
Micro-Optical Fiber Devices Used With Modal Domain Sensing 

by 

Amy Flax 

Thesis submitted to the Faculty of the 

Virginia Polytechnic Institute and State University 

in partial fulfIllment of the requirements for the degree of 

Master of Science 

in 

Electrical Engineering 

APPROVED: 

~~O.ClOJJs 
R. o. Claus, Chairman 

A. Safaai-J azi 

June 1988 

Blacksburg, Virginia 



I-D , 
staSs 
'less 
Iqg~ 

FGq1-
c.J. 



Micro-Optical Fiber Devices Used With Modal Domain Sensing 

by 

Amy Flax 

R. O. Claus, Chairman 

Electrical Engineering 

(ABSTRACT) 

In order to develop more compact optical fiber sensing systems, modal flltering can be 

performed in-line by using micro-optical devices. Two such devices are a laterally offset 

few-moded optical fiber mechanical splice and a modal conversion optical fiber coupler. 

A third device, the air-gap splice used with multimode fibers, can examine the modal 

content of an optical fiber. A basic theoretical understanding on how these devices 

operate is reviewed. A splice loss calculation for few-moded optical fibers is presented. 

Applications of the a~ymmetrical few-moded mechanical optical fiber splice, the modal 

conversion coupler, and the air-gap splice are discussed. 
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1.0 Introduction 

Fiber optic sensing systems may be used to detect temperature, pressure, acoustic waves, 

strain, and a wide range of other physical observables. One classic method for detecting 

these paranleters with maximum sensitivity uses single mode fiber optic interferometers 

which typically require two optical fibers, a reference fiber and a sensing fiber. The 

reference fiber in such an interferometer must be maintained in a controlled environment 

for optimum detection. To eliminate this need for two optical fibers in a sensing system, 

the modal changes in a single multimode optical fiber due to perturbations of the fiber 

can be exploited. This type of fiber optic sensing is called modal domain sensing. 

Modal domain sensing is most effective when used with a few-moded optical fibers. 

Few-moded optical fibers used with modal domain sensing support 2 to 10 modes [1,2]. 

The optimum far field interference pattern of the fiber modes, the speckle pattern, is a 

modal field interference pattern that can be characterized by simple rotations or simple 

intensity changes due to modal changes from perturbations of the optical fiber [2]. The 

question is how to process the optical information at the output of the sensor fiber. 

In-line micro-optical fiber devices eliminate cumbersome bulk. optic spatial filters, 
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alignment complexities, and additional electrical circuitry which make far field pattern 

processing difficult. Micro-optical fiber devices create and enable packagea ble modal 

domain sensing systems. 

Two such micro-optical fiber devices used with modal domain sensing systems are an 

optical fiber asymmetrical splice and an optical fiber modal conversion coupler. The 

optical fiber asymmetrical splice consists of a few-moded optical fiber spliced to either 

a laterally offset few-moded optical fiber or a laterally offset single mode optical fiber for 

in-line spatial ftltering. This device is a "'spatial" to Nintensity" demodulator. The splice 

loss formulas for these two few-moded optical fiber splices are described in this thesis. 

The optical fiber modal converter is an optical fiber coupler which generates, in general, 

a given set of output modes from a different set of input modes. 

Another important micro-optical fiber device is an air-gap splice which may be used \\lith 

multimode optical fibers to detect local strain changes via Fresnel backscattered-based 

Optical Time Domain Reflectometry (OTDR) [3]. The air-gap splice causes pulse delay 

effects depending upon the modes which are propagating in the multimode optical fiber. 

The air-gap splice is a method of monitoring modal dispersion in a multimode optical 

fiber. 

The principles of operation of the two devices used with modal domain sensing, the 

asymmetrical optical fiber splice and the optical fiber modal converter coupler, and the 

principle of operation of the air-gap splice are explained in Chapter 4 of this thesis. 

Finally, future applications of these micro-optical devices are discussed in Chapter 5. 
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2.0 Optical Fiber Theory 

The basic parameters that determine the nature of the electromagnetic fields that 

propagate in optical fibers, and the basic mode theory which describes those fields, are 

reviewed in order to provide an understanding of micro-optical fiber devices used in 

sensor signal processing. 

2.1 Basic Parameters Governing Optical Fibers 

An optical fiber typically is a cylindrical waveguide fabricated from a dielectric, silica. 

The center of the optical fiber, the core, has an index of refraction of n10 The core has 

a radius, Q. Surrounding the core is the cladding which has an index of refraction, n:z 

which is slightly smaller than n1 • 

The optical fiber waveguide will only support a discrete number of modes, each having 

a unique propagation constant, p. The propagation constants of the modes supported 
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by the optical fiber must fall between the wave number of the core and the wave number 

of the cladding, as indicated in Equation 2.1-1. 

(2.1 - 1) 

where 

leo == wJ /loto == free space wavenumber, 

"2ko == n2wJ f.Loto == wavenumber in the cladding, and 

nl ko == nl wJ /loto == wavenumber in the core. 

The amount of light that can be accepted by the optical fiber is determined by the 

numerical aperture (NA). The NA defmes the size of the acceptance cone for the rays 

of light that will propagate in the core and can be defmed in terms of the indices of 

refraction of the core and cladding as 

(2.1 - 2) 

where 8 is the cone of acceptance angle as shown in Figure 1 [4]. 

The V - number of an optical fiber determines how many propagating modes the fiber 

will support. The V - number is defmed in terms of the numerical aperture (NA), the 

optical fiber's core radius (a) and input source's wavelength of operation (l) is indicated 

in (2.1-3). 

V 2na (2 2)1/2 == -l- nl - n2 (2.1 - 3) 
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Figurt, 1. An Optical Fiber 
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By knowing the V - number for a few-moded optical fiber, the number of propagating 

modes can be determined graphically. The graph is shown in Figure 2, where the graph 

is the V - number verses the normalized propagation constant, b [5]. 

(2.1 - 4) 

N ow, the propagation constant for each mode can be determined from the normalized 

propagation constant, where 

(2.1 - 5) 

2.2 Optical Fiber Mode Theory 

After reviewing the parameters that govern the operation of an optical fiber, a review 

of basic theory is provided. The electromagnetic field solutions in optical fibers are 

solutions to the wave equation for cylindrical waveguides, i.e. 

-00 

2(E) 2 2 (E) V ii + (ko n) ii = O. (2.2 - 1) 

In Equation 2.2-1, k. is the free space wavenumber and n is the index of refraction (nl 

= core, n2 = cladding). Equation 2.2-1 can be separated into six scalar equations for 

components ex , ey, e2 , hx, ~t and~. The Laplacian operator, V2, can be separated into 

the superposition of a Laplacian operator transverse to the direction of propagation, 

Vt 2, and a Laplacian operator in the direction of propagation, V22, i.e. 
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2 2 2 
V = Vt + Vz • (2.2 - 2) 

If the electromagnetic field solutions are solved for the z-component of the 

electromagnetic field, the rand <p components of the electromagnetic field can be found 

from the known z-components. These relationships will be defined, after the field 

solutions for the z-components are established. 

The following analysis is for the scalar field component, ez or h" which will be redefined 

as '1', i.e. 

(2.2 - 3) 

where P is the propagation constant. 

'I' can be described as a function of Rand <1>, where R and <I> can be separated, as shown 

in the following equations. 

'II = R(r)<l>(tJ» , (2.2 - 4) 

(2.2 - 5) 

(2.2 - 6) 

where, 

2 2 2 2 
q = ko n - P . (2.2 -7) 

The solution to Equation 2.2-5 can be one of the following: 
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At sin vcjJ 

<I> = {B1 COSVq, }. (2.2 - 8) 

At sin v¢ + Bl cos v¢ 

and the solution to Equation 2.2-6 inside the core is a Bessel function of the rust kind, 

i.e. 

(2.2 - 9) 

The solution to Equation 2.2-6 in the cladding is a modified Bessel function of the 

second kind, i.e. 

(2.2 - 10) 

For a scalar electric field in the z-direction inside the core (r < a), the solution for a mode 

is given by Equation 2.2-11. 

At sin v¢ 

ez = J.( U; )( HI cos vq, ). (2.2 - 11) 

A t sin v¢ + Bl cos vcjJ 

where 

2 2 2 (2 2 2) 2 ql a = U = ko nl - P a. (2.2 - 12) 

Similiar equations also hold true for hJ' 

For the scalar electric field in the z-direction in the cladding region (r> a)t the possible 

solutions are given in Equation 2.2-13, i.e. 
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A1 sin v¢ 

ez = K.( ~r )( Bt cos vq, ). (2.2 - 13) 

A 1 sin vc/> + 81 COS vc/> 

where 

2 2 2 (p2 k 2 2) 2 Q2 a =W= -on2 a • (2.2 - 14) 

Similiar equations also hold true for h.. 

I t is important to note that the V - number can be also defmed in terms of U and W, i.e. 

(2.2 - IS) 

Since the field solutions for the z-components of the electromagnetic fields are 

determined, the r and cp components of the electromagnetic fields are derived as 

indicated in Equations 2.2-16 thru 2.2-19. 

e = _ L ( poez Jl(JJ ahz) 
r q2 ar + -r- ac/> ' (2.2 - 16) 

(2.2 - 17) 

j (ahz (JJ£ aez ) 
hr = - Q2 Par - -,- ac/> ,and (2.2 - 18) 

(2.2 - 19) 
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Usually the modes of an optical fiber are designated as HE.,,,, and EH.,,,,, where v is the 

order of the Bessel function. Specialized classifications of these modes are the linearly 

polarized (LP) modes. These are the modes that will be used in conjunction with 

micro-optical fiber devices. 

