radius of the fiber. In the case of microbending, R is 

comparable with the radius of the fiber so that the 
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Figure 9. (a) The refractive index profile ( b) Bounded 
modes diagram for concentric core optical 
fibers 
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propagation constant is reduced considerably. From Figure 

10. a we can see that the reduction in 13 corresponds to an 

increase in ray entrance angle, in other words, modes are 

·changed to their next higher order modes. The high order 

modes are converted to cladding modes as can be seen in 

Figure 10. b, where 13b denotes the propagation constant 13 

after bending. 

2.4 SUMMARY 

The concentric core optical fiber exihibits a 

bend-redistribution characteristic, and this phenomenon can 

be utilized for sensor applications. The ray optics analysis 

helps explain bend-induced changes of output far field 

pattern, and mode conversion theory and results of the WKBJ 

method enable us to visualize mode mixing upon microbending. 

However, a more complicated theoretical model is required if 

the fiber bending is periodic, such conditions will be 

reviewed in Chapter 5. 
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CHAPTER IV 

REVIEW OF MULTICORE FIBER MODE THEORY 

The purpose of this chapter is to review waveguide 

theory models that have been applied to optical fiber 

waveguides and, in particular, to multicore waveguides. It 

should be noted that exact solutions of the general 

four-medium concentric core waveguide problem have not been 

published [9,10]. This area of research therefore is an 

example of practical applied engineering being ahead of 

parallel efforts in mathematical modeling. 

4.1 GUIDED MODES OF OPTICAL FIBERS 

The purpose of this section is to review the field 

equations of a general single-core cylindrical optical fiber 

prior to the review of solution techniques for guided modes 

in concentric core optical fibers. The wave equation for 

components of these fields can be derived from Maxwell's 

equations. For example, the resultant differential equation 

for electric field Ez is given by: 

+ 

Chapter IV 

1 aE _ _z. 
r ar 

= 0 (4.1.1) 
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The same form of differential equation can also be written 

for Hz. After solving for Hz and Ez, we can then obtain the 

following field solutions from Maxwell's curl equations: 

E~ = 

H = r 

j 
q2 

j 
q2 

j 
q-2 

j 
q2 

aE 1 aHZ 
( I)~+ wµ - --

ar r a~ 

aE aH 
(!).!. 2 - wµ ~) 

r a~ ar 

aH 
(I) _z 

ar 

aH 
(l)! __ z+wt 

r a~ 

aE 
-2...) 
ar 

(4.1.2) 

(4.1.3) 

, and (4.1.4) 

(4.1.5) 

where q 2 =k 2 -1) 2 and k=2~n/X; where n is the index of 

refraction of the transmission medium. Let the solution for 

Ez be of the from 

Ez = K Fz(r) ej(wt-l)z) ejv~ 

Then equation 4.1.1 becomes 

(4.1.6) 
a r 2 

Chapter IV 30 



which is the well-known differential equation for Bessel 

functions. General solutions of this equation are the 

combinations of Bessel functions of the first kind J (qr) and 
" 

Neumann functions N (qr). Another set of solutions is Hankel 
" 

functions H 1 (ilr) and H 2 (ilr) which correspond to modified 
" " 

Bessel functions of the first kind K 1 ( lr) and the second 
" 

kind K 2 (lr), where l=iq. The modified Bessel functions are 
" 

used in this report rather than the Hankel functions 

following conventional usage in most fiber optic discussions. 

4.2 EXACT MODE ANALYSIS FOR CONCENTRIC CORE OPTICAL FIBERS 

4.2.1 FIELD EQUATIONS 

Using a procedure similar to that outlined above, the 

z-component field equation solutions in each region of the 

concentric core optical fiber can be written as Ezl, Ez2 ' 

E 3 , and E 4 , representing electric field vectors in the z . z 
inner core, inner cladding, outer core, and outer cladding, 

respectively. The reader can refer back to Figure 3 in 

Chapter 2 for clarification of the fiber geometry. For the 

case of r < a, the field must be finite as r ~ 0, and the only 

solution that satisfies this condition is J (qr). For a< r 
" 

< b and b < r < c, the field solutions at the boundary do not 

exhibit any limiting characteristic, thus we can only express 

them as the combination of Bessel functions of the first kind 
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and Neumann functions. For r > c the field decays as r ~ •, 

and this can be accounted for by using the modified Bessel 

function of the first kind, K 1 (kr), which is proportional 
" 

to -kr e for 

equations are, 

large values of kr. The resulting field 

Ez3 = ( D Jv(u3r) + E Nv(u3r)) e jv~ , b < r < c, and 

(4.2.3) 

I r > c (4.2.4) 

ki denotes 2~ni/X, and A, B, C, D, E, and F are constants to 

be determined. (Note that for simplicity in mathematical 

expression, the time and z dependent portion ej (wt-l3z) is 

omitted from the equations. ) There are a similar set of 

equations for Hz which involve a set of six different 
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coefficients. In order to find these twelve unknowns, we 

need at least twelve equations from the boundary conditions. 

4.2.2 BOUNDARY CONDITIONS AND EIGENVALUE EQUATIONS 

The field equations must be continuous at each 

core-cladding interface, therefore, we can write the 

following boundary equations, 

at r = a E - E = 0, H - Hz2 = 0, zl z2 zl 

El Erl - E2Er2 = 0, µlHrl - µ2Hr2 = O; 

at r b E - E = 0, Hz2 - Hz3 = 0, z2 z3 

E2Er2 -E3Er3 = 0, µ2Hr2 - µ3Hr3 = O; 

at r = c E - E = 0, Hz3 - Hz4 = 0, z3 z4 

E3Er3 - E4Er4 = 0, µ3Hr3 - µ4Hr4 = 0, 

where Er and Hr are obtained from equations 4.1.2 and 4.1.4. 

If we transform these twelve equations into a linear system 

format, a 12x 12 matrix with these twelve coefficients as 

variables results. The determinant of this matrix must equal 

zero to ensure the existence of non-trivial solutions. The 

resultant eigenvalue equation is then evaluated to determine 

the form of the fields of propagating modes in a concentric 

core optical fiber. However, the computations involved here 

are very complicated and cumbersome and are typically not 

performed in the literature. In the next section, we wi 11 
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investigate the approximate nature of transverse electric 

modes and transverse magnetic modes of this fiber. 

