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(ABSTRACT)

A generalized analysis of multiple-clad cylindrical dielectric structures with step-
index profilesis presented. This analysisyields unified expressions for fields, dispersion
equation and cutoff conditions for weakly guiding optical fibers with step-index but
otherwise arbitrary profiles. The formulation focuses on triple-clad fibers, but can
accommodate single and double-clad fibers as special limiting cases.

Using the generalized solutions, transmission properties of several types of speciaty
fibers for broadband applications, including dispersion-shifted, dispersion-flattened, and
dispersion compensating fibers, are studied. Improved designs for dispersion-shifted and
dispersion compensating fibers are achieved.

Fiber parameters and material compositions for the improved designs are provided.

The proposed design for the dispersion-shifted fiber yields zero second-order as well as

third-order dispersion at the | =155mm wavelength. The dispersion compensating fiber
proposed here provides a large negative dispersion of about -400ps/nmkm at

| =155mm for the fundamental mode. Numerical results for dispersion characteristics,

cutoff wavelengths, and radial field distributions are provided.
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Chapter 1. Introduction

Optical fibers with modified dispersion characteristics, such as dispersion-shifted,
dispersion-flattened, and dispersion compensating fibers, are of considerable interest in
broadband fiber-optic communication systems. Dispersion-shifted fibers offer avery small
dispersion at the wavelength of | =155nmm. This wavelength corresponds to the minimum
attenuation wavelength of silica-based optical fibers. Thus, dispersion-shifted fibers cause
much less signal distortion and attenuation than ordinary single-mode fibers [1-3].
Dispersion-flattened fibers provide small dispersion over an extended range of wavelengths.
These fibers have application in wavel ength-division multiplexed systemsin which severa
optica channels are smultaneoudy transmitted on the same fibers. With a flattened
dispersion characterigtic, all channels suffer small signal distortions [4-5]. Both dispersion-
shifted and dispersion-flattened fibers are single-mode with multiple cladding geometries.
Their propagation properties have been studied extensively in the past [6-8].

Unlike dispersion-shifted and dispersion-flattened fibers which are desired to have
very small dispersion at | =155nm, dispersion compensating fibers are designed to
provide very large negative dispersion at this wavelength. These fibers are used to upgrade

the 13mm fiber-optic links. Optical fibers designed for use at 13nm wavelength may be
operated at 155mm in order to take advantage of lower the fiber attenuation at this
wavelength. However, such fibersat  155mm have fairly large postive dispersion which

resultsin signal distortion. To compensate for the accumulated dispersion over the length of
1



the link, the fiber is concatenated with a shorter length of a dispersion compensating fiber
with large negative dispersion. Most dispersion compensating fibers reported in the
literature have asingle cladding layer and operatein LR); or LR; mode [9-11].

Although much work has been done on the analysis and design of fibers with
modified dispersion characteristics, little has been reported on the optimization of their
designs. For example, dispersion-shifted fibers provide a nomina zero dispersion at
| =155mm. However, it is understood that only the second-order dispersion vanishes at
155mm in these fibers, and third and higher-order dispersions exist and contribute to signal
distortion. An optimum design will not only provide zero second-order but also zero third-
order dispersion. (Fourth and higher-order dispersions are very small and neglected). For
the case of dispersion compensating fibers operating in the LB ; mode, there are difficulties
with mode conversion, because such fibers are dual mode. A more practical designisa
single-mode dispersion compensating fiber. Moreover, the amount of negative dispersion
should be as large as possible in order to reduce the required length of such fibers.

In thisthess, improved designs for dispersion-shifted and dispersion compensating
fibers are presented. A triple-clad cylindrical didlectric structure is used as a common
geometry for all fiber designs. The refractive index profile is determined based on design
requirements. A new dispersion-shifted fiber is proposed which provides zero second-order
as well as third-order dispersion. The advantage of this fiber over the conventional
dispersion-shifted fiber is in its zero third-order dispersion. Also, a dispersion

compensating fiber is designed which provides a dispersion of about - 400ps/ nmkm at
| =155mm. The important aspect of this design is that this large negative dispersion is

associated with the fundamental LR;; mode and hence problems of mode coupling

encountered in dual-mode dispersion compensating fibers are avoided. In addition to

dispersion-shifted and dispersion compensating designs mentioned above, the triple-clad



geometry is used to obtain a dispersion-flattened design with less than 1ps/nmkm
chromatic dispersion over the 138mm- 159mm wavel ength range.

Another contribution of this work is a generdized field analysis of triple-clad
cylindrical dielectric structures. This generalized solution can accommodate all possible
triple-clad fibers with step-index profiles. Accordingly, the analysis and design of the
proposed dispersion-shifted, dispersion-flattened, and dispersion compensating fibers are
performed using a single unified formulation. The formulation can aso treat various
double-clad configurations and the single-clad fiber as special casesin which the thickness
of one or more layers becomes arbitrarily small. This generalized formulation lendsitself to
straightforward computer algorithms and code development for the caculation of
propagation properties of single, double, and triple-clad fibers.

The outline of the remaining chapters of this thesis is as follows. Chapter two
addresses various dispersion mechanisms in optical fibers. Dispersion-altered fibers and
their applications are discussed. The effect of attenuation on dispersion is also briefly
examined. Chapter threeis devoted to a generalized analysis of multiple-clad fibers. Scalar
field solutions, characteristic equation, and cutoff conditions for guided modes are
presented. Numerical results for variations of normalized propagation constant as well as
chromatic dispersion versus wavel ength and radial field distributions are provided in chapter
four. Parameters and material compositions for four fibers are presented. These fibers
represent examples of dispersion-shifted fiber with only zero second-order dispersion,
optimized dispersion-shifted fiber with zero second-order and third-order dispersions,
dispersion-flattened fiber, and dispersion compensating fiber. Chapter five summarizes the

conclusions of this research and points out directions for further investigations.



Chapter 2. Dispersion in Optical Fibers

An information signal becomes distorted due to attenuation and dispersion as it
travels in an optical fiber. Attenuation is the loss of signa power and is governed by
different mechanisms, including absorption, scattering, and radiation. Since optica fibers
were introduced for communication applications three decades ago, great progress has been
accomplished in producing optical fibers that exhibit very low signal attenuation. On the
other hand, dispersion is the spreading in the time domain of a signa pulse as it travels
through the fiber. Spectral components of a pulse propagating down an optical fiber reach
their destination at dightly different times. This trandatesinto awider pulse at the receiving
end of the fiber. Both attenuation and dispersion affect repeater spacing in along distance
fiber-optic communication system. Dispersion affects the bandwidth of the system, hence
maintaining low dispersion is of equal importance for ensuring increased system

information capacity, versatility and cost effectiveness.

2.1 Dispersion in Single-Mode Fibers

Dispersion in single-mode fibers is an intramodal effect and is a result of group
velocity dependence on wavelength. Because of that, the amount of signal distortion
depends on the spectral width of the optical source used. Three mechanisms contribute to
intramodal dispersion: materia dispersion, waveguide dispersion, and polarization-mode

dispersion.



2.1.1 Material Dispersion

Material dispersion is caused by variations of refractive index of the fiber materia
with respect to wavelength. Since the group velocity isafunction of the refractive index, the
spectral components of any given signal will travel at different speeds causing deformation
of the pulse. Variations of refractive index with respect to wavelength are described by the
Sellmeier equation which is expressed asfollows[12]

2
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where A is the wavelength of light, and Ajand A, are the Sellmeier coefficients, and are

tabulated in [12] and [13] for a number of silica-based glass materials commonly used in
fabrication of optical fibers.