Linearly polarized modes are electromagnetic fields that are linearly polarized. LP 

modes propagate specifically in fibers that are weakly guiding. Weak guidance is defmed 

by 

4== « 1. (2.2 - 20) 

The weak guidance causes degeneracies among the EH.,,,, and HE.,,,, modes [6]. The 

LP,,,, characteristics can be defmed in terms of HE.,,,. and EH.,,,, by the following 

relationships: 

I == v + 1, (2.2 - 21) 

for I ~ 2, LP'm == HEV+ll'I' or EHv-l.m ' (2.2 - 22) 

(2.2 - 23) 

for I == 0, LPom == HElm' (2.2 - 24) 

The solution for the LP modes in the core yields the following: 

J,(Ur/a) (COS 14J) 
J,(U) sin 14J 

and (2.2 - 25) 

(2.2 - 26) 
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where 

(2.2 - 27) 

The solution for the LP modes in the cladding similarly yields the following: 

and (2.2 - 28) 

(2.2 - 29) 

where 

(2.2 - 30) 

The LP modes can be decomposed further into even modes, denoted by LP1m• , and odd 

modes, denoted by LP1mo ' The even modes are defmed by the electric field component 

with the cos(t4» term, and the odd modes are defmed by the electric field component 

with the sin( t 4» term. 

The basic parameters of optical fibers, the mode theory, and the understanding of LP 

modes will aid in understanding the principle of operation of micro-optical fiber devices 

for fiber sensor applications. 
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3.0 Modal Domain Sensing 

The novel idea of using modes of a single optical fiber instead of an optical fiber 

interferometer for detecting perturbations (Le. strain, vibrations, etc.) was discovered 

by Layton [7], Kingsley [8] and coworkers. Using the modes of an optical fiber to glean 

information about the optical fiber's surroundings will be referred to as modal domain 

sensing. During the last few years at Virginia Tech a better understanding of the 

mechanisms behind modal domain sensing and practical implementations of modal 

domain sensing have been accomplished by Bennett [9], Ehrenfeuchter [1], Srinivas [10], 

Shankaranarayanan [2], and Duncan [11]. The primary mechanism behind modal 

domain sensing is the change in the modes" propagation constants due to perturbations 

of the optical fiber. These changes in the propagation constants cause changes in the 

modal interference pattern which can be related to the applied perturbations to the 

optical fiber. Some applications of modal domain sensing thus far have been the use of 

embedded optical fibers in composites to detect acoustic emission [9], optical fibers to 

detect structural vibrations [I,ll], and optical fibers to detect axial strain [2,10,11]. 
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A basic experimental set-up of a modal domain sensing system is seen in Figure 3. The 

laser, the lens, and the optical fiber aligner can be considered to be "the input optics" for 

the optical fiber. The optical fiber is the sensing region. At the end of the perturbed 

optical fiber is the signal processing unit (the filter) which may be implemented using an 

out-of-line spatial filter (no optical fibers are used) or an in-line optical fiber as a spatial 

filter. Chapter 4 will look at some spatial filtering techniques which may be implemented 

with an optical fiber. After the spatial filtering section is the detection scheme, a 

photodiode detector feeds an oscilloscope in order to monitor the signal from the modal 

domain sensor. Then, a computer can be used in conjunction with this system for 

freq uency analysis of the signal. 

This chapter examines the phase modulation in an optical fiber introduced by 

perturbations to the optical fiber; then, the optimum modal interference pattern for 

modal domain sensing will be reviewed [11]. 

3.1 Phase Modulation 

To understand the modulation of the phase of a propagating field in an optical fiber due 

to perturbations, the phase modulation for one mode will be presented first (12,13]. 

The transverse electric field solution is defmed in Equation 3.1-1. 

(3.1 - 1) 

The phase of the field corresponding to a single mode is defmed by 
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<P = pz + t/J. (3.1 - 2) 

Here, z is the distance along the length of the optical fiber, L. The phase modulation 

due to a perturbation is represented by 

A</> == P& + zAp. (3.1 - 3) 

Equation 3.1-3 is valid for axial strain (eJ or small acoustic waves (small vibrations). 

Az can be expressed in terms of axial strain and the length of the optical fiber by 

Az == ezL, for axial strain. (3.1 - 4) 

In Equation 3.1-3, PAz can be expressed in terms of an isotropic stress due to hydrostatic 

pressure, P, Poisson's ratio, p., and Young's modulus, E, as indicated by 

P(1 - 21A-)LP 
E 

(3.1 - 5) 

The AP term depends on a photo elastic effect and a dimensional effect given by [12,13] 

(3.1 - 6) 

where, 

n == refractive index t 

P == longitudinal propagation constant, and 

D == diameter of the core. 

Equation 3.1-6 can be decomposed further by expanding the An term as 
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(3.1 -7) 

where 

t z == axial strain, 

p. == Poisson's ratio, and 

P1t' P12 == photoe/astic constants. 

I t is important to note that for small changes in the index of refraction, i.e. the difference 

between the core and the cladding indices of refraction is small, an effective index of 

refraction, n.n' can be considered to be equal to n1 and to n2 as in 

(3.1 - 8) 

ap b . 
dn can e approxunated as 

(3.1 - 9) 

For the second term in Equation 3.1-6 changes in phase due to changes in the diameter, 

4D, can be expanded into the following: 

(3.1 - 10) 

Also, the term ;~ can be rewritten as 
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(3.1-11) 

However, the change in phase due to changes in the diameter is negligible compared to 

~ &n, so the second term in Equation 3.1-6 can be neglected. 

Finally, 64> due to changes in the propagation constant from external perturbations 

applied to the optical fiber can be rewritten as [12,13] 

(3.1 - 12) 

3.2 Differential Phase Modulation 

For few-moded optical fibers and micro-optical fiber devices that are used with modal 

domain sensing an understanding of the differential phase modulation between the 

propagating modes when external perturbations are applied to the optical fiber is 

essential. Since the optical fibers used in experiments for modal domain sensing support 

two modes, differential phase modulation for two modes will be considered. The reason 

why a two mode combination is used with modal domain sensing will be explained in 

Section 3.3. 

Assume that the phase difference under static conditions can be defmed as cPl)' (Equation 

3.2-1), where subscript 1 denotes the first mode and where subscript 2 denotes the 

second mode. 
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(3.2 - 1) 

For applied perturbations to a fiber supporting two modes Equation 3.2-1 becomes 

(3.2 - 2) 

Here, the differential phase modulation is described by 

(3.2 - 3) 

Equation 3.1-12 now can be restated for differential phase modulation between two 

modes, and Equation 3.2-2 can be written in the form of Equation 3.1-12 as 

(3.2 - 4) 

where 

(3.2 - 5) 

This is an expression for the differential phase modulation between two modes and is 

important when considering the amplitude modulation of the electric field intensity. 

This intensity will be explained for the optimum modal pattern in the following section. 
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3.3 The Optimum Modal Pattern 

Recently, there has been a great deal of research to determine an easily characterizeable 

modal interference pattern [II). This modal interference pattern needs to be easily 

generated in a repeatable way. Changes in the modal interference pattern also need to 

be correlated with external perturbations applied to the optical fiber. 

It has been proven by Duncan [11] that the modes that produce the optimum modal 

pattern are the x"polarized even LPo1 and LPu modes as shown in Figure 4 [11]. This 

modal interference pattern meets the two requirements mentioned earlier. This pattern 

is easy to generate repeatedly, and as this pattern is perturbed the two lobes exchange 

power. This exchange in power between the two lobes can be correlated in a calibrated 

way to external perturbations being applied to the optical fiber. A sensing system using 

this modal interference pattern as its detection system can achieve a system strain 

sensitivity of 10-9 [II). Induced changes in the modal distribution intensity for a modal 

domain sensing system using the LPo1 and LPu modal interference pattern are reviewed 

in the following section. 

3.3.1 Intensity of the LPo 1 and LP 11 Modes 

The fields in the core of the optical fiber, the LPo, and LPll modes, are defmed 

respectively by 

(3.3.1 - 1) 
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(3.3.1- 2) 

Also, the fields for the LPo1 and LPu modes in the cladding are dermed respectively by 

(3.3.1 - 3) 

(3.3.1 - 4) 

Now, the total fields in the core can be described by 

(3.3.1 - 5) 

where "'01 and "'11 are phase terms. 

I t is important to note at this point that the amplitudes At and A2 of the fields are 

undetermined. The modal amplitudes can be determined from the launching conditions. 

However, we do not have a simple calibrated experimental way in our laboratory to 

monitor launching conditions and thus determine individual modal field amplitudes. 
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Thus, the work based on these modal amplitudes will be relative to the modes, because 

the modal amplitudes cannot be determined explicitly. 

In general, the intensity for the electromagnetic fields is 

(3.3.1 - 6) 

By substituting Equation 3.3.1-5 into Equation 3.3.1 .. 6, Equation 3.3.1-7 is obtained. 

where 

I := lo{AI 1. JO 1.( Uor/a) + A2 1. J 1 1.( UI rfa) [ cos </J]2 + 

AtA2JO( UOr/a)Jl (UI rIa) cos(ilpz - ill/!) cos </J}, 

ilP := POI - PUt and 

(3.3.1 -7) 

By examining Equation 3.3.1-7 the frrst term of this intensity equation is identified as the 

intensity of the LPol mode as shown in Figure 5 [11]. The second term in the intensity 

equation is the intensity of the LPu mode as shown in Figure 6 [11]. The third term in 

the intensity equation is the interference of the LPo• and the LPn modes. This term is 

defined as the H cross term. H The cross term is a cosine function as seen in Figure 7 which 

illustrates its spatial dependence when this term is a maximum [II). 

Equation 3.3.1-7 can be rewritten as a series of functions dependent on r, </J, and z, i.e. 
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(3.3.1 - 8) 

The intensity of the LPol and LPn modes when 13 = 0 is displayed in Figure 4. 