4.3 TRANSVERSE MODES OF CONCENTRIC CORE OPTICAL FIBERS 

In general, the modes of optical fibers are hybrid modes 

which consist of both nonzero H and E fields in the direction 

of waveguide propagation. It is difficult to separate them 

into transverse electric TE modes and transverse magnetic TM 

modes unless v equals zero. Before we make any justification 

about the above statement for concentric core optical fiber, 

we first evaluate wave equations for the case of H = 0. z 

4.3.1 EIGENVALUE EQUATION FOR TE MODES 

Consider the case when the z component of the H field 

is zero; the remaining field solutions are equations 4. 2. 1 

to 4. 2. 4. Substitution of these equations into 4.1.2 leads 

to the following. 

(4.3.1) 

(4.3.2) 
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j "~ e , and ( 4 . 3 . 3 ) 

j "~ e (4.3.4) 

Again, the time dependent portion is omitted from the 

mathematical expression. Application of appropriate boundary 

conditions to the above sets of equations for Ez and Er, 

results in the following: 

(4.3.5) 

I 

C& 2u 2N"(u2a) = 0 (4.3.6) 

(4.3.7) 

I I I I 

BE2U2Jv(u2b)+ CE2U2Nv(u2b)- DE3U3J"(u3b)- EE3U3N"(u3b)= 0, 

(4.3.8) 

and (4.3.9) 
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(4.3.10) 

The corresponding eigenvalue equation is obtained by setting 

the determinant of the resulting 6x 6 matrix equal to zero, 

as shown below. 

3 1a -J 2a -N 2a 0 0 0 
I 

t13 1a -t2 32a -t2N2a 0 0 0 

0 3 2b N2b -J3b -N3b 0 (4.3.11) 
I I = 0 0 t2J2b t2N2b -t33 3b -t3N3b 0 

0 0 0 3 3c N3c -K 4c 
I I 

0 0 0 t3 3 3c t3N3c -t4K4c 

Here, J. denotes J (u.r), J'. represents the derivative of 
ir v i ir 

J (u.r) with respect to its argument, and the same notations v i 

are applied to the N and K functions. As can be expected, 

only certain order modes, that is certain v, satisfy both 

eigenvalue equations evaluated from the 6x 6 matrix and the 

12x12 matrix. Those modes which do no meet these 

requirements can not be classified as TE modes. This 

argument may be applied to TM modes as well. Since the 

emphasis of this chapter is on the approach of problem 

solving rather than the search for the exact solutions, 

further verification is not conducted. 
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4.3.2 NUMERICAL ANALYSIS ON MODE SOLUTIONS 

The eigenvalue equations shown in the previous sections 

are very difficult to solve analytically, thus numerical 

methods are usually applied to the evaluation of such 

problems. The matrix of (4.3.11) can be rearranged by row 

reduction arithmetic to a tridiagnal matrix, 

all al2 0 0 0 0 
a21 a22 a23 0 0 0 
0 a32 a33 a34 0 0 ( 4. 3. 12) 0 0 a43 a44 a4S 0 
0 0 0 aS4 ass aS6 
0 0 0 0 a6S a66 

The values of J and N can be obtained by calling IMSL Bessel 
" " 

function routines; their derivatives are calculated through 

laws of recursion for Bessel functions. The resultant 

elements a. . are constant for every choice of propagation 
J. J. 

constant ~. The matrix can be further decomposed to an LU 

matrix [11) of the form, 

1 0 0 0 0 0 ull al2 0 0 0 0 
L21 1 0 0 0 0 0 u22 a23 0 0 0 
0 L32 1 0 0 0 0 0 U33 a34 0 0 (4.3.13) 0 0 L43 1 0 0 0 0 0 U44 a4S 0 
0 0 0 LS4 1 0 0 0 0 0 USS aS6 
0 0 0 0 L6S 1 0 0 0 0 0 u66 

where L .. 1 J.,J.- = a· · l/u. 1 · l' J.,J.- J.- ,J.-
and 

u .. =a .. -L. . 1a. 1 . . The determinant of the matrix on the 
J.J. J.J. J.,J.- J.- ,J. 

Chapter IV 37 



left is one al'.ld that of the U matrix is the multiplication 

of all u... This decomposition simplifies the evaluation of 
11 

the matrix determinant and is a useful tool to find the modes 

of the concentric core fiber. 

4.4 APPROXIMATE MODE ANALYSIS FOR CONCENTRIC CORE FIBERS 

There is another approach that can be taken to analyze 

the mode solution of concentric core optical fibers. Such a 

method, which considers the concentric core fiber as a 

combination of rod and tube dielectric optical waveguides, 

has been applied to the analysis of coaxial fibers [2]. 

Under a weakly guiding field assumption, we can determine the 

propagation constants for both waveguides independently. The 

expected results for such fibers are that some of the modes 

only propagate in the rod, while some other modes may just 

exist in the tube, here, the outer core. There are also modes 

that can propagate in both guides which are coupled back and 

forth between the two cores. Therefore, with this approach, 

we can easily and approximately visualize the modes of 

concentric core fibers. 

4.4.1 ROD WAVEGUIDE 

A rod guide is nothing more than a conventional single 

core fiber, and conventional procedures can be used to 
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determine the propagating modes [6,12]. 

solutions for such a fiber are 

jvt/l e 

, r < a 

, r < a 

, r > a , and 

, r > a. 

Wave equation 

(4.4.1) 

(4.4.2) 

(4.4.3) 

(4.4.4) 

Substitution of the boundary conditions at r = a leads to the 

corresponding eigenvalue equations, 

2 2 
(T + r ) (k12, + k2 2r ) = Bv (1 + 1 ) " " " " a~ U"Y 1 2 

(4.4.5) 

where T and r are defined as 
" " 

(4.4.6) 
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The eigenvalue equation can be evaluated to determine the 

propagation modes of the rod waveguide. 

4.4.2 TUBE WAVEGUIDE 

The mode analysis for a dielectric optical tube 

waveguide has been presented in [13] with the assumption that 

the indices of refraction of core and cladding are nearly the 

same. The wave equation solutions here are of the form 

/ r < b I (4.4.7) 

Ez3 =(D Jv (u3 r) + E Nv (u3r)) ejv~ , b < r < c , and 

(4.4.8) 

I r > C 

The eigenvalue equation is given by [13]: 

u3Jv(u2b)Jv+1<u3b) - u2Jv(u3b)Jv+1<u2b) 
u3Jv(u2b)Nv+1<u3b) - u2Nv(u3b)Jv+1<u2b) 

= u3Kv(u4c)Jv+1<u3c) - ju4Jv(u3c)Kv+1<u4c) 
u 3Kv(u4c)Nv+l(u3c) - ju4Nv(u3c)Kv+l(u4c) 

Chapter IV 
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4.5 SUMMARY 

This chapter has described the mode theory of concentric 

core optical fiber in two ways: an exact solution with a 

resultant 12x12 matrix eigenvalue equation, and an 

approximate solution with simplified rod and tube waveguide 

analysis. The latter approach is more favorable for this 

study in that it helps illustrate the mode coupling and mode 

conversion effects of concentric core fibers, and it will be 

discussed extensively in Chapter 6. 
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CHAPTER V 

REVIEW OF OPTICAL FIBER MICROBEND AND STRAIN SENSORS 

5.1 INTRODUCTION 

This chapter considers several well developed sensor 

techniques in microbend sensor and strain sensor applications 

and describes their operation principle with mode conversion 

and mode coupling theory. The purpose of this chapter is to 

introduce some of the existing technology in these two 

particular sensor areas and lay the foundation for later 

comparisons between these conventional sensors and our 

concentric core optical fiber microbend strain sensors. 