2.1.2 Waveguide Dispersion

Waveguide dispersion occurs because different spectral components of a pulse
travel with different velocities by the fundamental mode of thefiber. It is as a result of axia
propagation constant 3 being afunction of wavelength due to the existence of one or more
boundaries in the structure of the fiber. Without such boundaries, the fiber reduces to a
homogeneous medium, the fundamental mode becomes a uniform plane-wave, and the

waveguide dispersion effect is eliminated.

2.1.3 Polarization-Mode Dispersion

Single-mode fibers, in redity, support two orthogonally-polarized fundamental
modes. In perfectly circular fibers, these two modes have identical propagation constants
and pulse spreading due to polarization-mode dispersion does not exist. In practical fibers,

however, thereisa smal difference between the propagation constants of these two modes



dueto the dight dllipticity of the core. In other words, common single-mode fibers actually
support two modes and thus are not truly single-mode. The presence of two fundamental
modes contributes to pulse spreading. This phenomenon is known as polarization-mode

dispersion.

2.2 Dispersion in Multimode Fibers

In applications where two or more modes travel simultaneoudly though the fiber,
intermodal aswell asintramodal dispersions exist. Intermodal dispersion does not occur in
single-mode fibers, but is a significant effect in multimode fibers. It occurs as a result of
different modes having different group velocities a the same frequency. Graded-index
fibers with nearly parabolic-index profile were developed mainly to reduce the effect of
intermodal dispersion. Here, bound rays deviating from the axis of the fiber travel a longer
distance but at larger velocities, reaching the receiving end of the fiber at about the same time
with the other rays, thusin graded-index fibers pulse spreading is significantly reduced.

Although al forms of dispersion present in single-mode fibers exist in multimode
fiberstoo, the materia dispersion is the only significant intramodal effect which should be
considered. Thus, pulse spreading in multimode fibers is largely due to materia dispersion
and intermodal delay distortion. Polarization-mode dispersion is a much weaker effect than
material dispersions and intermodal delay, and is often neglected in the analysis and design
of fiber-optic links.

Apart from the three dispersion effects described above, there is yet another kind of
dispersion referred to as profile dispersion. This effect is attributed to core and cladding
materias having dightly different material dispersions. In this thesis, the profile dispersion

is accounted for as part of material dispersion and thus does not require a separate anaysis.



2.3 Group Velocity, Group Delay, and Dispersion

Let us consider an information signa propagating in a single-mode fiber of length

L. Each spectral component of the signal undergoes atime delay ty. The time delay per

unit length, denoted as 1, iIsobtained as

g ’

t 12
rg==1-108 X db 2.2)
L v, cdg 27caA

where v, = (dB/ dou)'1 =c(dp/ dko)_1 isthe group velocity, ko= 27t/ A is the free-space
wave number, and c is the velocity of light in free space. Spectra components travel a

different speeds and experience different time delays. We are interested in the pulse

spreading arising from group delay variations. Let the root-mean-square spectral width of

the optical source be o , , then the total delay differenceis given by

d
5t = %a L 2.3)

The amount of pulse spread per unit length of fiber and per unit spectral width of light

source is defined as dispersion. Thus, the expression of dispersion iswritten as

dr 0 2n[]
D=_1 7= g - _A Dzdﬂmdﬁ

- — 2.4
Lo, dA 2mc ] dA dA? O (24)

A more suitable formula for caculation of dispersion is that expressed in terms of the
normalized propagation constant 3, defined as 8= B/k, = 2713/ A. Substituting for 3, in
termsof B, (2.4) isreduced to

__AdB

= F 25
c dA? (25)

The cumulative effect of waveguide and materiad dispersion is usually referred to as
chromatic dispersion. Chromatic dispersion in ordinary single-mode fibers is gpproximated

by adding the materia and waveguide dispersion effects determined separately. This

7



approximation, while satisfactory for ordinary single-mode fibers, may not be adequate for
ultra-low dispersion fibers such as dispersion-shifted and dispersion-flattened fibers [6-7].
Therefore, for better accuracy, materia and waveguide dispersion effects are caculated

simultaneoudly. In doing 0, the wavelength dependence of the refractive index of each
material is accounted for when determining the propagation constant 3. The propagation
constant is calculated by numerically solving the characteristic equation which may be
expressed as f(A,B,n,i=12,...,N)=0, for afiber consisting of N layers. The function
f aso includes variables such as core and cladding radii, which are independent of

wavelength, and the azimuthal mode number. The refractiveindices n; are determined using

the Sellmeier equation given in (2.1). Using numerical techniques, B, dB/dA, d2B/dX?
are determined and put in (2.5) to obtain the total dispersion. It is emphasized that using this
method of calculation, waveguide, material, and profile dispersion effects are simultaneousy

accounted for.

2.4 Dispersion-Altered Fibers

The objective in the optimum design of an optica fiber is to achieve the lowest
attenuation and dispersion a the wavelength of operation. In ordinary single-mode fibers,
total dispersion vanishes a a wavelength of about 1.3 um. However, the lowest attenuation
for glass fibers occurs a 1.55um. Alteration of dispersion in a fiber is attained by
manipulating the index profile and geometry of the fiber. Dispersion-altered fibers include
dispersion-shifted, dispersion-flattened, and disperson compensating fibers discussed
below.

2.4.1 Dispersion-Shifted Fibers

Dispersion-shifted fibers are the type in which the wavelength of zero dispersion is

shifted to the region of lowest attenuation, which for SO, — GeO, based fibers lies in the
8



1.55 um region [1] and [21-22]. Providing minimal dispersion over a very narrow range of
wavelengths, dispersion-shifted fibers are best suited for single channel transmission. The
system’s efficiency is increased due to longer repeater spacing, one of the most important
considerations in designing long-distance optical fiber communication systems. Multiclad
fibers with step-index, as wdl as graded cores can be used to design dispersion-shifted
single-mode fibers[2] and [14].

2.4.2 Dispersion-Flattened Fibers

The possibility of low dispersion over an extended range of wavelengths was
presented by Kawakami and Nishida in 1974 [15], and studied extensively thereafter [6]
and [23]. By manipulating the index profile of afiber, total dispersion can be made to go to
zexo at two or three different wavelengths, and remain close to zero in between. Dispersion
flattening occurs by partial cancellation of waveguide dispersion by materia dispersion in
the wavdength range of operation. In some applications such as wavelength divison
multiplexing, where a number of signals with different wavelengths are carried by one fiber,
it isdesired to design the fiber optic system such that all optical signals experience rdatively
the same low distortion. The information capacity of fiber-optic systems using dispersion-
flattened fibers and waveength divison multiplexing (WDM) schemes can be increased
many folds. Multiclad fibers, including double, triple, and quadruple-clad fibers can be used

to design dispersion-flattened fibers. Fiber designs have been reported where dispersion is

lessthan 1 ( ps/ nmkm) over the entire range 1.31 um to 1.67 um [16].

2.4.3 Dispersion Compensation

The performance of along distance optica fiber communication system is limited
by various factors, one of which is dispersion, as mentioned earlier. Pulse distortion reduces
maximum spacing between optica transmitters and receivers if the same BER performance

for the system isto be maintained.