The assumption for the remainder of this analysis is that A2 = 2A1• This assumption 

will enhance the changes in intensity due to applied perturbations. If ~: is less than 

1 t then the LPol term will dominate, and phenomenonalogically a single bright spot will 

be present at the output. If ~: is much greater than one, little power will exist in the 

LPol mode, and minimal interference between the two modes will occur as perturbations 

are applied to the optical fiber [11]. 

3.3.2 Intensity Modulation 

In modal domain sensing a major concern is the behavior of Equation 3.3.1-7 as 

perturbations are applied to the fiber. The third term of Equation 3.3.1-7 in particular 

is affected by such perturbations. When 13 = 0, the LPol and the LPu intensities are as 

displayed, respectively, in Figures 5 and 6. As the optical fiber is perturbed to the point 

where 13 is a maximum, there is an exchange of power between the two lobes as shown 

in Figure 8 [11]. In Figure 8 one lobe is a maximum while the other lobe is a minimum. 

The cross term intensity, 13(7, t/J, z), causes a sinsusoidal oscillation between the two 

lobes as the optical fiber is perturbed. This change in intensity can be related directly 

to applied quasi-static or time dependent strains. 

In the 13(r, 4>, z) term the differential phase modulation between two modes from Section 

3.2 can be applied to the ilP term. Equation 3.3.1-8, can be rewritten as 
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I = Io"{l + COS(dpz - dt/l)}, and (3.3.2 - 1) 

I - I "'{ (dPZ - dt/l )}2 - 0 cos 2 . (3.3.2 - 2) 

Here, 10" consists of 10 , 11(r) and 12('T, 4J) from Equation 3.3.1-8, and I,,'" = 2/,,". 

From above, the phase modulation between two modes can be applied to the ~pz term, 

and & can be defmed as a function of strain, where 

(3.3.2 - 3) 

where 

Z = LI , the length of the opticalfiber, and 

t z = axial strain in the Z - direction. 

Equation 3.3.2-2 can be explained as a function of strain, i.e. 

(3.3.2 - 4) 

where x is an optical fiber parameter related to the phase modulation, i.e. indices of 

refraction, photo elastic constants and Poisson's ratio. 

From this, a change in intensity, AI, can be directly related to a change in an applied 

axial strain (Equation 3.3.2-5). Assume without loss of generality that ~t/I = ~ [11]. 

For axial strain: 
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(3.3.2 - 5) 

F or small amplitude sinsusoidal axial strain: 

I II' 

,~.l(~£z peak~ 1) = T (x~fJLf)&Z peak COS wt, (3.3.2 - 6) 

where ~g:r"'" is the peak of the sinusoidal strain and 00 is the frequency of the sinusoidal 

strain. Practically. Equation 3.3.2-6 implies that there are sinusoidal variations in 

intensity when the displacement of a vibrating structure is quite small. 

Theoretically, Duncan has shown that the minimum detectable axial strain, &., is 

O.3xlO-' using a PIN diode when operated under shot noise limited conditions [11]. 

Two of the micro-optical fiber devices presented in this paper will be discussed in 

conjunction with the ideas presented in this chapter. 
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4.0 Principles of Operation of Micro-Optical Fiber 

Devices 

In this chapter, three micro-optical fiber devices will be considered: a modal conversion 

coupler, an asymmetrical splice and an air-gap splice. Two of these devices, the modal 

conversion coupler and the asymmetrical splice can be used for signal processing in 

conjunction with modal domain sensing. The third micro-optical fiber device, the 

air-gap splice, detects modal effects in multimode step-index optical fibers. The air .. gap 

splice may be used with Optical Time Domain Reflectometry (OTDR) techniques to 

detect localized changes in strain. 

4.1 Modal Conversion Coupler 

A modal conversion coupler is a fused biconical taper coupler that is not made to split 

power in a 50 - 50 ratio, but instead uses the taper and the coupling region to generate 
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new modes at the one of the coupler's output arms. The modal conversion coupler that 

was fabricated in the Fiber and Electro-Optics Lab is shown in Figure 9. 

A similiar device, a modal filter, has been fabricated by Sorin, Kim, and Shaw [14]. This 

device is shown in Figure 10. This device is an optical fiber coupler fabricated from a 

dual mode optical fiber and a single mode optical fiber. This device uses evanescent 

coupling to couple between the LPo1 and the LPu modes. This system can then generate 

the LPu mode from the LPo1 mode. 

The modal conversion coupler was fabricated from a 9p.m core optical fiber, which is 

single mode at 1300nm. The modal conversion optical fiber coupler was excited at 

633nm using a Helium - Neon (HeNe) laser. At 633nm the V - number for this optical 

fiber is 4.467. At this V - number this optical fiber supports the following modes: 

LPo1 , LPn, LP2u and LP02, and their degeneracies [5]. The exact combination of modes 

that is launched into the optical fiber depends upon the launching conditions. 

As seen in Figure 9, the EHn and H ~l modes (plus minor amounts of some other 

modes) are launched into Arm 1 [15]. Arm 1-3 is one optical fiber, and Arm 2-4 is the 

other optical fiber, the coupled optical fiber. In Arm 3 a mode combination different 

from the input is generated. This optical fiber has the HE12 mode and probably some 

of the HEll mode [15]. These two modes were deduced to be present experimentally by 

observing the concentricity of the far field pattern and noting that of the allowed modes 

in the fiber these two are charac'terized by annular geometries. Arm 4 has another mode 

combination, but the signal in this arm is about 10 dB down in power from that in Arm 

3. Therefore, this coupler converts modes in the input arm, Arm 1, to other modes in 

the output arm, Arm 3. 
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How this coupler converts modes may be considered qualitatively. In the coupler 

region, the V - number becomes quite large, and new modes are generated. At both 

ends of the coupler is a taper region. In the output taper region higher modes generated 

in the coupler region are lost due to the decrease in the V - number. Due to the 

combination of new modes being generated in the coupler region and modes being lost 

in the taper regions, some new modal combinations, which are different than the input 

modal combinations, can propagate in the output 9p.m optical fiber. This modal 

conversion coupler is a method of creating other modes from a given set of input mode 

group conditions, and by doing so, allowing a measure of in-line signal processing. 

4.2 An Asymmetrical Optical Fiber Splice 

This micro-optical device also may be used for signal processing in modal domain 

sensing systems. An asymmetrical splice is designed to work in conjunction with the 

LPo, and LPn x-polarized even modal combinations. As strain is applied to the optical 

fiber, the two lobes exchange power. The asymmetrical splice is designed to transmit 

one lobe's power into the output fiber and thus to act as a H spatial" to "intensity" 

demodulator [16] as shown in Figure 11. The intensity changes in the filtering output 

optical fiber thus can be correlated to perturbations applied to the sensing optical fiber. 

One way this asymmetrical splice can be fabricated is shown in Figure 12. The filtering 

fiber is identical to the sensing fiber, but the filtering fiber is laterally offset with respect 

to the sensing fiber. The offset filter fiber can detect the intensity changes of one lobe 

of the LPol and LPu modal pattern due to perturbations applied to the sensing fiber. 
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Another method of achieving this same effect is to have the fIltering fiber's core diameter 

be one half of the sensing fiber's core diameter as in Figure 13. The fIltering fiber's core 

then will sit inside of the sensing fiber's core. 

4.2.1 Analysis of Laterally Offset Optical Fiber Splices 

To analyze this asymmetrical splice problem for few-moded optical fibers, one may apply 

the standardized splice loss formulas for multimode optical fibers which are reviewed in 

Section 4.2.2. Alternatively, one may apply standardized splice loss formulas for single 

mode optical fibers which are reviewed in Section 4.2.3. Since this splice problem is 

neither in the single mode nor the multimode regime, however, a new method for 

evaluating lateral splice losses for few-moded optical fibers is suggested in Section 4.2.4. 

4.2.2 Laterally Offset Splices for Multimode Optical Fibers 

For multimode optical fibers (V> 10) the anaylsis of a laterally offset splice is based 

upon the fact that many modes propagate in the sensing fiber and the filtering fiber. 

The number of modes that propagate in a multimode optical fiber can be approximated 

by [5] 

(4.2.2 - 1) 

Lateral displacement between two optical fibers can be approximated by [5] 
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1'/ = (4.2.2 - 2) 

where, 

a = core radius, 

d = lateral offset, and 

Acomm = common core area between the sensing and thefilteringfiber 

This formula can also be applied to two fibers of slightly different sizes except 

AcolIIlII = nat 2 , where at is the core radius of the filtering fiber. For the asymmetrical 

splice for the LPo1 and LPn modes, these formulas cannot be applied. The few-moded 

optical fiber is not operating in the true Hmultimode regimeN, The V - number that 

supports the propagation of only the LPol and LPu modes falls between 2.405 and 3.9. 

4.2.3 Laterally Offset Splices for Single Mode Optical Fibers 

For single mode optical fibers (V < 2.405) the propagating electromagnetic wave can be 

modeled as a Gaussian beam. The splice losses can be defmed in terms of the beam 

waist diameter, w. The power loss in dB in a single mode splice due to a transverse offset 

can be dermed by [17] 
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" == 4.34( ~ ) (dB), (4.2.3 - 1) 

where 

d == transverse offset distance between thefilleringfiber and the sensingfiber, and 

w == waist of the Gaussian beam. 

If two different optical fibers (i.e. fibers having different core radii) are used for the 

asymmetrical splice, mode field radius mismatch needs to be considered. The mode field 

radius is defmed as the beamwidth of the Gaussian beam [17]. The resulting splice loss 

is defmed in Equation 4.2.3-2. 

" == -10 log (2 2)2' 
Ws + WF 

(4.2.3 - 2) 

where 

Ws == waist of the Gaussian beam oflhe sensingfiber, and 

WF == waist of the Gaussian beam ofthefilteringfiber. 