In optical fiber transmission, random microbending on 

the optical fiber due to preform imperfections or cabling 

induces a loss of transmitted power. Theories have been 

developed considering the statistically random nature of this 

type of deformation, and the corresponding loss formulae are 

derived using several approaches [ 14-16] . For fiber-optic 

sensors, a specific spatial external deformation function can 

result in a desired loss mechanism, and such effects form the 

bases of many prototype sensor configurations. 
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5.2 OPTICAL FIBER MICROBEND SENSORS 

5.2.1 RANDOM BENDS 

There are two approaches in solving the random bends 

problem. One method considers the curves in the waveguides 

as circular bends (14,15], and the other treats corner bends 

as a joint between two straight fiber sections [ 16, 17 J; see 

Figure 11. For the circular bend model, the analysis is 

developed for a parabolic index fiber with the assumption 

that the bends only occur on the x-z plane. The index 

distribution for such curved waveguide is written as 

2 2 a 2 2 n = n 1 { 1 - 2_ [ ( x-g( z)) + y ] } (5.2.1) 
a2 

where g(z) is the random bend function. The coupling 

coefficients of any two modes due to such a function are 

derived from mode conversion theory. (For detailed 

discussions of this work see [15,31]). It is found that the 

coupling strength is the strongest when the difference in 

propagation constants of two modes is related to the 

deformation function spatial frequency. Furthermore, the 

mode conversion effect is actually induced between two 

adjacent modes as if power is diffused from one mode to the 

other. The power coupling spectrum is then defined as (15], 
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straight waveguides model [16] 
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H(6 - 6 ) = K 2 G(6 -6 ) µ v µv µ v (5.2.2) 

where µ and v denote the mode numbers, K are the resultant µv 

coupling coefficients and G is the power spectrum of the 

perturbation function which is defined as, 

G(6 -6 ) µ v = < tl1~ g(z) e 
-j(6 -6 )z µ v dz 12 > / (5.2.3) 

where < > indicates an ensemble average and L is the length 

of random bend function. This formula has been applied by 

many investigators in their analyses of external microbending 

effects in the optical fiber. 

The second method is based on the local normal modes of 

the straight waveguide. The modes cause a rotation of the 

phase fronts of the local modes of one waveguide section 

relative to the phase in the adjacent section (17). The bend 

portion can be modeled as a series of sections of joints of 

straight waveguides, and the resulting propagation constant 

variation is the mean value of all the phase changes in all 

of the joints. The average value of 61 is given by (17) 

(5.2.4) -- --
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where 6 is the propagation constant for the converted mode, 

6i is the incident 6, ~P. ·denotes the total power coupled 
1 

from the incident mode to other modes, ¢ is the corner bend 

angle, F. is the field description 
1 

of the incident mode 

written in Cartesian coordinates, and the bend is in the x-z 

plane only. We can see that power loss is related to the bend 

characteristic of the fiber. If the external bend function 

is such that 6. is converted to 6 of radiation modes, the 
1 

transfered power is eventually lost from the fiber and 

results in a loss in total propagating power. This approach 

is very suitable for the analysis of single mode and two-mode 

fiber operation in that one can easily relate the power 

transfer from a particular propagating mode to the radiation 

modes. 

5.2.2 PERIODIC EXTERNAL DEFORMATION 

The previous section describes the characteristics of 

the loss of an optical fiber subjected to a general bending 

deformation. In this section, we specifically review the 

effect of some periodic mocrobending functions. 

A typical configuration of microbend mechanical 

deformations is depicted in Figure 12, where A is the spatial 

wavelength. For small vertical displacement of the deformer, 

the optical fiber is under approximately a purely sinusoidal 
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distortion. The attenuation spectrum H( o e) due to such a 

perturbation on a parabolic fiber is derived from equations 

(5.2.2-3), and is given by (18], 

H ( o e ) oc L [ sin ( q- o e ) L / ( q- o e ) ] (5.2.5) 

where q=2n/A, L is the length of periodic deformations, and 

oe=e -e . µ '\) Note that the maximum mode conversion effect is 

induced when oe = q. Since mode coupling among modes of a 

parabolic index fiber occurs only between adjacent modes, it 

is desirable to have the deformation spatial frequency equal 

to the difference in propagation constants between the 

highest order modes and radiation modes; that is, q = ei-er' 

where i and r denotes initial and .radiation modes, 

respectively. 

If the microbending plate is pressed deeper, the 

mechanical spatial distortion function becomes triangular. 

Substituting such a function into equation ( 5. 2. 3) the 

resultant attenuation equation [19] is as follows: 

G( oe ) = 

+ 
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where q and 6a are the same as in the previous definitions, 

n is an odd integer, and a are the Fourier series n 

coefficients of the triangular function. It is concluded 

that resonance occurs not only at 6a = q, but also at other 

odd harmonics given by 6 a = q/n. In other words, the 

deformation affects all adjacent mode groups whose periods 

equal the odd multiples of the spatial wavelength, and modes 

whose period do not match the fiber bending period remain 

almost unperturbed. Figure 13 shows that when the 

deformation function is not purely sinusoidal, there is 

another peak at about 3A which is contributed by the third 

harmonic. 

5.2.3 MODE RELATIONS IN MULTIMODE OPTICAL FIBER 

Thus far the mode conversion phenomenon between 

neighboring modes has been mentioned a few times, so this 

section illustrates the relation between adjacent modes for 

a particular class of optical fibers. Comparisons are also 

made between step and parabolic index optical fibers. The 

refractive index profile of this class of fiber can be 

written as, 

n( r) = 

Chapter V 

n 1 [ 1 - 2a1 (...E_)a ]~ 
~ a 

n 1 [1 - 2a] 

for r < a 

for r > a (5.2.7) 
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where a is a parameter between 1 and oo, and 6. is the 

normalized core-cladding index difference. For a=oo, the 

profile represents that of a step index fiber, whereas in the 

case of parabolic index fiber, the value of a is 2. 