When commercial single-mode optical fiber links were first introduced and installed,

they were designed to offer zero dispersion a 13um, since that was the wavelength of

commercidly available light sources. Operated nowadays at 155um, these fibers exhibit
substantial positive dispersion that may be canceled out by using dispersion compensating
fibers which provide large negative dispersion at that wavelength [9-10].

A signd traveling through an old-generation single-mode fiber link suffers a tota
dispersion DL over adistance L, where D is the dispersion per unit length, described
earlier in equation (2.5), measured a 155um. DL maybe be of considerable magnitude
after along distance is traveled. Dispersion compensation is realized by splicing an optica
fiber of length | that exhibits large negative dispersion, D', a the wavelength of operation,
suchthat D'l cancelsout DL ;thatis DL+ D'l =0. The length of the compensating fiber

needed | is thus obtained from 1=|D/D'|L. Dispersion compensating fibers make it

possible to upgrade existing 13um links without unnecessary and expensive replacements.

2.5 Effect of Attenuation on Dispersion

When calculating dispersion in an optica fiber, it is commonly assumed that the
fiber islosdess. In other words, the refractive indices of various layers constituting the fiber
aredl assumed to be red. In redlity, these indices are complex with small imaginary parts
which account for the losses in the fiber. The effect of losses on dispersion is generdly
negligible. However, it seems that no investigation has been made to verify how smal this
effect may be and if it might have to be considered in ultra-low dispersion fibers. Here, the
effect of attenuation on dispersion is assessed using a perturbation approach.

If the scalar field of a lossless weakly guiding fiber of refractive index profile n is

@ and that of alow-lossfiber with refractiveindex fi is (U, it can be shown that [17]

10



[(n* -A%)pipds

2_1p2_123 2.6
B -B =k [os (2.6)
S

where  and ﬁ are the propagation constants of the lossless and the low-loss fibers

respectively, S isaz=constant plane (assuming that the z-axis coincides with the fiber axis),

and ky =2t/ A is the free-space wave number. Here, the low-loss fiber is regarded as a

perturbation of the lossless fiber. The refractiveindex n is red, while A is complex with a

small imaginary part accounting for fiber losses. n and f differ only in the imaginary part

of A. ThatisA=n- jon, dn<<n.ltisclear that B and B aso differ by a small amount,
and we canwrite 3= B+ 5B; [64<< .

Substituting for B and N intermsof B and n, respectively, anddso using ¢ O,

from (2.6) we obtain

, [(i2nen+ ) yPds
-_X's
3B 25 J'l.UZdS (2.7)
S

Theimaginary part of 3, denoted as —a , isin fact the attenuation coefficient of the fiber,

@ gnmwzds
= FW (2.8)
S
whilethereal part of 083 is
, Ic‘inzwzds
OB, = _%Sj'tﬂ—zds (2.9
S
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For weakly guiding fibers n, A, and dn vary very dowly over the fiber cross
section and thus may be assumed as nearly constant. This approximation essentialy
amounts to considering the fiber as a homogeneous medium. Here, we are content with this
approximation, because our purpose is to assess the order of magnitude of the attenuation

effect on dispersion. One can aways use (2.8) and (2.9) for a more accurate evauation of

this effect. Using this approximation and noting that kyn I 3, we obtain

0 kgganm kodN (2.10)
5o B _-a’f
ok 2[3 - 2k§n2 2kon? (21D
where B=1/k,.

A changein theamount of 3, in B brings about a change in the dispersion, dD,

which can be calculated from (2.5) asfollows

A d2(3B,)
BT (2.12)
where 6f5r = 0f3 | ky. Combining (2.11) and (2.12), we obtain
A0 df()\) dB(A) d2f(/\)
=f(A)D(A) +— c T 2 [3()\)E (2.13)

where D(A) isthe dispersion of the lossless fiber given by (2.5) and f(A) isdefined as

NMa?(A)

P~ (2.14)

f(A)=-
At A =155um, the fiber attenuation in dB is 20alog,pe=021dB/km, and a
typical fiber has n=1458. With these daa, we obtan a =002418 l/km and
f(M)]yoy55m = 7836 x107>% It is Clear that dD is on the order of 107 psnm.km and

thus can be neglected in al fibers of practical applications.

12



Chapter 3. Generalized Analysis of Multiple-Clad
Optical Fibers

Optical fibers with two or more claddings are required for dispersion shifting,
dispersion flattening, and other specialized applications. In this chapter, a generalized
analysis of multiple-clad fibersis presented. The geometry considered hereislimited to a
four-layer cylindrical dielectric structure, consisting of a core and three claddings. A unified
formulation is developed which is applicable to all possible triple-clad fibers with step-index
profiles. Furthermore, by reducing one or two layers to zero, double-clad, and single-clad
geometries are also covered by this formulation. Thus, the formulation presented in this

chapter is applicable to optical fiberswith one, two, and three claddings.

3.1 Geometry and Parameters
Let us consider afour-layer cylindrical dielectric structure as shown in Figure 3.1.
All layers are assumed to be lossless, linear, isotropic, homogeneous, and nonmagnetic. A

cylindrical coordinate system (r,j ,2), with the z-axis coinciding with the axis of the

13






dielectric structure, is chosen for the field analysis. Theith layer hasaradius r, and a
refractive index n;; 1=1 2, 3 4. i=1 corresponds to the central core region, while

1 =2, 3 and 4 refer to cladding layers. The outer cladding layer (i =4) is assumed to
extend to infinity in the radial direction. This assumption isjustified for guided modes
whose fields decay exponentialy in the radia direction.

The analysis presented in this chapter can accommodate a large variety of index
profiles. These profiles are illustrated in Figures 3.2-3.4. The profiles shown in Figures 3.2
and 3.3 are al for triple-clad fibers, while the profilesin Figure 3.4a-3.4d are for double-
clad and that in Figure 3.4eisfor an ordinary single-clad fiber. Moreover, for the profilesin
Figure 3.2, the central core region assumes the largest index, whereas for the profilesin
Figure 3.3, one of theinner claddings has the largest refractive index. In the latter figure, not
all possible cases are shown. It may be noted that a tota of 18 different profile
combinations for triple-clad fibers and five combinations for double-clad fibers exist. Thus,
the formulation presented here is essentially applicable to 24 different profile configurations
associated with fibers having one, two, or three claddings.

Theindex profile in Figure 3.4a may be considered as a special case of profilesin

Figures 3.2f, 3.3c, and 3.3d in which r; approaches zero, the profile in Figure 3.2ain which

I - I, approaches zero, or the profilein Figure 3.2c in which r;3- r, approaches zero. In a

similar manner, other profilesin Figure 3.4 may be considered as special cases of one or

more profiles of Figures 3.2 and 3.3.

15
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3.2 Field Analysis

Electromagnetic fields in multiple clad fibers described in section 3.1 are solutions
of Maxwell’ s equations subject to boundary conditions. In deriving these solutions, we
focus attention on guided modes only and take advantage of weakly guiding conditions,
which are aways met for optical fibers of practica interest, in order to smplify the
solutions. Weakly guiding conditions imply that the index difference between two
neighboring layersisvery small; that is, D; =|(ni,q - m)/ nj| <<1,i=1, 2 3 for triple-clad
fibers. These conditions allow a scalar-wave analysis to be employed [18]. Considering

time-harmonic fields propagating in the positive z-direction, the time and z-dependencies of

fieldsareas e/-b2) where b isthe axial propagation constant. This term, which is

common to all field components, is dropped from the solutions.