The electromagnetic fields, the LPol and LPu modes, propagating in the few-moded 

optical fiber cannot be modeled as a Gaussian beam. These modes do not fall in the 

single mode regime of operation (V < 2.405). Another method needs to be developed for 

few-moded optical fibers. This method will be presented in the following section. 
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4.2.4 Laterally Offset Splices for Few-Moded Optical Fibers 

The few-moded fiber splice problem needs to be solved by considering the behavior of 

the individual modes. Since the methods for splice loss evaluation developed for single 

mode or multimode fibers cannot be applied to few-moded fibers, another method for 

evaluation is presented in this section. 

For the few-moded sensing fiber, it is assumed that the LPol and the LPu modes are 

propagating in the core, i.e. 

(4.2.4 - 1) 

The fields that are propagating in the sensing fiber's cladding are defmed by Equation 

4.2.4-2. 

(4.2.4 - 2) 

The interface of the splice is shown in Figure 14. Both fibers are identical in this 

configuration. At this point each fiber will be referred to using its own coordinate 

system. The sensing fiber will be defined in terms of unprimed coordinates: r, 4>, z; the 

filtering fiber will be defmed in terms of primed coordinates: r', 4>', z' . 

A method of determining the amount of power which is received by the flltering fiber is 

to determine the modes propagating into the flltering fiber from the sensing fiber, and 

then an intensity in the flltering fiber can be determined. A ratio of the intensities 

between the fIltering fiber and the sensing fiber can be expressed as Equation 4.2.4-3. 

4.0 Principles of Operation of Micro-Optical Fiber Devices 42 



r,<1> 
r , <t> 

- sensing fiber 
- filtering fiber 

Figure 14. Cross-Seetion of the Asymmetrical Splice with Identical Fibers 
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17= 

This ratio is the efficiency of the splice. 

lfilterlng fiber 

isensmgjlber • 
(4.2.4 - 3) 

Another loss across the interface is reflection losses, i.e. loss due the to index of 

refraction mismatch. Since n. ~ n2 and no gap between the surfaces is assumed, the 

transmission efficiency across the interface will be approximated as 1 . 

Since weak guidance is assumed (the LP modes are dependent on the weak guidance 

condition), the modal amplitudes in the second fiber can be determined from the 

propagating modes in the sensing fiber by [18] 

where 

flZl.(r) cos(st/J) Pr') cos(f.p')r' dr' d.p' 

f ih(r') cos(f,p') 12r' dr' dt/J' 
s 

{ 
Asls(Us'la), , < a} 

fS<') = , 
BsKsCW sf/a)" > a 

S == the surface area to be integrated. 
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In Equation 4.2.4-4, j;(r) cos(sc/J) are the modes propagating in the sensing fiber, A, and 

B, are the amplitude coefficients associated with the modes in the sensing fiber, 

fJ.r') cos(fc/J') are the modes propagating in the flltering fiber, and AI is the resultant 

modal amplitude associated with thefl...r') cos(fc/J') mode. The denominator of Equation 

4.2.4-4 is a nonnalization factor for the fl...r') cos(f4J') mode. The surface area which is 

to be integrated is in primed coordinates. The unprimed coordinates need to be 

converted to primed coordinates in order to perfonn this integration. This operation 

will be perfonned later. 

As seen in Figure 14, there are four distinct areas of integration: 

1. the sensing core - the flltering core interface, 

2. the sensing cladding - the flltering core interface, 

3. the sensing core - the fIltering cladding interface, and 

4. the sensing cladding - the filtering cladding interface. 

It is important to note that each of these four integrations needs to be perfonned twice. 

Since the LPol and the LPn modes are propagating in the sensing fiber, some of these 

modes will be coupled into the LPo, and the LPu modes in the filtering fiber, so a modal 

amplitude integration needs to be perfonned for the LPol and LPu modes in each of these 

four areas. These integrations are defmed as follows: 

1. The sensing core - fIltering core interface 
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{J [AsOllo(Uo,rla)lo(Uo/la) + 
SI 

AjO! = AsllJt(U1:;r/a) cos 4>Jo(UOy'/a)]r'dr'd4>'} 

Is 1 Jo( Uo/la) 1
2
,' dr' d<// 

{J [A,m lo(Uos" a )JI (UI/ 'a) cos <// + 
Sl 

Aj1} == ASllJt(Utsr/a)Jt(Utj,'/a) cos 4> cos 4>']r'dr'd4>'} 

Is 1 11(Ut/ la) cos r/>'12r' dr' dr/>' 

2. The sensing cladding - futering core interface 

{J [8m Ko( Was'l a )lo(Uo.f'1 a) + 
S2 

A.,tot == BS11Kt(Wtsr/a)Jo(UoJ"/a) cos 4>]r'dr'd4>'} 

is 1 lo(Uo/ /a) 12
,' dr'dr/> , 

{J [BsOl Ko( Wos" a )11 (UI/ 1 a) cos r/>' + 
S2 

(4.2.4 - 5) 

(4.2.4 - 6) 

(4.2.4 -7) 

Aj1! == BSllKt(W1Sr/a)Jl(UtJ"/a) cos 4> cos tP']r'dr'd4>'} (4.2.4 - 8) 

is 1 ll(UI/ /a) cos r/>'12r' dr' dr/>' 

3. The sensing core - filtering cladding interface 
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{J [AsClllo(Uo.r'/a)Ko(Wo/,/a) + 
S3 

BlOt = ASllJt(Uls'la)KQ(Wo/,'/a) cos 4»]r'dr'd4»'} (4.2.4 - 9) 

t 1 Ko(Wo/' /a) 1
2
r'dr'd.p' 

{I ~ [AsCII lo(Uos'/ a )KI ( WI/" / a) cos .p' + 

Bfll = ASllJt(Uls'/a)Kl(WII"/a) cos 4» cos 4»']r' dr' d4»'} (4.2.4 - 10) 

Is I KI(WI/, /a) cos.p' 12r'dr'dq,' 

4. The sensing cladding - fIltering cladding interface 

{J [Bm Ko( Wos'/ a )Ko( W qJ" / a) + 
S. 

BlOt = BSllKt(Wls'/a)KQ(Wo/,' fa) cos 4» ]r' dr' d4»'} (4.2.4 - 11) 

V Ko(WqJ" /a) I 2 r'dr'd.p , 

{J [BsCllKo(Wos'/a)KI(WI//a) cos 1/1' + 
S. 

Bfll = BSIlKl(WlSr/a)Kl(Wll"/a) cos 4» cos 4»']r'dr'd4»'} (4.2.4 -12) 

tiKI ( WI/' / a) cos 1/1' 12 r' dr' dl/l' 
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S., S2' S3' and S. are the areas to be integrated, i.e. the endface contact regions in primed 

coordinates. S is the surface area of the ftltering fiber which is either the filtering fiber's 

core area or the ftltering fiber's cladding area. 

From these four regions, only the sensing core .. filtering core interface and the sensing 

cladding .. fIltering core interface contribute to the fIltering core's fields. 

In order to solve this problem the unprimed functions need to be converted to primed 

coordinates. A method of converting the unprimed coordinates to the primed 

coordinates is to apply the Summation Theorem for Bessel functions [19]. The 

summation theorem is the following: 

00 

e'VZ.(mr) = I Jk(md)Z.+k(mr')t!k(,,-n, (4.2.4 - 13) 

k--oo 

where 

Z - J Y H (1) H (2) 
y - Y, y, .., ,or y , 

where 

1., is a Bessel Function of the ftrst kind, 

Y., is a Bessel Function of the second kind, 

H., (I) is a Hankel Function oftheftrst kind, 
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H" (2) is a Hankel Function of the second kind, 

1. is a modified Bessel Function oftheftrst kind, 

K, is a modified Bessel Function of the second kind, and 

m is arbitrary. 

The relationship between the primed and the unprimed cooordinates is shown in Figure 

15. d is the distance that the sensing fiber's core is offset from the filtering fiber. The 

angles relate to one another from simple geometry by 

t/J + cp == cpt, and (4.2.4 - 14) 

t/J == cp' - cp. (4.2.4 - 15) 

Equation 4.2.4-13 can be rewritten in terms of primed and unprimed coordinates as 

00 

;-<,; .... ) = I Jk(md)Z. +k( mr')e1k (1< - ,;'). (4.2.4 - 16) 

k--oo 

To convert Jo(Uor/a) into the primed coordinate system via Equation 4.2.4 .. 16, the 

following relationships are used. 

v == 0, 

m == Uola. 
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Figure IS. Relationship Between Unprimed and Primed Coordinates 
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In order to write Equation 4.2.4-16 in a more compact form, the following recurrence 

relationship will be evoked. 

(4.2.4 - 17) 

Now, lo(Uor/a) can be written in terms of the primed coordinates as 

lo(Uod/a)lo(Uor'/a) + 
00 

lo(Uo,/a) = 2 L ( -l)klk(Uod/a)lk(Uor' fa) cos(kl/J'). (4.2.4 - 18) 

k==l 

To convert ll(Ulr/a) cos l/J into primed coordinates, ll(Utr/a) cos l/J can be rewritten as 

Equation 4.2.4-19. 

(4.2.4 - 19) 

ll(Utr/a) cos l/J in terms of the primed coordinates can be expressed as 

lo(Utd/a)lt(Utr'/a) cos l/J' + 
00 

ll(Utr/a) cos l/J == L {lAJU1d/a)( -1)k[lk+l(Ut r'/a) cos[(k + 1)l/J'J (4.2.4 - 20) 
k==l 

Here, Ko(Wor/a) needs to be expressed in terms of the primed coordinates. It is 

important to note the following relationships: 

H.., (l)Ux) = ( ~ li-(Y + 1) K,,(x) , and (4.2.4 - 21) 
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So Equation 4.2.4-16 can be rewritten in terms of the Hankel of the fust kind as 

(4.2.4 - 22) 

where 

By applying the relationships of Equation 4.2.4-21 to Equation 4.2.4-22, Kg(Wor/a) can 

be written in terms of the primed coordinates as 

Io(Wod/a)~(Wor' fa) + 
00 

~(Worla) = 2 I: (-llIk(Wod/a)Kk(Wo,'/a) cos(kc/J'). 
(4.2.4 - 23) 

k=at 

Finally, KI(WI,/a) cos c/J needs to be expressed in terms of the primed coordinates as 

Io(Wtd/a)K1(Wt r' fa) cos c/J' + 
00 

Kt(WI,/a) cos <p = I: {Ik(Wtd/a)[Kk+ t(W1,'/a) cos[(k + l)c/J'J + (4.2.4 - 24) 
k-l 

Kk_t(WIr'/a) cos[(k - l)cP'J]}. 