The total number of modes supported in an optical fiber 

can be determined by the WKBJ method. The derivation is 

performed in (20], and the resulting number of modes having 

a propagation constant less than am is given by, 

m (a ) m 
k2 - a2 (2/a)+l 

__ 2_6._k_:z.,..m-...,) (5.2.8) 

where k = 2~/X. Let am and am+l be the propagation constants 

of adjacent modes and the corresponding total number of modes 

be m and m+l. By substitution of these values into equation 

(5.2.8), 6am can be derived as 

5a a a ~ (.!!:.A_)~ ( ~) (a-2)/(a+2) 
~m= ~m+l-~m= a a+2 M (5.2.9) 

where M is the total number modes in the fiber. For a step 

index fiber, 6am becomes 

(5.2.10) 

Chapter V 51 



and that of a parabolic index fiber is 

6~mp = 
1 

21!. )~ 
a (5.2.11) 

It follows from equation (5.2.11) that there exists a 

critical spatial wavelength A for the parabolic fiber to have 

maximum loss. However, there is no such critical deformation 

period for step index fiber, and mode coupling occurs in 

higher order modes if A is small while lower order modes are 

coupled when A is large. 

5.2.4 MICROBEND SENSORS 

The operation principle of microbend optical fiber 

sensors is based on the intensity modulation of transmitted 

signals by inducing external microbend deformations on the 

fiber. The modulation index depends on the loss sensitivity 

of the optical fiber, as well as the mechanical design of the 

sensor. These sensors are generally applied to pressure 

sensing such as that necessary for acoustic field detection 

[21,22). The mechanical transduction portion is very 

important in that the sensing field itself is usually not 

able to directly cause microbending on the fiber. Thus the 

sensor performance can be improved provided the mechanical 
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sensing device is well designed so that the bending effect 

is easily achieved. 

An extended fiber-optic hydrophone is realized [22] with 

the schematic diagram shown in Figure 14. The optical fiber 

used is a step index mul timode fiber, and the distortion 

periodicity is chosen so that only low order modes are 

affected in order to obtain maximum sensitivity. As can be 

seen from the axial slot of the microbend modulator, only 

half of the circumference is exposed to the acoustic field 

which deflects the fiber in one direction, whereas the 

unexposed portion of the fiber deflects in the opposite 

direction and results in microbending. This acoustic sensor 

has a relatively flat frequency response over the range from 

200 to 1500 Hz. It is found that a longer sensing length can 

increase sensitivity, but the fiber must be shorter than the 

modal transient distance to prevent converted modes from 

coupling back to the initial modes; i.e., in the case when 

modes reach equilibrium state. The advantage of such a 

sensor over interferometric sensing systems is its simplicity 

in optics and electronics design. 

A water sensor has similarly been designed utilizing the 

microbending effect [23]. Here, the optical fiber is laid 

free between a swelling material on top of a periodic V 

groove plate. When water penetrates through the top 
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Figure 14. Extended microbend acoustooptic sensor [22] 
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material, the material swells and pushes the fiber to the 

edge of the V groove structure. The resultant output signal 

due to the induced bends serves as a measure of the amount 

of water penetration. 

5.3 OPTICAL FIBER STRAIN SENSORS 

5.3.1 NDE WITH IMBEDDED OPTICAL FIBER 

In recent years, nondestructive evaluation (NDE) for 

measuring structure distortion utilizing optical fibers has 

achieved satisfying results. Research has been demonstrated 

sucessfully with imbedded optical or acoustic waveguides as 

sensors for large-scale NDE of composite materials [24]. The 

optic~l time domain reflectometry measurement (OTDR) is 

applied to the detection of material properties in such a 

system. Such measurements are briefly discussed here. 

Rayleigh backscattering of a light pulse is roughly 

uniform along an unperturbed fiber [ 25] . When a composite 

containing a fiber is subjected to mechanical loading, the 

axially induced strain in the fiber changes the fiber local 

index profile and fiber geometry. The resultant local 

attenuation in the loaded section of the imbedded fiber 

affects the intensity of Rayleigh backscattering and is 

observed as a change in the slope of backscattered power 

Chapter V 55 



versus time. This change can further provide information 

about the loading location. The spatial limitation on the 

detectable dimension of the test material depends upon the 

optical pulse width, the electronic time response of the 

detection system, and the optical loss of the fiber. The 

spatial resolution can be increased with a narrower pulse; 

however, this in turn decreases the received pulse energy. 

5.3.2 WIDE RANGE MICROBEND STRAIN SENSORS 

A high sensi ti vi ty fiber optic strain sensor which is 

capable of measuring local surface bend radii greater than 5 

km has also been developed [ 26] . The sensor mechanical 

device shown in Figure 15 is attached to the test structure 

and fiber bending is induced when the structure is deformed. 

A graded index mul timode fiber is used here and is in 

conjunction with a series of the same type of microbend 

strain sensors for larger scale evaluation. 

OTDR measurement techniques to this 

Applications of 

sensor enable 

simultaneous operation and identification of distortion 

positions from the return signal. 

A similar study has been performed with a chain sensor 

in combination with OTDR system [27); see Figure 16. When 

the test material is under strain, the chain sensor is 

streched and causes microbending on the fiber. The results 
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Figure 15. Schematic diagram of microbend strain sensor 
(a) with no structural bending (b) with 
structural bending [26] 
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show that the approximate linearity of transmission loss 

versus sensor displacement is improved compared to that of 

the previous example. In addition, the advantage of these 

microbend sensors over the irnbedded fiber NDE sensor is their 

high sensitivity in detecting larger radii of surface 

curvature, however, the lightweight feature of the imbedded 

fiber sensor is preferable in some applications. 

5.3.3 OTHER STRAIN SENSORS 

Recently, a strain sensor using twisted optical fiber 

with a fair degree of sensi ti vi ty has been reported [ 28]. 

The sensor has an initial loss due to its twisted structure. 

When axial tensile strain is applied to the twisted fiber, 

the loss of this sensor decreases because the radius of 

curvature of the fiber bending becomes larger; such a change 

in loss may also be measured with OTDR. 

Another fiber-optic strain gauge sensor has been 

developed utilizing the motion of the fringes in the optical 

interference pattern as a measure of strain [29]. Two fibers 

are attached to opposite sides of a cantilever bar such that 

when one fiber is under compression the other is under 

tension. The different resultant phase shift of the two 

optical signals causes a movement in the interference 

fringes. Unfortunately, compared to the concentric core 
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fiber sensor, this sensor involves passive optical 

measurements and the detection scheme is not as compact and 

flexible. 