3.2.1 Scalar Field Solutions

Scalar fields are solutions of the scalar wave equation expressed as
NZy +(k2n?- b2y =0 (3.1)
where y isa Cartesian transverse component of electric or magnetic fields, Ntz is the

transverse Laplacian operator, ky=2p /1 isthe free space wave number, and n is the

refractive index of the medium in which electromagnetic fields are sought. In the cylindrical

coordinate system, (3.1) iswritten as

LTS A o - P 32

r rir reqj
where k? = kfn? - b?.

The solution of (3.2) is obtained by the method of separation of variables.
Assuming that y (r,j )=R(r)F( ), (3.2) resolves into the following two ordinary
differential equations.
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2 xa 20
H+E$+ k2 - u_iR:O (3.3
dr rodr g r’y

2
%+UZF =0 (34)

where u isaseparation constant. The solution of (3.4) isreadily obtained as

F(j ) =Acosuj +B;sinuj (3.5
where A and B, are constant coefficients. Since field solutions are periodicin j , i.e.
y(§ +2p)=y ( ),itisnecessary that u bean integer. Theinteger u can be determined
once fiber parameters, frequency of operation, and excitation mechanism are known. Each
cosuj and sinuj aone (and of course their linear combination asin (3.5) ) may be used

inthe field solutions. In fact, cosuj and sinuj represent separate degenerate modes.

asosuj 0

Here, the ] -dependent part of the solutions is expressed as 8si o

Equation (3.3) isrecognized as the Bessel differential equation with the following

solutions

: AJ, (kr)+ByY, (kr), k2>0
R(r)=1i (3.6)
A1, (KJr) +BKy (k). k<0

Where J,, and Y,,, are the Bessel functions of the first and second kinds, while 1, and K,

are the modified Bessel functions of the first and second kinds, respectively. In these

solutions Ay, As, B,, and B; are constant amplitude coefficients. In the central layer, i.e. in
the coreregion, Y, and K, must be discarded, because these functions are undefined at

r =0 (Note that the coreregionisdefined as O£ r £r7). In the outer cladding layer, r 3 r3,
the field of guided modes must decay exponentially in the radial direction. This behavior is

maintained by the K, function only. Thus, in the outer cladding R(r) is proportional to
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Ky (|kgr) - In the inner cladding layers, both Bessel functions J, and Y, or modified
Bessel Functions 1, and K, are needed. The choice of Bessel or modified Bessel
functionsin all but the outer layer region is determined by the sign of k?. Thesign of k?,
inturn, is determined by realizing that for guided modes kyn, <b < kg » Where nyo, is
the highest index in the profile. For example, for the profile in Figure 3.2a with

n, <ng <nz £ ng, fieldsin the central layer (O£ r £r;) involve only the J, function, while
fieldsinthefirstinner cladding (r £ r £1,) involve 1, and K, functions. However, in the
second cladding region (1, £1 £13), if kyny<b <kyn, fieldsinvolve 1, and K, functions,

whereasfor kyn, <b < kyn; fieldsare expressed intermsof J, and Y, functions.

3.2.2 Generalized Field Solutions
Based on the above mentioned considerations on the choice of Bessel or modified

Bessel functions, generaized scalar field solutions are written as

1y 101 )= AZqy (lgr)QG ), O£r £n
|
Y ari ) =[BZuallon) + CZolkan)]QG ), mETED
y(rj)=i _ _ _ (3.7)
1Y 30 )= [DZug(ka') +EZg(ka) ]G ), 2 ET £y
|
1Y 41 ) = FZua(ka)QG ), r3r,
where
asosuj o
Q()=% (3.8)
&sinuj o
K =[<i(b2- kén?)]”, i=1,.4 (3.9)
with
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1+, ifb>kgy
ki =1 i=1,..,4 (3.10)
f-1  ifb <kgn

Thefunctions Z;, i =1,...,4,and Z, , i =12,3, are defined in Table 3.1

3.2.3 Boundary Conditions
In dielectric waveguides, boundary conditions require the continuity of tangential
field components at different interfaces. In weakly guiding fibers, scdar-wave anaysis

introduces great simplifications by approximating the exact boundary conditions to the
continuity of y (r,j ) and 9y (r,j )/ fr. This approximation reduces the number of

boundary conditions for atriple-clad optical fiber from 12 to a set of six homogeneous

equations. These approximations have been proven to be very accurate for weakly guiding
optical fibers[18]. The expression for fy (r,j )/ fr is first obtained from (3.7), then

boundary conditions are applied at different interfaces asfollows

Table 3.1 Definitions of functions Z, , i =1,....4,and Z;, i =2,3.

k=1 I,
Zy ki=-1 J
k,=1 I,
Zn2 k,=-1 Ju
k,=1 Ky
Z ko=-1 Y,
k=1 I,
Zg kg=-1 J
ky=1 Ky
Zyg kg=-1 Y,
Zoa k,=1 Ky
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Ty o(rij ) _

i " = Aklz 1(kr)QG ), Of£rfn
i
Ty (r.j) —| % [Ban(kzr)+Can(k2r) Q0 ), nEren 311
r ! M [DZn3(k3r) + EZ g ket )}<3Q(J ), TRETER
i
UEIRE ‘:H(r 1) = Pz ()QG ), s,

where the prime sign indicates differentiation with respect to the argument of Z,; or Z;

functions.
Atr=r,y (i ) =y o) ang DAL VDl
r = r =y
AZy (ki) = BZno (Kot ) + CZyp(Kok ) (3.12)
AZn (ki) = [BZaa (o) + CZoalka) e (313
Smilaly,a r=r,,y 5(rp,) )=y 3(r2,j ) and Wad) _Tystd) resultin
T U T
BZ;5(Kar3) + CZyp(Korp) = DZya(Kat) + EZns(ke2) (3.14)
[Bz'nz(kzrz) + Czﬁz(kzrz)}z = [Dzrlms(ksrz)Jf EZqs(keb )}<3 (3.15)
Finaly,a r=r3,y 5(r3,] )=y 4(r3J ) and Ty 3:;:’]- )I = Ty A;"(rr’j )I give
r=ry r=ry
DZ,\o(Kss) + EZyg(Kars) = FZu4(Kals) (3.16)
[DZnakes) + EZpa(ha) e = FlaZa (Kt (317)

Equations (3.12) to (3.17) may be written in amatrix form as
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D D O
™ >

0i=12,.,6,ad j=12,...,6 (3.18)

T
%?WB@ ol

o\.o\o\n.o\no\nononononononaon ooy

@™ D> D> D> D>
m

T

where [aij] isa 6 6 matrix given in (3.19). The determinant of this matrix defines the

dispersion relation.
gznl(klrl) - Zno(koh) - Znplkor) 0 0 0 3
gklzr'ﬂ(klrl) - koZna(koh) - koZpa(Koty) 0 0 0 E
[a| ]_ § 0 Zno(kaa)  Znolkoly) - Zng(kde) - Zna(kah) 0 E
| § 0 koZuo(Kot3)  KoZpo(Kot) - kZnalkals) - KaZpa(key) 0 E
S 0 0 0 Zn3(ksfs) Zng(kds) - Zna(kats) 3
g o 0 0 kZollew) leZulkt) - kiZou(kil

(3.19)