Now all of the unprimed coordinates are expressed in terms of the primed coordinates, 

and the integrations discussed earlier can be performed. However, it is important to 

point out that this integration is still difficult to perform. The geometry of this problem 

as shown in Figure 14 does not lend itself to a straight forward integration in polar 

coordinates because symmetry is lost. This problem could be modified, so the splice loss 

due to a lateral offset could be evaluated. Instead of offsetting the two identical fibers, 
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the filtering fiber could be a fiber that has a core diamenter half of the sensing fiber's 

core, as shown in Figure 16. This filtering fiber's core would sit in the core of the sensing 

fiber. This configuration would still filter one lobe of the LPol and LPu modal pattern. 

However, the filtering fiber will only support the LPol mode because of the decrease in 

the filtering fiber's core size, i.e. the V - number will be halved. The integrations 

presented earlier will only deal with the LP01 amplitude coefficient. Finally, it will be 

assumed that the power contribution to the filtering fiber's core will be due to the 

sensing fiber's core. 

The filtering fiber's core inset in the sensing fiber's core will be considered an 

approximation for the case where two identical fibers are laterally offset. However, it is 

important to note that this approximation will be a rough estimation because 25 percent 

of the power in few-moded optical fibers resides in the cladding. The cladding integrals 

are not straight forward integrations because the symmetry is lost. 

The modified integration can be written as Equation 4.2.4-25. 

{Is {A.o\ Jo(Uo/2/ a)[Jo(Uop/ a)Jo(Uo"r' / a) + 

00 

2 L ( _1)" J,,(Uo~/a)J,,(Uos" fa) cos(kc/J')] + 
Ie-I 

ASllJo(Uo.t"2Ia)[Jo(Uo~/a)Jl(UlSr'la) cos 4>' + (4.2.4 - 25) 
00 

L Jk(Ul~/a)( -1)"[Jk+1(UtsT' fa) cos[(k + 1)4>'] -
Ie-I 
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r ,~ sensing fiber 

r', ¢f - filtering fiber 

Figure 16. Cross-Section of the Asymmetrical Splice: TIle Filtering Fiber Is Half The Core Diameter 
of the Sensing Fiber 
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This equation can be simplified because the limits of integration for cP' are 0 to 2x. Any 

cos(n¢) integrated from 0 to 2x, where n is an integer, is zero. 

('la
,
2 
{Am Jo( Uo/2/ a )Jo( Uorl/ a )Jo( Uol" / a) 

AjOl == + AsllJO(Uo.r'2/a)Jo(Utsr' /a)Jt(U1stila)}r' dr' d¢' (4.2.4 - 26) 

(lQ,2IJo(Uo.f'2,a) I 2 r'dr' dlj> , 

== (4.2.4 - 27) 

The integration in Equation 4.2.4-27 can be carried out after knowing the dimensions 

of the filtering and sensing fibers. This will be done in Section 4.2.5, Implementation 

of the Asymmetrical Splice. After the integration is performed, Equation 4.2.4-27 will 

take the form of Equation 4.2.4-28, 

(4.2.4 - 28) 

where X01 and Xu are numbers. 

The field propagating in the filtering core is defmed by 

(4.2.4 - 29) 
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The efficiency of this splice can be expressed in terms of the intensities of the modes 

propagating in the sensing fiber, and the intensity of the LPol mode propagating in the 

futering fiber. The intensity of the field propagating in the futering core is 

Yt 2 2 - T AjOl 10 (Uo.r'2/a). (4.2.4 - 30) 

The intensity of the LPol mode in the sensing fiber is 

(4.2.4 - 31) 

The intensity of the LPu mode in the sensing fiber is 

(4.2.4 - 32) 

In determining the efficiency of the splice, Equation 4.2.4-37, the intensity functions, 

I/Olt lsOu and I'll need to be integrated over their respective fiber core areas. The flltering 

fiber will have two intensity functions: one due to the sensing fiber's LPol mode, 1/0101' 

and another due to the sensing fiber;s LPu mode, I/O,u' The flltering fiber's intensity 

functions, 1/0101 and 1/0111' are integrated over the primed coordinates as indicated in 

Equations 4.2.4-33 and 4.2.4-34. The sensing fiber's intensity functions, lsOl and Ililt are 

integrated over the unprimed coordinates as indicated in Equations 4.2.4-35 and 

4.2.4-36. 

(4.2.4 - 33) 
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J
211'iQ Yt 2 2 

IsOl , I = T AsOl 10 (Uos'la)rdrdcp, and 
o 0 

The efficiency of this splice, ", is described by 

As01 '101 + Aslt'll! 
'1= 

AsOl + As11 

(4.2.4 - 34) 

(4.2.4 - 35) 

(4.2.4 - 36) 

(4.2.4 - 37) 

I 
where 1101 = ;101':, coupling efficiency of the LPol mode in the sensing fiber to the 

.01, I I 
L D d· h fill . fib JIIln,l lin m' f th LP d' £01 mo e in t e termg 1 er, '111 = I ,coup g e lClency 0 e 11 mo e m 

111.1 

the sensing fiber to the LPol mode in the filtering fiber, and A.ol and Arn are weighting 

factors. 

This splice loss calculation can be used to approximate the case where two identical 

fibers are laterally offset, as well as the case where the futering fiber's core sits inside of 

the sensing fiber's core. Then 10 log of the efficiency, given by Equation 4.2.4-37, will 

yield the splice loss. However, the splice loss cannot be explicitly evaluated because 

A.ol and Arll are unknown. 
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4.2.5 Implementation of the Laterally Offset Splice 

This section will examine a system which uses a few .. moded laterally offset splice for 

in-line signal processing with a modal domain sensing system. This splice could be 

fabricated with two identical fibers laterally offset, but the simplified version of this 

splice will be considered in this section. The splice will consist of a filtering fiber with a 

core diameter equal to half the core diameter of the sensing fiber. The main interest will 

be the core-core transfer of power. 

Parameters of a particular sensing fiber are: a == 4.5Jl./n, N A == 0.1, n. == 1.458, 

n2 == 1.4543, 10'..-titNI == 780nm, V == 3.6249, Uo. == 1.9571182, Ull == 3.0220145, and 

Parameters of a particular filtering fiber are: a == 2JLm, NA == 0.1, n. == 1.458, 

n2 == 1.4543, 10,.,.,.11." == 780nm, V == 1.611073, UOf == 1.57061, and 

The filtering fiber could have been single mode at 780nm, but the core diameter is 5JLm, 

more than half of the sensing fiber's radius, and this optical fiber will filter more than 

one lobe of the speckle pattern. So it seems more feasible to use an optical fiber which 

is slightly less than half of the sensing fiber's diameter. This filtering fiber has a diameter 

of4JLm. 

Equation 4.2.4-26 can be rewritten with the parameters of the optical fiber as 
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{ A.nlJJO( Vo.dl a.) (pm Jo( Vol" 1~)Jo(Uo/ I a.)r'dT' + 

AjOt - A.l1 J I ( Vt.dl a.) (pm Jo(Uo/ I a/)Jo( VI?' I a)r'dr' } 

j 2Jlm 
o 1 Jo( Vol" I aI) 12r' dr' 

(4.2.5 - 1) 

where d == 2.0J,tm to 2.5J,tm, a, == 2J,tm, a, == 4.5J,tm, Utr == 3.0220145, UOI == 1.9571182, 

and UO! == 1.57061. After integrating Equation 4.2.5-1, AjOl can be expressed as 

Equation 4.2.5-2, 

(4.2.5 - 2) 

where X01 and XII are calculated from the program, Amp Fortran, which is listed in the 

Appendix A. Then 'l01 and 'lIlt Equations 4.2.5-3 and 4.2.5-4, can be calculated by using 

the fortran program, Int Fortran which is listed in Appendix B. 

1jt)10lt I 
i.e. '101 = = 

IsOl • l 
(4.2.5 - 3) 

'111 == == 

i 
. (4.2.5 - 4) 

211' ar Yt 2 2 2 j T A.II J t (Vts'las)[ cos.pJ rdrd.p 
o 0 

4.0 Principles of Operation of Micro-Optical Fiber Devices S9 



Finally, the efficiency of the splice can be determined from Equation 4.2.4-37. The 

assumption made in Chapter 3 that A'll = 2AJOI will be used to approximately examine 

the splice efficiency. Equation 4.2.4-37 can be rewritten as 

11 = 1101 + 21111 
3 

(4.2.5 - 5) 

The following values for lIolt 11tH and L , the splice loss, were calculated for various lateral 

offsets, d: 

d = 2.50Jlm: 1101 = 0.2118394, '111 = 0.057330, L = 9.63 dB 

d = 2.25Jlm: '101 = 0.2413998, '111 = 0.0527389, L = 9.37 dB 

d = 2.00Jlm: '101 = 0.2702972, 1111 = 0.0472176, L = 9.15 dB. 

The filtering fiber will detect more of the sensing fiber's LPo! mode, as the filtering fiber 

is brought closer to the center of the sensing fiber (d goes to 2pm). This is due to the 

fact that the coupling efficienc;y of'101 is greater than the coupling efficiency of 1111' The 

optimum placement of the filtering fiber for power considerations is a lateral offset of 

d = 2.0pm. Now, the propagating field in the flltering fiber's core for d = 2pm can be 

written as Equation 4.2.5-6. 