5.4 SUMMARY 

This chapter has described the existing optical fiber 

microbend and strain sensor technology. Two approaches for 

determining the effect of random microbends and the effect 

of periodic bending on a special class of fibers are also 

reviewed. These theories are adapted to the analysis of 

concentric core optical fiber sensors. Such sensors are the 

main topic of the next chapter. 
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CHAPTER VI 

CONCENTRIC CORE OPTICAL FIBER MICROBEND STRAIN SENSOR 

6.1 RESEARCH OBJECTIVE 

The nondestructive evaluation (NDE) of composite 

materials utilizing imbedded conventional 

communications-grade optical fibers has achieved good 

results. The initial objective of this project has been to 

study the feasibility of imbedding concentric core rather 

than conventional optical fibers for the NDE of test 

materials. 

The desirable characteristics of this sensor system are 

the following: 

(1) the ability to detect the amount of strain applied to 

the composite material, 

(2) capability of locating distortion position, and 

(3) practicality of physical implementation. 

We will devote this chapter to the discussion of the present 

stage of development, limitations of this optical fiber 

sensor technique, and suggestions for future research. From 

the experimental observation made on the concentric core 

optical fibers depicted analytically in Chapter 3, this 
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chapter will describe the operation principle of this 

microbend strain sensor and present preliminary system 

planning for the realization of this project. 

6.2.SENSOR DEVELOPMENT 

6.2.1 DESIGN PROCESS 

Before we can evaluate the feasibility of imbedding the 

concentric core optical fibers in the composite, we need to 

begin with investigation of possible sensor mechanisms of 

this fiber. To evaluate such mechanisms, a fiber is glued 

on a thin bar made of plexiglass, and the bar is fixed in a 

strain gauge as can be seen in Figure 17. When the bar is 

bent by the micrometer, the fiber is under strain or 

compression depending upon which side of the bar the fiber 

is placed. 

In order to see how strain would affect local mode 

distribution of this fiber, the fiber is first laid flat on 

the bar. The far field output pattern is then observed with 

the bar bent at different positions. However, a variation 

of the pattern using this simple distortion does not occur. 

It is apparent that mode conversion due to strain is much 

weaker than similar conversion due to bending. The next 

design procedure is therefore to consider ways of inducing 
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microbending while still retaining the all-fiber operation. 

Thus an auxiliary fiber is introduced to twist the main 

fiber. Both fibers are glued on the bar for strain testing 

as shown in Figure 19. The sensor is arranged so that the 

twisted fibers are under compression when the bar is bent. 

The main fiber is in effect under a periodic deformation with 

a spatial period equal to the twist pitch. 

Although, as a result of the twist structure, there is 

some initial mode conversion due to torsion, axial strain and 

bending even if the bar is not bent, these mechanical 

conditions can be considered constant throughout various 

degrees of bend on the test bar. The experimental results 

indicate that considerable improvement in sensi ti vi ty is 

acquired compared to that of the flat fiber. This use of 

twisted fiber is merely a simple step toward our eventual 

goal, and a better attempt at specimen fabrication is 

introduced in Section 6.3. 

6.2.2 EXPERIMENTAL RESULTS 

The experimental set-up is displayed in Figure 17, where 

two test bars are in conjunction, and light is launched into 

the inner cladding of a short concentric core optical fiber 

with the corresponding output pattern shown in Figure 4b. 

The photodetector is placed in a manner such that the whole 
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output pattern is covered within the detector surface area. 

The center circular bright spot is blocked with black tape 

at the detector end, and the digital meter records the 

intensity projected beyond that masked spot. 

The strain sensor results of the flat fiber and the 

twisted one are plotted in Figure 18 which indicates output 

intensity variations versus micrometer reading. The 

nonlinearity of these curves could be caused by (1) 

imperfection in the fiber twisting process so that the 

induced microbending periodicity is not uniform along the 

test bar; (2) the speckle drift problem due to temperature 

variation and non-steady air pressure in the laboratory 

environment. 

6.3 THEORETICAL ANALYSIS 

6.3.1 MODE COVERSION IN CONCENTRIC CORE OPTICAL FIBERS 

The mode conversion theory for conventional fibers has 

been reviewed in Chapter 5; we now need to examine if it is 

justified to apply this theory to the concentric core optical 

fiber used as a strain sensor. Refering back to the 

approximate solution developed in Chapter 4, this fiber can 

be treated as a combination of rod and tube waveguides. It 
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is thereftire also reasonable to consider the bending problem 

seperately for each waveguide. 

For the rod waveguide, the mode conversion effect is 

identical to that of the conventional single core fibers. 

The analysis of the perturbation on the tube guide is more 

complicated but is analogous to that of rod guide. The 

refractive index profile can be modeled according to the 

deformation function, and the perturbed field equations can 

be solved and expressed in terms of the modes of an 

unperturbed waveguide. From a preliminary approximation, it 

seems appropriate to conclude that mode conversion coupling 

coefficients are also a function of external deformation. 

However, the entire mathematical derivations for the tube 

waveguide imperfection problem are quite complex [30). 

6.3.2 MODE COUPLING THEORY 

Besides mode conversion phenomena due to bending, the 

concentric core optical fiber exhibits mode coupling between 

rod and tube waveguides because the two core layers are very 

close to each other. It is known that complete power 

transfer from one guide to the other is possible if the 

waveguides are close enough and are phase matched. Based on 

the results derived in [31,3), the coupling coefficients for 
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the µth mode of the rod guide and vth mode of the tube guide 

can be written as 

~ al 21T 2 2 c = -w(&µo) J J ( n - n2 ) E Et r dr d8 µ 
0 0 1 r 

00 21T 2 2n J J E r dr d8 (6.3.1) 
0 0 r 

~ a3 2ir 2 2 c = -w(&µ 0 ) J J n3 n2 E~ E r dr d8 
" a2 0 r 

00 21T 
E2 2n J J r dr d9 (6.3.2) 

0 0 t· 

where n. is defined as before, n 2 is considered equal to n 4 , 
J. 

and the 6 of Er- is in the opposite direction of that of Er. 

The resultant coupling intensities Ar and At are expressed 

as functions of z, and they are 

A (L) = µ 

A (L) = v 

L 
J 

0 

L 
J 

0 

i(e -e > z 
i C A e v µ 

µ v dz , and 

-ice -e > z 
i C A e v µ dz v µ 

(6.3.3) 

(6.3.4) 

~ote that the integral reaches a steady value only when 

-e = o, µ 
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appreciable build up of the integral. A(z} is a periodic 

function, so the power is coupled back and forth between the 

cores periodically. This mode coupling theory enables us to 

evaluate the coupling strength between a mode of the rod 

guide and that mode of the tube guide and shows that power 

transfer occurs only between modes that have identical phase 

velocities. 