For equations (3.12) to (3.17) to have nontrivid solutions, the determinant of the
coefficients, i.e. |a1-j| must vanish. The condition |a1-j|=0 is, in fact, the characteristic

eguation (also known as dispersion eguation and eigenvalue equation) from which the

propagation constant b is determined.
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3.2.4 Amplitude Coefficients

The fact that six equations resulting from the boundary conditions congtitute a
homogeneous set implies that only five of the six equations are independent of each other,
and the sixth one can aways be obtained from a linear combination of the rest in
conjunction with the characteristic equation. Thus, any five equations may solved for five
coefficients in terms of a sixth one. For example, B, C, D, Eand F, may be calculated in
termsof A. First we solve (3.12) and (3.13) for B and C. Then (3.15) and (3.16) are

solvedfor D and E. Findly F isobtained from (3.16). Doing so, we obtain

B= an(xl) hl- h3 A (320)
Zy5(X3) hy- ha

_ Zn(X) hy- hy

_Z (3.2)
Zyp(X5)hs-hy
D:an(>_(2)h7-h4B+Zn2(>_(2)h7-h5C (3.22)
Zn3(X3) h7 - h6 Zn3(x3) h7- h6
E=E“2(>_(2) he-hy B+Z_n2(iz)h6'hsc (3.23)
Zn3(X3) hG - h7 Zn3( X3) h6 - h7
= Za(Xs) 5, Zne(Xs) o (3.24)
Zn4( X4) Zn4( X4)
where
= X1Zn(X1) (3.25)
Zyn(%q)
= XoZn( %) (3.26)
Z5(X3)
.= XeZua(X2) (3:27)

3 —
Zn2( XZ)
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_ XoZno(X3)

— 3.28
! Zn2( X2) ( )
- XoZn2(Xz) 3.29
> an( Yz) ( . )
_ XoZn3(X3)
he,=-3"N3""3/ 3.30
® Zn3( X3) ( )
_ XoZn3(Xa)
h, =273/ 3.31
T Za(Xy) (331
with
X1 =k (3.32)
X, = kol (3.33)
)—(2 = kzrz (334)
X3 = k3l‘2 (335)
)—<3 = k3l‘3 (336)
X4 = k4r4 (337)

Substituting equations (3.20) and (3.21) into (3.22), (3.23), and (3.24) respectively,
coefficients D, E, and F are expressed solely intermsof A.
In determining radial field distributions, the coefficient A is set equal to unity. Then

all the remaining amplitude coefficients can be calculated once fiber parameters and its

material compositions, the wavel ength of operation and the mode to be studied are known.

3.3 Characteristic Equation
To obtain asimplified expression of the characteristic equation, equations (3.20),
(3.16), and (3.22) are divided by (3.21), (3.17), and (3.23) respectively, yielding the

following results
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Zno(X5) hy-hg

B_. (3.39)
C  Z(Xy)hy-hy .
E - Zn3( )—(3) th - hg (3 39)
E Zn3(X3) hyg - hg '
h )B4 Za(X2) g,
o Zux) "M 2y O ) 00
E Za(Xd) (. ) By Z2(Xo) e '
(he h4)C+ Z (%) (e - hs)
where
_ XeZnd X3)

hg R A (3.41)

.5
10 =% (3.43)

Substituting for D /E and B/ C, from (3.38) and (3.39) into (3.40) yields an equation,

known as the characteristic equation, dispersion equation, or eigenval ue equation.

10-hg _(1-h3)hs-hys)-x3(01-hy)lhs-hy
XZEE_ES_gl-hsg?rhS- Xl?l'hzgghg,-hs (3.44)

where
_ Zn2(X2)Zna(X2) (3.45)
Zno( X2)Zn2(X3)
. = Z6(X3)Z3( X3) (3.46)

* Zg(X9)Zp(35)
The characteristic equation is a function of fiber parameters, including radii of

different layers and their refractive indices, the azimutha number u , the wavelength of light

| , and the propagation constant b . It may be expressed as
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f(r,n;i=1..,4u,l ,b)=0 (3.47)
For a given fiber with specified parameters, and some value of u , (3.47) becomes
only afunctionof | and b . Thisequation is usually transcendental and should be solved

numerically. The numerical solution of the characteristic equation is addressed in Chapter 4.

For a given wavelength, given fiber parameters, and a specified value of u , there may be

several solutionsfor b each representing a guided mode. These modes are designated as
LR,m, where LP signifiesthe “Linearly Polarized” character of the modes in weakly

guiding fibers. The integer parameter m3 1 isthe order of the mode and may be attributed

to field maxima/minima in the radial direction. On the other hand, the integer u3 0 is

related to fidld maxima/minimain the azimutha direction.

3.4 Cutoff Conditions
As mentioned earlier in this chapter, the normalized propagation constant for guided
modes in amulti-clad cylindrical optica waveguide should aways be bounded by the

refractive index of the outermost layer of the guide on one end, and by the largest refractive
index in the profile studied, i.e. n,<b <n,,. Cutoff occurswhen b =n, or, in other
words, when k, = 0. Thus, cutoff conditions can be determined from the characteristic
equation in the limit of k, approaching zero. Since h 4 isthe only term that is a function of

k,, its limit as k,® O is derived first using the small argument approximation of

Zna(Xg) = Ky (Xy),

: Inae 2 9 u=0
: gg>(4fz5’
Za(Xa) % 54O 1 - (3.48)
Zu-0E22, us1
12 X412

Thus,
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_ XaZna(Xa) _ - XgKy-2(Xg) | y

PTTZ00) KX 549
and
10 u=0
hyo % g&gxa@%_u, Lo (3.50)

where g =5772156649... is Euler's constant. Substituting (3.50) in the characteristic

equation yields an equation from which cutoff frequencies for all modes are obtained.

w Utho _ (h1- h3)ha- hy)- xib1- ho)bs-h7)
“u+hg (h1- h3)(hs- he)- x1b1- h2)bs- he)

(3.51)

with b =n, . For most dielectric waveguides, the cutoff frequency of the fundamental LR,
mode is zero. However, under certain circumstances and for certain waveguides, LRy; mode
may have anon-zero cutoff. The cutoff of the LRy; mode, if exists, is obtained from (3.51)

with u = 0. The condition under which the LR); mode exhibits a non-zero cutoff may be

obtained by examining (3.51) inthelimit of W ® 0 and b ® n, . Deriving ageneralized

condition for the non-zero cutoff of the LR); modeisvery involved. So, for the sake of

simplicity, the special case of atriple-clad fiber with the first cladding region having the

highest refractive index in the profile is examined as an example case.

For zero cutoff, w = 0 and b = n, must satisfy the characteristic equation. Asthe
angular frequency w nears zero, the arguments of all the Bessel and modified Bessel

functions become very small, and small argument approximationsfor al h’saswell as x;
and x, are needed. Using the small argument approximations of the Bessel and modified
Bessdl functions given in the appendix, the corresponding approximationsfor h’s, x; and

X, are obtained as summarized in Table 3.2. Using these approximations in the

characteristic equation, yields
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Table 3.2 Small arguments approximationsfor h; , i =1,...,9, and x; and X, .