(4.2.5 - 6) 

In order to perform the splice calculation exactly, the amplitUde coefficients in Equation 

4.2.5-6 need to be determined. This splice will enable in-line signal processing of the 

perturbations applied to the sensing fiber. 
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4.3 The Air-Gap Splice 

A third micro-optical fiber device that is presented is the air-gap splice as shown in 

Figure 17 [3]. Unlike the last two devices, the modal conversion coupler and the 

asymmetrical splice, the air-gap splice is not used in conjunction with modal domain 

sensing. The air-gap splice is used with an OTD R system such as that shown in Figure 

18, to monitor localized strain effects [3]. The fiber which is used with the air-gap splice 

has a lOO,um core diameter and 140J.(m cladding diameter; this fiber has a step-index 

proftle. 

There is a Fresnel reflection within each of these air-gap splices, and a pulse (4 percent 

reflected power) can be seen on the OTDR due to each in-line splice. Additionally, due 

to the change in the index from glass to air within the splice, some of the higher order 

modes will be lost as light propagat~s in the air. The light will diverge, and the modes 

which travel closest to the core-cladding interface, the higher order modes, will be lost 

as cladding modes. 

Thus, the air-gap splice will in effect magnify modal effects such as the modal content 

of the optical fiber and modal dispersion. OTD R-detected modal effects due to modal 

dispersion. for example, are shown in Figure 19 [3]. Modal dispersion can be expressed 

as [5] 

(4.3 - 1) 
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System Description: 

r----------
L..ASEA 

I 

I 
I 
I 
I 
I 
I' 
I 
I 
I 

r 
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I 
I 

I 

OTDR 

I L ____ .J : 
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0000 
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Load Frame 

Tektronix 7854 

Figure 18. OTDR Set-Up With Air-Gap Splices to Detect Localized Strain 13) 
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where Tmod. = modal dispersion in time, Tmax = path of the highest order mode, 

Tm'n = path of the lowest order mode, n1 = index of refraction, core, 

4= 
nil - n2l 
~--~, L = length of the fiber, and c = 3 x lOS mls. 

2n12 

Tmod is dependent upon the launching conditions, as shown in Figure 19 [3]. If mainly 

lower order modes are launched, as in a of Figure 19, the resulting pulse is not broad; 

ifhigher order modes are launched into the fiber, as in b of Figure 19, the resulting pulse 

tends to be broader. This occurs due to the later arrival times of the higher order modes. 

As a fiber containing a splice is strained, the pulses become broadened, as in Figure 20 

due to modal dispersion [3], i.e. 

(4.3 - 2) 

where 

4L = change in length of the opticalfiber due to an applied axial strain. 

The same effect can be seen with a fiber which has several air-gap splices. The farther 

away from the launch end of the fiber each air-gap splice is located, the more broadened 

the pulse becomes. 
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(0..) Cb) 

Figure 19. Modal Dispersion Due to Launching Conditions (3): a) Lower Order Modes b) Higher 
Order Modes 
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Figure 20. Modal Dispersion Due To Applied Strain (3) 
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5.0 Future Work and Applications 

These three micro-optical fiber devices, the modal conversion coupler, the asymmetrical 

splice and the air-gap splice, can help further research in fiber optic sensing and 

communications. 

In conjunction with modal domain sensing, the modal conversion coupler is a method 

of generating new modes from a given set of input mode conditions. Several areas exist 

for further development. First, the modal conversion coupler needs to be rigorously 

described mathematically. The mechanisms responsible for the modal conversions in the 

taper regions and the coupler region needs to be modeled. Once a model is established 

for the modal conversion coupler, a repeatable method for fabricating these couplers 

needs to be established. This method must be consistent to generate the same output 

modes from a given set of input modes. 

A possible application of this device is that a modal conversion coupler could be used 

to generate the LPu mode. The LPn mode amplitude could be measured from the 

output of the modal conversion coupler, and this field could be superimposed with a 
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known LP01 field. With the correct modal amplitudes, these two superimposed modes 

could generate the two-lobed intensity pattern used for modal domain sensing, this 

solving the present problem of unknown modal amplitudes due to variable launching 

conditions. 

Another application of this device may be a multiplexer in a communications system. 

This device would use the method of modal multiplexing. Certain modal combinations 

could carry a "channel of data." The coupler could be used for generating the modal 

combination to be multiplexed onto a fiber. All of these modal channels would need to 

be superimposed onto the data carrying optical fiber. An analogous device would need 

to be fabricated to demultiplex the modal channels. This modal conversion coupler 

could increase the information carrying capacity of a multimode optical fiber. 

Also, in conjunction with modal domain sensing, the asymmetrical splice is a means of 

performing in-line signal processing. In order for this splice to be completely effective, 

a function correlating the intensity changes in the flltering fiber due to applied 

perturbations to the sensing fiber needs to be derived. This function will be nonlinear, 

since the intensity is a point function, which is a linear function. This asymmetrical 

splice will allow for a compact and packageable modal domain sensing system. This 

splice effectively acts in the near field as opposed to the far field, so more power can be 

coupled into the output fiber as compared to a fiber placed in the far field. In terms of 

the loss calculations associated with the asymmetrical splice, the modal amplitUdes for 

the sensing fields in the core need to be determined, so this calculation can be complete. 

As mentioned earlier, to solve the problem of unknown modal amplitudes, the modal 

conversion coupler could be applied for a completely characterizable modal domain 

sensing system. Once the modal amplitUdes are known, the theoretical results can be 
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compared to an experimental asymmetrical splice with the filtering fiber's core inside the 

sensing fiber's core as in Figure 16. Then, the theoretical approximation of the filtering 

fiber's core inside the sensing fiber's core can then be compared to the experimental 

asynunetrical splice with two identical fibers laterally offset as in Figure 15. 

Finally, the air-gap splice exhibits modal effects evident in multimode optical fibers. For 

applications where modal dispersion effects are undesireable, the air-gap splice could be 

fabricated with single mode optical fibers. However, the air-gap splice could be used to 

monitor modal dispersion effects as a fiber is strained, or monitor disperson along the 

length of the optical fiber. The air-gap splice could be used to analyze the modal content 

which is launched into the optical fiber. This could be a method of detennining whether 

lower, higher, or evenly distributed modes are propagating in the optical fiber. 
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6.0 Conclusions 

Three micro-optical fiber devices, a modal conversion coupler, an asymmetrical splice, 

and an air-gap splice, were presented. Two of these devices can be used in conjunction 

with modal domain sensing, the modal conversion coupler and the asymmetrical splice. 

The modal conversion conversion coupler can be a method of describing launching 

conditions. Modal amplitudes in conjunction with modal domain sensing are unknown 

at this time. The modal conversion coupler can generate a mode from a given set of 

input conditions. The modal amplitude from the output of the coupler can be 

determined, and then superimposed with other known modal amplitudes. This is a 

possible solution to unknown launching conditions. 

The asymmetrical splice allows a method for performing in-line signal processing. The 

asymmetrical splice allows a modal domain sensing system to be a compact and 

packageable system. Intensity changes in the filtering fiber can be correlated to 

perturbations in the sensing fiber. Finally, splice loss calculations for laterally offset 

multimode and single mode fibers are not applicable to few-moded fibers. A new 
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method for evaluating splice loss for few-moded fibers has been suggested. In order to 

determine the splice loss explicitly, amplitude coefficients for the modes propagating in 

the filtering fiber need to be determined from the modes propagating in the sensing fiber. 

Air-gap splices exhibit modal effects when used with multimode fibers. The air-gap 

splice allows a method for viewing modal dispersion, whether modal dispersion is 

dependent upon the modal content launched into the optical fiber or is due to length 

elongation due to axial strain applied to the optical fiber. 
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CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
C C 
C AMP FORTRAN C 
C C 
C C 
C C 
C WRITTEN BY AMY FLAX C 
C C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
C C 
C THIS PROGRAM IS DESIGNED TO AID IN CALCULATING AFOI IN C 
C C 
C EQUATION 4.2.5-1, WHERE AFOI = ASOl XOI + ASll XII. C 
C C 
C THIS PROGRAM CALCULATES XOI AND XII. C 
C C 
C THE MAIN PROGRAM USES AN IMSL ROUTINE, DCADRE, TO DO THE C 
C C 
C INTEGRATIONS. DCADRE USES THE FOLLOWING PARAMETERS, C 
C C 
C F=FUNCTION TO BE INTEGRATED, WHICH IS CALLED EXTERNALLY C 
C A=LOWER LIMIT OF INTEGRATION C 
C B=UPPER LIMIT OF INTEGRATION C 
C AERR=INPUT ERROR C 
C RERR=RETURN ERROR C 
C ERROR=ERROR MESSAGES C 
C C=INTEGRATED ANSWER C 
C C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
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CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
C C 
C DCADRE IS USED THREE TIMES. C 
C C 
C 1) TO INTEGRATE THE NUMERATOR OF EQUATION 4.2.5-1. C 
C THE EXTERNAL FUNCTION TO BE INTEGRATED IS 'F'. C 
C THE RESULT IS 'C'. C 
C (THE LP01 CONTRIBUTION FROM THE SENSING FIBER). C' 
C C 
C C 
C 2) TO INTEGRATE THE NUMERATOR OF EQUATION 4.2.5-1. C 
C THE EXTERNAL FUNCTION TO BE INTEGRATED IS 'F2'. C 
C THE RESULT IS 'D'. C 
C (THE LPl1 CONTRIBUTION FROK THE SENSING FIBER). C 
C C 
C C 
C 3) TO INTEGRATE THE DENOMINATOR OF EQUATION 4.2.5-1. C 
C THE EXTERNAL FUNCTION TO BE INTEGRATED IS 'FX'. C 
C THE RESULT IS 'E.' C 
C C 
C C 
C C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