6.3.3 OPTIMUM BENDING PERIODICITY 

According to the above theoretical analysis obtained for 

concentric core fiber, an idea for our sensor applications 

is proposed here in order to make good use of these two 

interesting features, mode conversion and mode coupling. 

Suppose that the input launching condition is such that both 

waveguides are supporting some of their propagating modes. 

The excited modes of the two guides may or may not have the 

same propagation constants. For the unperturbed case, those 

modes that exhibit identical e are coupled in and out from 

one guide to the other while others propagate in one 

waveguide only. 

When an external periodic microbending is applied to the 

fiber, the tube and rod guides are subjected to mode 

conversion independently based on the previous approximation. 

It is desirable to confine the optical power inside this 
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concentric core fiber and to induce a mode redistribution 

effect only. Thus, if e is converted to e b which is no r r 
longer supported in the rod guide but becomes one of the 

propagation modes of the tube guide, then power is not lost 

from the optical fiber and is retained in the outer core. 

Furthermore, the redistributed output pattern due to this 

type of conversion will not be a function of fiber length; 

however, if erb exists in both waveguides, the fiber length 

may be crucial due to mode coupling phenomenon. It is 

concluded that the optimum periodicity for an external 

microbend function is 

(6.3.5) 

The above statement, however, is valid only if such modes 

exist in the concentric core optical fiber and the periodic 

distortion is purely sinusoidal. For a function with many 

harmonics, there are other mode conversion groups which occur 

to further complicate the mode redistribution, but this does 

not defeat our original purpose. 
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6.4 SENSOR PERFORMANCE EVALUATION 

6.4.1 IDEAL SENSOR CONFIGURATION 

The twisted fiber has shown good sensitivity in strain 

sensing but has not yet acquired the bending characteristic 

desired for this sensor due to its twist nature. 

Additionally, the mathematical expression for such external 

functions is very difficult to obtain, and this prevents us 

from treating mode conversion analytically. Another possible 

scheme is presented in Figure 19 which is somewhat an 

exaggerated configuration of the actual intention. If the 

fiber can be implemented in such a way that one half cycle 

of the fiber is perpendicular to the test surface and the 

other half cycle is laid flat - not bent as depicted in Figure 

19 - the external microbending function can be written as a 

halfwave sinusoidal function. This ideal configuration would 

allow a simple mathematical analysis and is suggested as part 

of future research. 

It is also noticed that the induced microbending is not 

of equal amplitude along the sensing portion. This is 

contrary to the result from the usual uniform bending 

deformer plate, and so some modification needs to be made on 

the deformation function in solving the mode conversion 

problem. 
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6.4.2 LARGE-SCALE NONDESTRUCTIVE EVALUATION 

The advantages of the concentric core optical fiber 

microbend strain sensor are its lightweight and all-fiber 

features. This sensor is compact and does not apply too much 

weight to the compos·i te materials if it is attached to the 

material surface or imbedded inside the composite. Since it 

has been proven feasible to cement the twisted fibers to the 

test bar surface for strain measurement, intuitively, we can 

consider attaching this sensor to a large-scale test 

materials. Unlike the OTDR system, the concentric core 

fibers do not provide information about perturbation 

location. Thus the sensor system suggested in Figure 20 is 

differentiated into many local sensors. The output intensity 

variation of each distributed fiber sensor indicates a 

specific deformed position. 

show power variation, then 

If two adjacent fibers a and b 

the strain must be applied 

somewhere between x 1 and x 2 • This sensor system can only 

detect surface distortion in x-z plane and a similar approach 

can be taken for x-y plane structure distortion measurement. 

The resolution can be increased by decreasing the 

distance between adjacent local sensors. However, the 

detectable dimension is limited by the equilibrium transient 

distance of this fiber. Unfortunately, it might not be 

feasible to imbed this sensor system in the composite. One 
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reason is that voids resulting from twisted fiber are 

difficult to prevent, and another is that the weight 

distribution of this system is not uniform because the 

twisted sensors are imbedded in the diagonal position only. 

The above conditions can affect the strength of the composite 

material and these problems are to be further investigated. 
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CHAPTER VII 

CONCLUSION AND RECOMMENDATIONS 

This thesis has explored a very interesting type of 

optical waveguide, concentric core optical fiber. It has 

taken an initial step to investigate the basic properties of 

this fiber and some possible applications in the area of 

fiber optic sensors. 

The emphasis of this work is on the formation of a broad 

aspect of understanding towards this optical fiber. Some 

justifications are made on the application of conventional 

problem solving approaches to the concentric core optical 

fiber, specifically for the survey of mode solution 

techniques and the mode conversion phenomenon in a perturbed 

fiber. Several interesting experimental observations are 

made and the corresponding preliminary analyses are 

presented. Much of the effort of this project was made in 

the development of the concentric core optical microbend 

strain sensor. The sucessful results suggest a new concept 

of sensing technique, mode redistribution sensors, to the 

area of optical fiber sensors. This concept is further 

analyzed with mode conversion and mode coupling theories to 

search the potential of this sensor. 
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The mode theory for the concentric core fiber is 

complicated by its two cores and multimode operation. The 

bending problem is even more complex due to the above 

characteristics and the step-index nature of this fiber. 

There are still many research topics left to be studied. The 

further research can include the following: 

(1) analysis and measurement of the equilibrium transient 

distance of this fiber, 

(2) coupling beat length between the inner and the outer 

cores, 

( 3) implementation of the suggested ideal sensor 

configuration, 

(4) an advanced numerical analysis on the eigenvalue 

equations for mode solutions, 

(5) a more detailed investigation on the far-field output 

pattern versus input launching conditions, 

(6) application of WKBJ method to solve the total number 

of modes in this fiber, and 

( 7) the fabrication of a single mode concentric core 

optical fiber and the analysis of phase change, mode 

coupling between the two degenerate polarization modes of 

the rod and tube waveguides, and the birefringence 

properties of this fiber upon microbending, strain, or 

other types of perturbations. 

Chapter VII 77 



APPENDIX A. 