1 1 1 1o
h,® = X2 h,® - =X3 hy® h,® - =X2
hg ® o hs ® ixg h,® ! h8®1)_(3
In X, 2 In X3 2
1 1 ®1 ®1
ho® hip® X1 X2
In X3 InX,
! :3[x12+x22+>‘<§- X2 - xg] (3.52)
InX, 2

Since the left side of this equation is always negative, the condition for zero cutoff of the
LR; mode reducesto requiring the right side of (3.52) to be negative too. Conversely, the
condition for non-zero cutoff is met whenever the right side of equation (3.52) is positive.
That is
X2+ X2+ X2- X3- X2>0 (3.53)
or

XZ + X3+ X2

>1 3.54
7 X2 (3:54)

Substituting for X, X,, X5, X3, and X; from equations (3.32) to (3.36) respectively, we

obtain

(nF- nO) +(ng - n)rS +(ng - n§)rs -1 (3.55)
(N3 - n§)rf + (g - n§)rs

Rearranging the terms, (3.55) iswritten as

&y, - nf 9 033'30
g ro gnz n%@grz (3:55)

Defining refractive index differences Dy, D3, D,, and Dy
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2
n -
D=2, (357)
2_ .2
D, =2 2”3 , (3.58)
2y
2_ .2
D=2 % (3.59)
2rp
D3 =D;- Dy, (3.60)
the condition for non-zero cutoff of the LR); mode is expressed as
&, ('52 a 62
D18—1+ +Dyc—+ >D;. (3.61)
rzﬂ I‘2 4]

Therelationship in (3.61) may be used to design optical fibers whose fundamental

mode exhibits a non-zero cutoff frequency. Such fibers may find applicationsin dispersion

compensation for upgrading the 13nmm link for operation at the 155mm waveength.
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Chapter 4. Numerical Results

The formulation developed in Chapter 3 is used to design and andyze severd
single-mode fibers with triple-clad geometries. Four design examples for conventional
dispersion-shifted fiber, dispersion-flattened fiber, dispersion compensating fiber, and
optimized dispersion-shifted fiber are presented. Transmission properties including
normalized propagation constant, dispersion characteristics, cutoff wavelengths, and radial
field distributions, are evaluated. Numerical results, illustrating variations of propagation

constant and dispersion versus wavelength are presented for the lower order modes. Also,

plots of radia field distributionsat | =155mm are provided.

4.1 Calculation of Transmission Properties

A computer program was developed for the numerical solution of the dispersion
eguation (3.55). The input datato this program include material compositions and radii of
various layers of the waveguide, the wavelength, and the mode numbers for the desired
mode. A listing of silica-based materials, commonly used in optical fiber fabrication, is
provided in Table 4.1. The Sellmeier coefficients of the materials are stored in the program
and are used for specified materials to calculate the refractive indices. Material compositions
and parameters for four different fibers examined here are summarized in Table 4.2. The
propagation constant is calculated as function of wavelength using aroot search technique.

For the materials of Table 4.1, it can be easily verified that the refractive indices vary dightly
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Table 4.1 Material compositions of silica-based glasses.

Material Composition
M1 Pure Sllica
M2 13.5m/o GeO, + 86.5m/o SO,
M3 7.0 m/o GeO, +93.0 m/o SO,
M4 4.1 m/o GeO,, 95.9m/o SO,
M5 9.1 m/o GeO,, 7.7 m/o B,O3,83.2m/o SO,
M6 4.03 m/o GeO,, 9.7 m/o B,O3, 86.27 m/o SO,
M7 0.1 m/o GeO,, 5.4m/o B,03,94.5m/o SG,
M8 13.5m/o B,05, 86.5m/o SO,
M9 13.5m/o B,05, 86.5m/0 SO, (Chilled)
M10 3.1 m/o GeO,, 96.9m/o SO,
M11 3.5m/o GeO,, 96.5m/o SO,
M12 5.8 Mo GeO,, 94.2m/o SO,
M13 7.9 m/o GeO,, 92.1 m/o SO,
M14 3.0m/o B,O,,97.0m/o SO,
M15 3.5m/o B,0O,, 96.5m/o SO,
M16 3.3m/o GeO,, 9.2m/o B,O4,87.5m/o SO,
M1/ 2.2 m/o GeO,, 3.3 m/o B,O3,94.5m/o SO,
M18 Quenched Silica
M19 13.5m/o GeO,, 86.5m/o SO,
M20 9.1 m/o R,Os, 90.9 Mo SO,
M21 13.3 m/o B,05, 86.7m/o SO,
M22 1.0m/o F,99.0m/o SO,
M23

16.9 m/o Na,O, 32.5 m/o B,03, 50.6 m/o SO,
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Table 4.2 Parameters and material compositions for the designed fibers.

Fiber Core Clad 1 Clad 2 Clad 3
- M13 M1 M6 M4
Fiber 1 n=32mM r, =38mm r; =43mMm ry =¥
- MZ20 M8 M18 M4
Fiber 2 n=29mm r, =35mm 3 =45mMm ry =%
- M22 M23 M22 M20
Fiber 3 L, =53mm r, =60mMm 3= 74mm ry =¥
- M8 M2 M7 M5
Fiber 4 [ =.2mm r, =25mm r; =53mm ry =¥

from one material to another, hence scalar field analysisisjustified as discussed earlier in

section 3.2. Let the normalized propagation constant, denoted as b, be defined as

F2_ 2
b<-n;
2

b= ——=_
2
Nnax = Mg

(4.1)

where N, IS the highest refractive index in the profile of the chosen fiber under

investigation. The importance of this definition for normalized propagation constant is that

since ny<b < n,,, , b dwaysvaries between 0 and 1, irrespective of the profile shape. The
characteristic equation (3.55) is expressed as

f(l,b)=f(1,b)- f5(1,b)=0 4.2)
where f; and f, represent the left-hand and right-hand sides of (3.55), respectively.

For agiven fiber and at a specified wavelength, (4.2) is numerically solved for b.
The wavelength is varied over therange 10nm to 17nmm which corresponds to the low

atenuation range for dlicabased glass fibers. Dispersion is obtained by twice

differentiating b with respect to wavelength, then substituting the results in equation (2.5)
for the mode of interest. Plots of dispersion versus wavelength are then provided.

Theradial field distribution is obtained from (3.7) at a specific wavelength for a
given mode in agiven fiber. Here, Field distributions are given for the LR;,; mode at
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| =155mm. Normaized field distributions are plotted versus radial coordinate r.

Polynomial approximations of the Bessel and modified Bessel functions of the first and

second kinds, summarized in the Appendix, are used in the computations.

4.1.1 Dispersion Analysis

A. Dispersion-Shifted Design
The triple-clad geometry can be used to design a conventional dispersion-shifted

fiber. An example of this design is fiber 1 with a refractive index profile such that
N >y > g >n, . Figure 4.1 illustrates variations of the normalized propagation constant b
versus waveength for the two lowest order modes. It is noted that cutoff for the
fundamental LR,; mode occurs at awavelength | >2mm, while the cutoff of the LR, mode
occursat 096 nm. All other modes have cutoff frequencies at |lower wavel engths than that
of the LR; mode. Hence, fiber 1 is a single-mode waveguide over the entire range of
wavelength 10mm<| <20mm. Variations of dispersion versus wavelength for fiber 1 are

shown in Figure 4.2. At the wavelength | =155mm, thisfiber exhibits atotal dispersion

less than 004 ps/ nmkm and rate of change or Slope of D isabout 0033ps/ nn?.km.