INTEGER IER 
REAL DCADRE,F,A,B, AERR, RERR, ERROR,C,D,FX,J,DI,UF,AFOl,AF11, 

CJ1,E,U1S 
EXTERNAL F,FX,F2 
A=O.O 
B=2.0 
RERR=O. 
AERR= 1.OE-5 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
C C 
C DCADRE IS CALLED TO INTEGRATE F, F2, AND FX WHICH ARE FOUND C 
C C 
C IN SUBROUTINES AT THE BOTTOM OF THE PROGRAM. C 
C C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

C = DCADRE (F,A,B,AERR,RERR,ERROR,IER ) 

D = DCADRE (F2,A,B,AERR,RERR,ERROR,IER) 

E = DCADRE (FX,A,B,AERR,RERR,ERROR,IER) 
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CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
C C 
C THIS SECTION CALCULATES JOe UOS DI/AS) AND Jl (UIS DI/AS) C 
C C 
C OF EQUATION 4.2.5-1. C 
C C 
C C 
C THESE TERMS ACCOUNTS FOR THE LATERAL OFFSET OF THE FILTERING C 
C C 
C FIBER. C 
C C 
C US = UOS/AS, FIBER PARAMETER CALCULATED C 
C C 
C UIS= UIS/AS, FIBER PARAMETER CALCULATED C 
C C 
C DI = DISTANCE CENTER OF FILTERING FIBER OFFSET FROM C 
C CENTER OF SENSING FIBER C 
C C 
C J = JOS (US DI ), BESSEL FUNCTION OF THE FIRST KIND C 
C APPROXIMATED BY A POLYNOMIAL. THE APPROXIMATION 'C 
C OF THIS FUNCTION IS FOUND IN REFERENCE 20. C 
C C 
C Jl = JIS (UIS DI ), BESSEL FUNCTION OF THE FIRST KIND C 
C APPROXIMATED BY A POLYNOMIAL. THE APPROXIMATION C 
C OF THIS FUNCTION IS FOUND IN REFERENCE 20. C 
C C 
C C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

DI=2.50 
US=0.434915159 
UIS=O.671562 

J=(I- 2.2499997~ «US~DI/3.0)~~2 ) + 1.2656208~«US~DI/3.0)~~4) 
C - 0.3163866~«US~DI/3.0)**6) + O.0444479*«US~DI/3.0)**8) -
CO.0039444~«US*DI/3.0>~*10) + 0.0002100*CCUS*DI/3.0>**12» 

Jl=O.5*(UlS * DI) - 0.56249985*CCUlS*DI/3.0)*~2)*eUlS*DI) 
C+ 0.21093573~«UlS~DI/3.0)**4)*(UlS*DI) - 0.03954289* 
C(CUlS*DI/3.0)**6)~(UlS*DI) + 0.00443319*«UlS*DI/3.0)~*8)* 
C(UlS*DI) - O.00031761*«U1S~DI/3.0)~*lO)*(UIS*DI) + 
CO.OOOOII09*«UIS*DI)**12>*(U1S*DI) 
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CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
C C 
C XOI OF EQUATION 4.2.5-2 IS CALCULATED, WHERE AFOI = X01. C 
C C 
C XII OF EQUATION 4.2.5-2 IS CALCULATED, WHERE AFll = XII. C 
C C 
C XOI AND XII ARE PRINTED ON THE SCREEN. C 
C C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

AFOl=J3EC/E 

AFll=Jl3ED/E 

WRITE (3E,3E) AFOl, AFll 
STOP 
END 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
C C 
C THIS IS A SUBROUTINE TO CALCULATE THE FUNCTION IN THE C 
C C 
C NUMERATOR OF EQUATION 4.2.5-1, (JO CUOS X /AS»CJO (UoF X/AF». C 
C C 
C 1) US = UOS/AS C 
C 2) UF = UOF/AF C 
C 3) THE BESSELS FUNCTION ARE APPROXIMATED BY A POLYNOMIAL C 
C 4) S = JO (US X) C 
C 5) FF= J 0 ( U F X) C 
C 6) F=S*FF*X, WHICH IS THE FUNCTION TO BE INTEGRATED C 
C . C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
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REAL FUNCTION F(X) 
REAL X,UF,US,S,FF 
UF=O.78S30S2 
US=O.43491S1S9 
FF=(I- 2.2499997* «UF*X/3.0)**2 ) + 1.26S6208*C(UF*X/3.0)**4) 

C - O.3163866*«UF*X/3.0>**6) + 0.0444479*«UF*X/3.0)**8) -
CO.0039444*(CUF*X/3.0)**10) + O.0002100*C(UF*X/3.0>**12» 

S=(I- 2.2499997* «US*X/3.0)**2 ) + 1.26S6208*«US*X/3.0)**4) 
C-O.3163866*«US*X/3.0)**6) + O.0444479*(CUS*X/3.0)**8) -
CO.0039444*CCUS*X/3.0)**10) + O.0002100*«US*X/3.0)**12» 

F=S*FF*X 

RETURN 
END 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
C C 
C THIS IS A SUBROUTINE TO CALCULATE THE FUNCTION IN THE C 
C C 
C NUMERATOR OF EQUATION 4.2.5-1, (JO (UlS X/AS»(JO (UOF X/AF». C 
C C 
C 1) UlS = UlS/AS C 
C 2) UF = UOF/AF C 
C 3) THE BESSELS FUNCTION ARE APPROXIMATED BY A POLYNOMIAL C 
C 4) S = JO (UlS X) C 
C 5) FF= JO (UF X) C 
C 6) F2=S*FF*X, WHICH IS THE FUNCTION TO BE INTEGRATED C 
C C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

REAL FUNCTION F2(X) 
REAL X,UF,UlS,S,FF 
UF=O.78S3052 
UlS=0.671562 
FF=(I- 2.2499997* «UF*X/3.0>**2 ) + 1.26S6208*«UF*X/3.0)**4) 

C - O.3163866*«UF*X/3.0)**6) + 0.0444479*(CUF*X/3.0)**8) -
CO.0039444*«UF*x/3.0)**10) + O.0002100*«UF*X/3.0)**12» 

S=(1- 2.2499997* «UIS*X/3.0)**2 ) + 1.2656208*CCUlS*X/3.0)**4) 
C-O.3163866*«U1S*X/3.0)**6) + O.0444479*(CUlS*X/3.0)**8) -
CO.0039444*«UlS*X/3.0)**10) + O.0002100*«UlS*X/3.0)**12» 

F2=S*FF*X 

RETURN 
END 
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CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
C C 
C THIS SUBROUTINE CALCULATES THE FUNCTION IN THE DENOMINATOR C 
C C 
C IN EQUATION 4.2.5-1. THE METHOD IS THE SAME AS IN THE OTHER C 
C C 
C SUBROUTINE, EXCEPT THESE MODIFICATIONS. C 
C C 
C 1) FF, UF ARE THE SAME AS IN THE OTHER SUBROUTINE C 
C 2) THE FUNCTION TO BE INTEGRATED IS FX C 
C 3) FX = (ABS (FF»3E3E2 3EX C 
C C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

REAL FUNCTION FXeX) 
REAL X,UF,FF 
UF=O.78S3052 
FF=(l- 2.2499997. (CUF.X/3.0) •• 2 ) + 1.26S620S.«UF.X/3.0) •• 4) 

C - O.3163866-«UF-X/3.0)--6) + O.0444479-«UF-X/3.0)--S) -
CO.0039444.C(UF.X/3.0)3E.10) + O.0002100.(CUF.X/3.0) •• 1Z» 

FX= ( ABS (FF) ) •• 2 )3EX 
RETURN 
END 
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CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
C C 
C INT FORTRAN C 
C C 
C C 
C C 
C WRITTEN BY AMY FLAX C 
C C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
C C 
C THIS PROGRAM IS DESIGNED TO AID IN CALCULATING N01, N11, C 
C C 
C AND N IN EQUATION 4.2.5-5. THIS PROGRAM CALCULATES C 
C C 
eNOl. THE MAIN PROGRAM USES AN IMSL ROUTINE, DCADRE, TO DO THE C 
C C 
C INTEGRATIONS. DCADRE USES THE FOLLOWING PARAMETERS: C 
C C 
C F=FUNCTION TO BE INTEGRATED, WHICH IS CALLED EXTERNALLY C 
C A=LOWER LIMIT OF INTEGRATION C 
C B=UPPER LIMIT OF INTEGRATION C 
C AERR=INPUT ERROR C 
C RERR=RETURN ERROR C 
C ERROR=ERROR MESSAGES C 
C C=INTEGRATED ANSWER C 
C C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
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CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
C C 
C DCADRE IS USED FOUR TIMES. C 
C C 
C 1) TO INTEGRATE THE NUMERATOR OF EQUATION 4.2.5-3 C 
C AND EQUATION 4.2.5-4. C 
C THE EXTERNAL FUNCTION TO BE INTEGRATED IS 'F'. C 
C THE RESULT IS 'C' WHICH IS INTEGRATED FROM 0 TO 2. C 
C C 
C 2) TO INTEGRATE THE DENOMINATOR EQUATION 4.2.5-3. C 
C THE EXTERNAL FUNCTION TO BE INTEGRATED IS 'FX'. C 
C THE RESULT IS 'D' WHICH IS INTEGRATED FROM 0 TO 4.5. C 
C C 
C 3) TO INTEGRATE THE DENOMINATOR OF EQUATION 4.2.5-4 C 
C (THE R DEPENDENCE). C 
C THE EXTERNAL FUNCTION TO BE INTEGRATED IS 'F2'. C 
C THE RESULT IS 'R' WHICH IS INTEGRATED FROM 0 TO 4.5. C 
C C 
C 4) TO INTEGRATE THE DENOMINATOR OF EQUATION 4.2.4-4 C 
C (THE PHI DEPENDENCE). C 
C THE EXTERNAL FUNCTION TO BE INTEGRATED IS 'F3', C 
C THE RESULT IS 'T' WHICH IS INTEGRATED FROM 0 TO PI. C 
C C 
C C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