********************************************************* 
* Objective: The purpose of this program is to compute * 
* the input acceptance angle for a concentric* 
* core fiber. * 
* Input: The variables are defined in the following * 
* figures and the illustrations of this sec- * 
* tion. By varying the values of index of * 
* refraction,R,Dl,D2,and THC, the corres- * 
* ponding set of output would result. * 
* Output: The output file consists of a list of * 
* theta and beta. For each theta, there is * 
* a maximum acceptable angle beta. To obtain* 
* the minimum angle, the write statements * 
* need to be modified. * 
* Limitation: The final version of this program can only* 
* do computation for light input into the * 
* outer core. For calculation of input * 
* acceptance angle of the inner core or inner* 
* cladding, slight modification on the pro- * 
* gram is needed. The output of the light * 
* source is considerd as a cone and is * 
* coupled with a lens. * 
********************************************************* 

DOUBLE PRECISION Nl,N2,N3,N4,K3,K4,KS,THC,TCR,DD 
DOUBLE PRECISION R,Rl,R2,R3,R4,RS,Dl,D2,BMX,BMN,AMX 
DOUBLE PRECISION A,Al,D,E,F,CR,ANGLE,BETTA,AMM 
DOUBLE PRECISION ASIN,ACOS,PI,PI2,ALPHA,FCT,TH,TH1 
DOUBLE PRECISION TEMP,TEM,TEMl,BETMAX,BBMX 
DATA R,Dl,D2,THC/ 3.0DO, 1.SDO, 1.SDO, 0.18DO/ 
DATA Nl,N2,N3,N4/1.480DO,l.475D0,1.480DO,l.475DO/ 
PRINT,Dl,02 
PI=3.141592654DO 
PI2=PI/2.0DO 
DD=R+Dl 
R2=R+Dl+D2 
TEMP=DTAN(ASIN(DSIN(THC)/N3)) 
R3=DD*DTAN(ACOS(DD/R2)) 
DO 5 I=l,40 

ALPHA=PI2*I/40.DO 
TEM =DSIN(ALPHA)*DTAN(ALPHA)+DCOS(ALPHA)-DD/R 
IF(TEM .GT. O.lD-08) GO TO 3 

5 CONTINUE 
3 PRINT,ALPHA 

FCT=ALPHA/40.DO 
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DO 1 II=l, 20 
!=20-II+l 
BMN=O.DO 
AMX=O.DO 
AMN=O.DO 
THl=THC *I*0.05 
TH =PI2 -THl 
TH=ACOS(DCOS{TH )/N3) 
IFG=O 
A=DTAN(TH) 
Al=l.ODO/DCOS(TH) 
D=l.ODO/Al+A*DSIN{TH) 
E= DD*A*DSIN(TH) 
F= DD*DSIN(TH) 
Rl=R*Al 
R4=R2*Al 
TH=PI2-TH 
TEM =DATAN{TEMP*DSIN(ACOS{DTAN{TH)/TEMP)) 

% *DCOS{TH)) 
TEM=ASIN(DSIN{TEM)*N3) 
TCR=ACOS(N2/N3) 
BMX=TEM 
PRINT,THl 
CALL NA(Rl,R,BMX,BMN,A,Al,DD,FCT,40,IFG,N3,TCR,D, 

% E,F,O.DO) 
BBMX=BMX 
IF(IFG.EQ.4) GO TO 13 
CALL CONST{A,Al,D,E,F,K3,K4,K5,ALPHA,Rl,R,DD) 
CALL BETA(K3,K4,KS,BETMAX,A) 
TEM1=ASIN(DSIN(TEM)/N3) 
DO 10 J=l,159 

ANGLE=(PI-1.0DO)*(l-J/160.DO)+l.ODO 
CALL CONST{A,Al,D,E,F,K3,K4,K5,ANGLE,R4,R2,DD) 
CALL BETA(K3,K4,K5,BETTA,A) 
IF(BETTA .GE. BETMAX) GO TO 11 
IF(BETTA.GT.TEMl) GO TO 12 
GO TO 10 

11 AMX =ANGLE 
BETMAX=999. 

10 CONTINUE 
12 AMN=ANGLE 

IF(J.EQ.1) AMN=AMX 
PRINT,AMX,AMN 
CR=(AMX -AMN )/40. 
IFG=l 
BMX=TEM 
BMN =TEM 
TCR=ACOS{N4/N3) 
CALL NA(R4,R2,BMX,BMN,A,Al,DD,CR,40,IFG,N3,TCR 

% D,E,F,AMN) . 
IF(IFG.EQ.2) GO TO 13 
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WRITE(8,*) THl,BMN 
GO TO 1 

13 WRITE(8,*) THl,BBMX 
1 CONTINUE 

WRITE(8,*) O.DO,THC 
TCR=ACOS(N4/N3) 

19 DO 20 I=l,20 
THl=-THC*I*0.05 
TH=ASIN(DSIN(TH1)/N3) 
TH=-(PI2-TH) 
A=DTAN(TH) 
Al=l.ODO/DCOS(TH) 
D=l.ODO/Al+A*DSIN(TH) 
E=-DD*DCOS(TH) 
F=+DD*DSIN(TH) 
R5=D2*Al 
PRINT, THl 
TH=-(PI2+TH) 
FCT=DATAN(TEMP*DSIN(ACOS(DTAN(TH)/TEMP))*DCOS(TH)) 

% *0.0125DO 
IFG=2 
BMX=ASIN(DSIN(FCT*80.DO)*N3) 
BMN=O.DO 
CALL NA(R5,R3,BMX,BMN,A,Al,DD,FCT, 80,IFG,N3,TCR 

% D,E,F,O.DO) 
WRITE(8,*) THl,BMX 

20 CONTINUE 
STOP 
END 

******************************************************* 
* Purpose: 
* 
* 

This subroutine computes the maximum and * 
minimum acceptable angle beta for a given* 
theta. * 

* Parameters:A,Al,D,E,F,S and Dis are the constants * 
* needed to be passed on to the routine. * 
* IFG si the flag, NK is the index of re- * 
* fraction of the medium that the light is * 
* inserted into, FC is the size of itera- * 
* tion within the computation rnage, N is * 
* is the number of iteration, and RX and RY* 
* are the radii of the ellipse. BMX is en-* 
* tered with the maximum beta of the source* 
* The returned values of BMX and BMN are * 
* the maximum and minimum angle beta res- * 
* pectively. * 
******************************************************* 

SUBROUTINE NA(RX,RY,BMX,BMN,A,Al,DIS,FC,N,IFG,NK 
% TCR,D,E,F,S) 

DOUBLE PRECISION RX,RY,BMX,TCR,A,Al,DIS,FC,NK,BMN 
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DOUBLE PRECISION GAMMA,ALPHA,BETAA,ASIN,ACOS,BMN 
DOUBLE PRECISION K3,K4,KS,PI2,THC,D,E,F,R,S 
THC=BMX 
BMX=O.DO 
M=IFG 
PI2=3.141592654D0/2.0DO 
NN=N 
L=l 
DO 5 JJ=l,N 