B. Dispersion-Flattened Design

Fiber 2 has been designed to provide aflattened dispersion characteristic. It hasa

refractive index profile such as that featured in Figure 3.2e with n>n, >z >n,.
Variations of normalized propagation constant versus wavelength for the LR); and LR,
modes are shown in Figure 4.3. With all modes but the LR, in cutoff over the range
099nm<| <19mm, fiber 2 is strictly single-mode over this range of wavelengths. It is

observed from Figure 4.4 that this fiber exhibits atotal dispersion of lessthan 1ps/ nmkm
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over the range 138mm<| <159nm. Furthermore, total dispersion vanishes at two

waveengths, namely at | =142mm and | =155mm. The dispersion slopes at these two

wavelengths are 0.0177 ps/ nnf.km and -0.0176 ps/ nn?.km, respectively. These slopes,

which are related to third-order dispersion, determine the amount of signal distortion if the

fiber is operated at the above two wavelengths.

C. Dispersion Compensating Design
Next, the index profile of the triple-clad structure is talored such that a large
negative dispersion at | =155mm is achieved. Fiber 3 is an example of a dispersion

compensating fiber with a refractive index profile as that shown in Figure 3.3b. An
important difference between the profile of thisfiber and those of fibers 1 and 2 is that the
first cladding and not the core assumes the largest refractive index. The propagation

characteristics of few lower-order modes of this fiber are shown in Figure 4.5. It is noted
that the cutoff wavelengths for the first three modes, LRy;, LR, and LP,, are 1.6 mm,

1.53mm, and 1.41nm, respectively. Hence, fiber 3 may be used for singlemode
transmission only over the narrow range of wavelengths 153nm<| <16mm. The
dispersion curve for the fundamental mode is shown in Figure 4.6. At | =155mm, this

fiber provides avery large negative dispersion of -395 ps/ nmkm. Since | =155nm is

close to the fundamental mode’ s own cutoff wavelength, the dispersion varies greatly with

wavelength. Varying the wavelength from 1.54 nm to 1.56 nm, the dispersion changes from
-337 ps/ nmkm to -482 ps/ nmkm, respectively. This fiber is useful for upgrading the
older generation optical fiber communication systems designed to operateat | =13nmm.
The reason for such large negative dispersion is attributed to the fact that the LR); mode
has a cutoff wavelength of about 16nmm which is close to the wavelength of operation

155mm. The existence of this cutoff could have been predicted from (3.61). At | =155mm,
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Figure 4.1 Normalized propagation constant versus wavelength for the 1p
and pp modes of fiber 1. Specifications of fiber 1 are given in Table 4.2,
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Figure 4.2 Dispersion versus wavelength for the rp  mode of
fiber 1. Specifications of fiber | are given in Table 4.2,
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Figure 4.3 Normalized propagation constant versus wavelength for the LRy,
and 1, modes of fiber 2. Specifications of fiber 2 are given in Table 4.2,
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Figurc 4.4 Dispersion versus wavelength for the LBy, mode of
fiber 2. Specifications of fiber 2 are given in Table 4.2,
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Figure 4.5 Normalized propagation constant versus wavelength for the rp,
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the indices of fiber 3 are n =m=1439424, n,=1507710, and n, =1458942.

Accordingly, the index differences defined in (3.57) to (3.60) are obtained as
D, = D; =00443, Dy = 00125, and D, =0.0318. Then, with r, = 53mm, r, = 60 mm, and

r; = 74mm, it can be verified that the right-hand side of (3.61) is equal to 0.0443, while the

left-hand side of it isequal to 0.05358. That is, (3.61) is satisfied for fiber 3.

D. Optimum Dispersion-Shifted Design
Conventional dispersion-shifted fibers such as fiber 1 provide zero second-order
dispersion. The non-zero third-order dispersion causes signal distortion, particularly over

long distances. To address the significance of third-order dispersion, we examine the Taylor

seriesexpansion of b(l ) about | =1 g,
db (I -10)%d% (I-14)°d%
b(1)=b(l g)+( -1 — +—L—| +—2L—— +. @43
(1)=b(l o) +( O)d|I:I0 o d|2|:|0 3 d|3|:|0 (4.3

where | ; isthe wavelength of interest, say 155nm. The second terminvolving db /dl in

the expansion represents group delay, while the third term accounts for the group delay

difference and hence spreading or dispersion of the pulse envelope of the optical signa. The

quantity known as second-order dispersion is defined in terms of d?b /dl 2. In most

applications, the third and higher-order derivatives in (4.3) are neglected. However, if
d?b /dl 2 at the wavelength of operation | =1y vanishes, the third-order dispersion
involving d3 / dl 3 must be used in assessing pulse spreading [19]. In conventiona

dispersion-shifted fibers d2b / dl 2 vanishesat | ; = 155mm, hence significant reduction in
pulse spreading. The optimum dispersion-shifted design proposed here involves developing

afiber whose second and third-order dispersions vanish ssmultaneously at | o =155mm.

Fiber 4, with parameters shown in Table 4.2, is such afiber. With the LR, mode having a

43



cutoff a | =087nm, and all other modes, except for the fundamental LRy; mode, in cutoff

over the range of wavelength 087 nm< | <185nm, as seen in Figure 4.7, fiber 4 is strictly
sngleemode over the above range of waveengths. Dispersion characteristics versus
wavelength for the LR); mode of fiber 4 is shown in Figure 4.8. At | 5 = 155mm, both the
second and third-order dispersions (i.e., Slope) are very close to zero. The total dispersion

remainslessthan 1ps/ nmkm over the wavelength range 148mm<| <161nm.

4.1.2 Field Distributions

Equation (3.7) givesfield expressions in various layers of the cylindrical waveguide
under study. Theradial field distributions are calculated at a specific wavelength. The field
maximum is then normalized to unity and plotted versus radial coordinate r . Plots of radial
field distributionsat | =155nm for the four fibers defined in Table 4.2 are shown in
Figures4.8to0 4.12.

As expected, the fields are well confined to the regions of the highest refractive
index in the respective fibers. The highest index region corresponds to the core region of
fibers1and 2 (r <n), and the first cladding layer of fibers3and 4 (r;<r<r,). Radial
fields reach their maximain these layers. The information on field distribution is needed in
determining the thickness of the outer cladding layer of the fiber. This cladding was
assumed to extend to infinity in the model used to analyze the fiber. Practica fibers,
however, must have finite outer cladding. To estimate the required thickness of this cladding,
the maximum alowed field at the cladding-jacket boundary need be specified. As an
example, the criterion may be that the allowed field strength at the cladding-jacket boundary

shall not exceed 10" %% of the field maximum. Based on this criterion, the required radius
of the outer cladding (i.e. fiber radius) for fibers 1, 2, 3, and 4 is calculated as 352nm,



263mm, 628 mm, and 27nm, respectively. We note that all these radii are less than (or

amost equal to, for fiber 3) 625mm, which isatypical radiusfor single mode fibers.
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Figure 4.7 Normalized propagation constant versus wavelength for the LBy,
and 1p, modes of fiber 4. Specifications of fiber 4 are given in Table 4.2.
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Figure 4.8 Dispersion versus wavelength for the 7 p mode of fiber 4.
Specifications of fiber 4 are given in Table 4.2
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Figure 4.11 Normalized radial field distrbution for the 7 p  meode of fiber 3 at
A =155um - Specifications of fiber 3 are given in Table 4.2,
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Chapter 5. Conclusions and Suggestions for
Further Work

5.1 Conclusions

A generalized analysis of multiple-clad step-index optical fibers, with emphasis on
triple-clad structures, was presented. Unified general formulations were devel oped to study
various transmission properties of singlemode weakly guiding cylindrica optica
waveguides with one, two, or three claddings, with step-index but otherwise arbitrary
profiles. Specific designs to achieve dispersion-shifting, dispersion-flattening, and
dispersion compensation were proposed and analyzed. In particular, optimum designs for
dispersion-shifted and dispersion compensating fibers were addressed.