INTEGER IER 
REAL DCADRE,F,A,B, AERR, RERR, ERROR,C,D,FX,E,Xl,A2,B2,A3,B3, 

CF2,F3,X11,X01,R,S,E1,U1S,EFF 
EXTERNAL F,FX,F2,F3 
A=O.O 
B=2.0 
RERR=O. 
AERR= 1.0E-5 
A2 =0.0 
B2= 4.5 
A3 = 0.0 
B3= 2*(3.141592654) 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
C C 
C DCADRE IS CALLED TO INTEGRATE F, FX, F2, AND F3, WHICH ARE C 
C C 
C FOUND IN SUBROUTINES AT THE BOTTOM OF THE PROGRAM. C 
C C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

C = DCADRE (F,A,B,AERR,RERR,ERROR,IER ) 
D = DCADRE (FX,A2,B2,AERR,RERR,ERROR,IER) 
R = DCADRE CF2,A2,B2,AERR,RERR,ERROR,IER) 
T = DCADRE (F3,A3,B3,AERR,RERR,ERROR,IER) 
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CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
C C 
C XOl AND Xll CALCULATED FROM THE AMP FORTRAN C 
C PROGRAM IS ENTERED HERE. C 
C C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

XOl = 0.9994462 
Xll = 0.5749246 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
C C 
C NOl OF EQUATION 4.2.5-3 IS CALCULATED, WHERE E = N01. C 
C C 
C Nll OF EQUATION 4.2.S~4 IS CALCULATED, WHERE E = NIl. C 
C C 
C N OF EQUATION 4.2.5-5 IS CALCULATED, WHERE EFF = N. C 
C C 
C N01, Nll, N ARE PRINTED ON THE SCREEN. C 
C C 
C C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

E=(X01**2 ) * C /D 
El=(Xll**2) *C /(R*T) 

EFF= (E + 2.0*El)/3.0 

WRITE (*,*) E,El,EFF 
STOP 
END 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
C C 
C THIS IS A SUBROUTINE TO CALCULATE THE FUNCTION IN THE C 
C C 
C NUMERATOR OF EQUATION 4.2.5-3 AND 4.2.5-4, JO (UOF X /AF). C 
C C 
C 1) UF = UOF/AF C 
C 2) THE BESSELS FUNCTION ARE APPROXIMATED BY A POLYNOMIAL [19] C 
C 3) FF= JO (UF X) C 
C 4) F=«FF)**2)*X, WHICH IS THE FUNCTION TO BE INTEGRATED C 
C C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
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REAL FUNCTION F(X) 
REAL X .. UF,FF 
UF=O.7853052 
FF=(I- 2.2499997* «UF*X/3.0)~*l ) + 1.2656208*«UF*X/3.0)*~4) 

C - O.3163866*«UF*X/3.0)**6) + D.0444479*«UF*X/3.0)**8) -
CD.0039444*«UF*X/3.0)~~10) + O.0002100~«UF*X/3.0)*~12» 

F= (CFF)**2 )*X 

RETURN 
END 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
C C 
C THIS SUBROUTINE CALCULATES THE FUNCTION IN THE DENOMINATOR C 
C C 
C OF EQUATION 4.2.5-3. THE METHOD IS THE SAME AS IN THE OTHER C 
C C 
C SUBROUTINE, EXCEPT THESE MODIFICATIONS: C 
C C 
C 1) S AND US, WHERE US = UOS/AS, REPLACE FF AND UF C 
C l) THE FUNCTION TO BE INTEGRATED IS FX C 
C 3) FX = (S)~*2 ~ X C 
C C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

REAL FUNCTION FX(X) 
REAL X,US,S 
US=0.434915159 
S=(I- 2.2499997* «US*X/3.0)**2 ) + l.l656208*«US*X/3.0)**4) 

C - O.3163866*«US*X/3.0>**6) + 0.0444479*«US*X/3.0)**8) -
CO.0039444*CCUS*x/3.0)**10) + 0.OOOlI00*C(US*X/3.0)**12» 

FX= C (S)**2 HEX 
RETURN 
END 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
C C 
C THIS SUBROUTINE CALCULATES THE R FUNCTION IN THE DENOMINATOR C 
C C 
C OF EQUATION 4.2.5-4. THE METHOD IS THE SAME AS IN THE OTHER C 
C C 
C SUBROUTINE, EXCEPT THESE MODIFICATIONS: C 
C C 
C 1) SAND UIS, WHERE UIS = UIS/AS, REPLACE FF AND UF C 
C 2) THE FUNCTION TO BE INTEGRATED IS Fl C 
C 3) FX = (S)**2 * X C 
C C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

REAL FUNCTION Fl(X) 
REAL X,UIS,S 
U1S=0.67152 
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S=(0.5*UlS*X - 0.56249985 *(CUlS*X/3.0)**2)*UlS*X + 
CO.21093573*«UlS*X/3.0)**4)*UlS*X - O.039S4289*«UlS*X/3.0) 
C**6)*UlS*X + O.00443319*«UlS*X/3.0)**8)*UlS*X -
CO.00031761*«UlS*X/3.0)**10)*U1S*X + 0.00001109*«U1S* 
CX/3.0)**12)*U1S*X) 

F2 = ( CS)**2)*X 

RETURN 
END 

i CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
C C 
C THIS SUBROUTINE CALCULATES THE PHI FUNCTION IN THE DENOMINATOR C 
C C 
C OF EQUATION 4.2.5-4. THE METHOD IS THE SAME AS IN THE OTHER C 
C C 
C SUBROUTINE, EXCEPT THIS MODIFICATIONr C 
C C 
C F3 = ( COS (X) )**2 C 
C C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

REAL FUNCTION F3(X) 
REAL X 
F3 = (COSeX»**2 

RETURN 
END 

Appendix B: Int Fortran Listing 84 



References 

1. P.A. Ehrenfeuchter, "'Modal Domain Sensing of Vibration in Beams," M.S. 
Thesis, Virginia Tech, December 198~. 

2. N.K. Shankaranarayanan, IIMode-Mode Interference in Optical Fibers: 
Analysis and Experiment,'" M.S. Thesis, Virginia Tech, April 1987. 

3. B.D. Zimmermann, "High Resolution Optical Time Domain Reflectometry and 
Its Applications,'" M.S. Thesis, Virginia Tech, January 1988. 

4. Designers Guide to Fiber Optics, AMP Inc, 1982. 

5. G. Keiser, Optical Fiber Communications, McGraw-Hill, New York, 1983. 

6. A. Yariv, Optical Electronics, Holt, Rinehart and Winston, New York, 1985. 

7. M.R. Layton and J.A. Bucaro, "'Optical Fiber Acoustic Sensor Utilizing 
Mode-Mode Interference,'" Applied Optics, vol 18, no. 5, p. 666, March 1979. 

8. S.A. Kingsley and J.A. Bucaro, HMultimode Optical Fibre Phase Modulation 
and Discrimination I & II,H Electronics Leiters, vol. 14, no. 11, p.322/335, May 
1978. 

9. K.D. Bennett, HFiber Optic Methods for Remote Sensing/' M.S. Thesis, 
Virginia Tech, August 1985. 

10. K.T. Srinivas, H Axial Strain Effects on Optical Fiber Mode Patterns,'" M.S. 
Thesis, Virginia Tech, January 1987. 

II. B.D. Duncan, "'Modal Interference Techniques for Strain Detection in 
Few-Mode Optical Fibers,'" M.S. Thesis, Virginia Tech, April 1988. 

References 85 



12. G.B. Hocker, "'Fiber Optic Sensing of Pressure and Temperature,'" Applied 
Optics, vol. 18, no. 9, p.1445, 1 May 1979. 

13. C.D. Butter and G.B. Hocker, "'Fiber Optic Strain Gauge,'" Applied Optics, vol. 
17, no. 18, p.2867, 15 September 1978. 

14. W.V. Sarin, B.Y. Kim and H.J. Shaw, "Highly Selective Evanescent Modal 
Filter for Two-Moded Optical Fibers,H Optics Letters, vol. 11, no. 9, p.581, 
September 1986. 

15. N.S. Kapany and J.l. Burke, Optical Waveguides, Academic Press, New York, 
1972. 

16. B.Y. Kim, J.N. Blake, S.Y. Huang, and H.l. Shaw, "'Use of Highly Elliptical 
Core Fibers for Two-mode Fiber Devices,'" Optics Letters, vol. 12, no. 9, p. 729, 
September 1987. 

17. C.M. Miller, Optical Fiber Splices and Connectors: Theory and Methods, Marcel 
Dekker Inc., New York, 1986. 

18. A.W. Snyder and J.D. Love, Optical Waveguide Theory, Chapman and Hall, 
New York, 1983. 

19. I.S. Gradshteyn and I.W. Ryzik, Table of Integrals, Series and Products, 
Academic Press, New York, 1965. 

20. M. Abramkositz and I. Stegum, ed., Handbook of Mathematical Functions, 
Dover Publications, Inc., New York, 1972. 

References 86 



Vita 

Amy Flax was born on August 26, 1964 in Framingham, Massachusetts. She graduated 

from Virginia Tech in June, 1986 with a Bachelor of Science in Electrical Engineering. 

Amy decided to pursue graduate studies in electrical engineering at Virginia Tech, 

specializing in fiber optics. During her stay at Virginia Tech, she worked with Dr. R.O. 

Claus at the Fiber and Electro-Optics Research Center. Amy enjoys theatre, travelling, 

aerobics, and Bruce Springsteen. Amy is going to be a world traveller this summer as 

she crosses the Atlantic to explore older civilizations and the night life in Paris. Then, 

after many years of being a student Amy will be gainfully employed with AT&T in New 

Jersey. 

Vita 87 