J=N-JJ+l 
ALPHA=FC *J+S 
CALL CONST(A,Al,D,E,F,K3,K4,K5,ALPHA,RX,RY,DIS) 
GAMMA=((DIS-K3)*K3-K4**2 )/(DSQRT((DIS-K3)**2 

% +K4**2)) 
GAMMA=GAMMA/(DSQRT(K3**2 +K4**2 +K5**2)) 
GAMMA=ASIN(GAMMA) 
IF(GAMMA.GT.TCR) GO TO 7 
IF(J.LT.L} GO TO 5 
GO TO 10 

7 IF(JJ.EQ.l.) PRINT, IFG 
IF(J.EQ.NN) GO TO 8 
IF(J.LT.L} GO TO 11 
GO TO 5 

8 IFG=2 
IF(JJ.EQ.N) PRINT, IFG 
NN=NN-1 
GO TO 5 

10 IFG=3 
IF(M.EQ.2) GO TO 3 
CALL BETA(K3,K4,K5,BETAA,A) 

4 BETAA=ASIN(DSIN(BETAA)*NK) 
IF(BETAA.GT.THC) GO TO 5 
BMX=BETAA 
L=J 
PRINT 50, BMX,IFG ,L 

50 FORMAT(lX, 'BMN' ,3X,D22.16,3X,Il,3X,I2) 
GO TO 5 

3 BETAA=ALPHA 
GO TO 4 

11 IF(JJ.EQ.N) GO TO 12 
CALL BETA(K3,K4,KS,BETAA,A) 
BETAA=ASIN(DSIN(BETAA)*NK) 
IF(BETAA.GT.THC) GO TO 5 
BMN=BETAA 
IFG=5 
PRINT 51, BMN,IFG,L,J 

51 FORMAT(lX, 'BMN' ,3X,D22.16,3X,Il,3X,I2,3X,I2) 
L=l 

5 CONTINUE 
IF(M.NE.O) GO TO 12 
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IF(L.GE.J.AND.L.LT.40) IFG=4 
12 RETURN 

END 

SUBROUTINE CONST(A,Al,D,E,F,K3,K4,KS,ANGLE,RX,RY,DIST} 
DOUBLE PRECISION A,Al,D,E,F,K3,K4,KS,ANGLE,RX,RY 
DOUBLE PRECISION DIST,B,C 
B=DCOS(ANGLE) 
C=DSIN(ANGLE) 
K3=DIST-(RX*B-E)*(Al-A**2/D)-A*F/D 
K4=-RY*C 
KS=-(A/D)*(RX*B-E)+F/D 
RETURN 
END 

SUBROUTINE BETA(K3,K4,KS,BETAA,A) 
DOUBLE PRECISION K3,K4,KS,BETAA,ACOS,A 
BETAA=(K3+A*KS)/(DSQRT(l.DO+A**2)) 
BETAA=BETAA/(DSQRT(K3**2+K4**2+K5**2)) 
BETAA=ACOS(BETAA} 
RETURN 
END 

DOUBLE PRECISION FUNCTION ASIN(X) 
DOUBLE PRECISION X 
ASIN=DATAN(DSQRT(X**2/(l.DO-X**2))) 
RETURN 
END 

DOUBLE PRECISION FUNCTION ACOS(Y) 
DOUBLE PRECISION Y 
IF(Y.GE.l.DO) GO TO 1 
IF(Y.LE.-1.DO) GO TO 2 
ACOS=DATAN(DSQRT((l.DO/Y**2)-l.DO)) 
GO TO 3 

1 ACOS=3.141592654D0/2.DO 
2 ACOS= 3.14159265400 
3 RETURN 

END 

Intersection with the Inner Cladding at Positive 8 

When a plane cuts through a cylinder at an angle e with 

respect to the z axis, the resulting cross-section is an 

ellipse as can be seen in Figure 21. From any point on 
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the ellipse, we .can find the corresponding ray and its 

input angle e, and determine the propagation property of 

the ray. As depicted in Figure 22, A (0,0,(R+Dl)tane) is 

the center of the ellipse and AC is equal to R. AB is the 

other radius of the ellipse and is found to be Rsece. The 

ellipse equation is therefore, 

x2 
+ 

y2 
1 = 

b2 2 a 

where b = Rsece, a= R. 

For simplicity, a transformation of the bases is 

applied. As can be seen in Figure 23, the center of the 

ellipse A becomes the origin of the new coordinate system. 

The relation of the two bases is the following: 

X' cose O 

Y' = 0 1 

Z' -sine o 

sine 

0 

cose 

x 
y 

z 

x 
y 

sec0-tan2 e;o O -tane;o 

= 
z 

0 

tane/D 

where D= cose + tanesine I 

E= (R+Dl)tanesine , and 

F= (R+Dl)sine . 
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Figure 22. Coordinate of the intersection point 
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For any point P ( b cosa, a sina, 0) on the ellipse 

in the new coordinate, the old coordinates are P 

R+Dl-K3, -K4, -KS), where 
2 K3 = (b cosa-E)(sece-tan 8/D) - tan8F/D, 

K4 = a sina , and 

KS = tan8(b cosa-E)/D F/D . 

As shown in Figure 24, N is the point where light is 

inserted; thus vector PN is ( K3, K4, KS) . The equation 

of the line tangent to this point is 

Y = R sina - cosa(x - R cosa) 

and the tangential plane is 

R cota(l - cosa) X + R (1 - cosa) Y + K = 0 

thus the normal vector PM is ( cota, l, 0) . The incident 

angle r is the angle formed between PM and PN. This angle 

is then compared with the critical angle TCR to determine 

its acceptance. If the ray is considered accepted, then 

calculation of input angle e is done to determine BMX and 

BMN. 

Intersection with Outer Cladding at Positive 0 

The procedures for determining ray acceptance by the 

outer cladding are similar to those considered above 

except that the ellipse equation differs. The b axis 

becomes (R+Dl+D2)sec8 and the a axis is R+Dl+D2. 

Intersection.with Outer Cladding at Negative 8 
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Figure 24. The incident angle l 
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The b axis for this case is D2sec9 and the a axis is 

R+Dl 
a = (R+Dl) tan ( -1 cos -----

R+Dl+D2 

The procedures for the computation of o and ~ are the same 

as those used for the previous cases. 
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APPENDIX B. 

The WKBJ Method 

The general approach of the WKBJ method is to assume 

that the mode solution of waveguide is of the form [32], 

e jk S(r) 

Substitution of F (r) into equation (2.1.6) leads to z 

(B.0.1) 

Here q 2 is replaced by k 2 (r)-e 2 for generality. Taking 

the first two terms of the power series expansion with 

respect to k for S(r) and solving for the zero-order WKBJ 

approximation S 0 (r) to obtain information about the 

propagation constants, we acquire, 

S 0 ( r) (B.0.2) 

For propagation modes to exist, S 0 (r) must be real; this 

requires, 
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