The optimized dispersion compensating fiber, exhibits alarge negative dispersion of
about -400 ps/nmkm at | =155nmm. This fiber has a depressed core index and the first
inner cladding assumes the largest index. The advantage of thisdesignis that it offers

dispersion compensating for the fundamental LR); mode, and hence the complications

associated with mode coupling encountered in conventiona dual-mode dispersion
compensating fibers are avoided.

Also, adispersion-shifted fiber was optimized to provide zero second-order and

third-order dispersions at | =155nmm. Hence, a much smaller pulse spreading occurs
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compared to conventional dispersion-shifted fibers for transmission over long distances.

This fiber could also be used as a dispersion-flattened fiber as it offers a low tota

dispersion of lessthan 1 ps/ nmkm over wavelength range of 148mme£ | £161mm.

5.2 Suggestionsfor Further Research

The generalized analysis and formulations presented in this thesis were limited to
triple-clad geometries. The formulation may be extended to multiple-clad fibers with N
layers and arbitrary index profiles. This formulation would be capable of handling graded-
index fibers too. The scope of optimization may be widened to include other effects such as
bending, microbending, and splice losses aswell as nonlinear effects. The optimization

accounting for nonlinear effectsis particularly worth a thorough examination.
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Appendix

The Bessel and modified Bessel functions of the first and second kinds used in the
formulations described in Chapters 2 and 3, were caculated using polynomia
approximations. These approximations for zeroth and first order Bessel and modified

Bessel functions are summarized below [20].

A.1 Polynomial Approximations

For -3£XE 3,

Jo(x)=1- 22499997(x / 3" +12656208(x / 3)’*- :3163866(x / 3)°
+0444479(x / 3)°- 0039444(x / 3)'°+.0002100(x/ 3)"*,  (A.L1)

X 13,(x) = - 56249985(x / 3) +21093573(x / 3)*- 03954289(x / 3)°
+00443319(x / 3)°- 00031761(x / 3)+.00001109(x / 3). (A.12)

For O<x£3,

Yo(X) = (2/p) In(x/ 2)J(x) +36746691+60559366(x / 3)2- 74350384(x / 3)4
+25300117(x / 3)°- 04261214(x / 3)*+00427916(x / 3)'°- 00024846(x / 3)*?,
(A.1.3)

XY, (x) = (2/p)xIn(x/ 2)3y(x)- .6366198+.2212091(x / 3" + 21682709(x / 3)*
- 13164827(x / 3)°+3123951(x / 3)°- .0400976(x / 3)'*+.0027873(x / 3.
(A.14)
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For 3£ x<¥ ,

1 1
Jo(X)=x Zfycosqg, Y(X)=x Zfysingg, (A.15)
1 1 )
Ji(xX) =x 2f;cosq,, K(X)=x Zf;sing,, (A.1.6)
where

fo =.79788456- 00000077(3/ x)- 0055274(3/ X - .00009512(3/ x)°
+00137237(3/ x)* +00072805(3/ x)°+.00014476(3/ x)°, (A.17)

f, =.79788456+.00000156(3/ X }+01659667(3/ X +00017105(3/ x)°
- 00249511(3/ x)+.00113653(3/ ) 000200333/ x)°, (A.18)

and

Qo =X-.78539816- .04166397(3/ x)- 00003954(3/ X)*+.00262573(3/ x)*
- 00054125(3/ x)*- .00029333(3/ X)° +00013558(3/ x)°, (A.1.9)

gy = X- 235619449 +12499612(3/ x)+00005650(3/ X)’- 00637879(3/ x)’
+00074348(3/ x)* +00079824(3/ x) - 00029166(3/ x)°. (A.1.10)

For -375£x £375,

| o(X) =1+ 35156229t2 + 3089942414 +12067492t°
+2659732t8+.0360768t°+.0045813t2 (A.1.12)

Xy (x) = 4 +.87890594t> 51498869t * +15084934t °+ 02658733
+00301532t1° +,00032411t12 . (A.1.12)

For 375£ x<¥ ,

1
x2e Xl (x) =.39894228+ 01328592t "1 +.00225319t"2- 00157565t 3
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+00916281t"4- 02057706t °+.02635537t ©- 01647633 7 +.00392377" 8,
(A.1.13)

1
x2e XI,(x) =.39894228- 03988024t 1- 00362018t 2+.00163801t" 3

-.01031555t - 4+.0228296 7t °- 02895312t~ 6.0187654t 7 - .0042005%" 8,
(A.1.14)

where t=x/375.

For O<x£2,

Ko(X) =~ In(x/ 2)lo(x)- 57721566+ 42278420(x / 2)*+23069756(x / 2)'
+03488590(x / 2)°+00262698(x / 2)° +00010750(x / 2)'*+0000074(x / 2)%,
(A.1.15)

xKy(x) = xIn(x/ 2)ly(x) + 1+15443144(x | 2)*- 67278579(x/ 2)*- 18156897(x / 2)°
- 01919402(x / 2)°*- .00110404(x / 2)*° - 00004686(x / 2)"* (A.1.16)

For 2£ x<¥ ,

x2e Ko(x) =125331414- 07832358(2/ x)+02189568(2/ ) - 01062446(2/ X)°
+00587872(2/ x)*- 00251540(2/ x)°+00053208(2/ x)° , (A.117)

xZe Ky(x) = 125331414+23498619(2/ x)- 03655620(2/ x)’+01504268(2/ x)*
- 00780353(2/ x)*+00325614(2/ x)>- 00068245(2/ x)°. (A.1.18)

A.2 Recurrence Formulasfor Calculations of Second and Higher-Order Bessel and

M odified Bessel Functions.
xJ; () = xJ,.1(X) - NI(X) (A.2.1)

In(¥) =335 1) - I (0} (A22)
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XIn(X) =Xl 1(X) - Nl (x)
In(X) = 3{1 1 1(X) + 112 ()}
XK (X) = - XKy 1(X) - nK(X)

Kn(x) == 3{Kp_1(X) + Kpaa (X)}

(A.2.3)

(A.2.4)

(A.2.5)

(A.2.6)

A.3 Other Relevant Identities for Calculations of Derivatives of Zeroth Order

Bessel and M odified Bessel Functions
Y o(x)=(-1)"Y(X)
3 n(X) =" (x)

In(X) = 17(X)

K_n(x) = Kn(x)

A.4 Small Argument Approximations of Bessel and Modified Bessel Functions

Jo(X)® 1
Ji()® 1x
Yo(X)® lenx

2
Y, ® - —
1(X) ox

lo(X)® 1
11(X)® £ x

Ko(X)® - Inx

1
Ki(X)® —
X

(A.3.2)

(A.3.2)
(A.33)

(A.3.4)

(A.4.0)

(A.4.2)

(A.4.3)

(A.4.4)

(A.4.5)
(A.4.6)

(A.4.7)

(A.4.8)
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