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(ABSTRACT)

ln the last several years, considerable attention has been paid to the study of

dispersion-flattened single-mode fibers which offer a high transmission capacity with

low losses through a wide range of wavelengths. However, the existing designs are

sensitive to bending and manufacturing tolerances, and are not truly single-mode at

most wavelengths of interest.

To remedy these problems a new series of broadband dispersion-flattened truly

single-mode fiber designs are proposed. These fibers have both dispersion·shifted

and dispersion-flattened features with low spiice and bend losses. Results demon-

strating a total dispersion of i 0.97 ps/km-nm over the entire spectral range between

1.31 um to 1.66 pm are presented. Such dispersion-flattening is achieved while si-

multaneously maintaining a mode-field radius of 3 um to 5 pm in the dispersion-

flattened wavelength range. The most significant achievement is that the proposed

muIti·clad fiber design is strictly single-mode and spiice and bend losses are smaller

than those of double-clad, triple-clad, and quadruple-clad fibers with the same value

of dispersion.

Ultralow dispersion fibers, whose chromatic dispersion and the first and

second-order derivatives of the chromatic dispersion are zero at 1.5 pm or 1.55 pm,

are described. This effectively increases the laser emission tolerance. Ultralow

dispersion fibers open the way to wavelength multiplexing with currently available



inexpensive multifrequency Iasers, either in local or long distance networks. These

fibers also have low spiice and bend Iosses compared to double-clad, triple-clad, and

quadruple·cIad fibers.

An inverse waveguide synthesis program, which can trace multiple objective

functions and optimize multiple parameters simultaneously, is developed. An objec-

tive function is applied, for the first time, to optimize the dispersion-flattened single-

mode fiber index profile with respect to: (1) minimum dispersion, (2) the wavelengths

of zero-dispersion, (3) maximum width of dispersion-flattened window, (4) maximum

layer index difference less than 0.8%, and (5) layer thickness larger than 3.5 pm.

The accuracy of chromatic dispersion calculations in dispersion-flattened fibers

is evaluated. lt has been shown that the accuracy of approximate methods is influ-

enced not only by the index differences, but also by their derivatives with respect to

wavelength.

The matrix method and direct numerical integration of the wave equation are

used to compute the mode propagation constants, cutoff frequencies, field distrib-

utions, mode-field radius, and splice loss, and carry out production tolerance analysis

for multi-clad step-index fibers and graded-index fibers, respectively. Detailed anal-

ysis and optimized fiber data are presented.
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Chapter 1. Introduction

1.1. Background Information

The first practical low-loss optical fibers were introduced in 1970 by researchers

at Corning Glass Works [1]. These fibers generally displayed Iosses in the range of

20 dB/km. Since then remarkable progress has been made in reducing transmission

Iosses and now fibers are produced with Iosses well below 0.5 dB/km. Corning and

many other companies are manufacturing single-mode fibers with attenuation factors

of 0.22 dB/km. Single-mode fibers with step-index profiles are indispensable to

present high performance optical fiber communication systems. System require-

ments for the future will be more demanding and may require new types of single-

mode fibers. System designers want to increase repeater spacing beyond 50

Kilometers and data rates from megabits to gigabits per second [2]. To achleve such

high performance, new types of fibers or highly monochromatic light sources are re-

quired.
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The Iimiting factors for all optical fiber systems are attenuation and dispersion.

Dispersion is the spreading out of pulses as they travel along the fiber. Dispersion

will cause interferences that limit the data transmission rate. The primary causes of

pulse dispersion in single-mode fibers are:

•
material dispersion due to the dependence of the refractive index on wavelength,

•
waveguide dispersion, because group velocity is dependent on fiber parameters,

namely the radial dimensions and indices.

Current fibers are near the theoretical minimum of attenuation. Therefore,

transmission improvements may be achieved through changes in dispersion charac-

teristics. Two approaches are possible to reduce dispersion at the attenuation mini-

mum: packing light sources with extremely narrow linewidths [3-6], or designing

fibers with zero-dispersion at the wavelength of minimum loss. The former was

achieved from laboratory work with a transmission rate of 2 Gbit/sec through a 130

km of repeaterless fiber [7]. However, the single frequency Iasers are hard to

° produce and require precise control during operation, which is difficult to malntain

outside the laboratory. From a technological point of view, narrow-linewidth Iasers

at both 1.3 um and 1.55 pm appear to be at least a few years from a low-cost com-

mercial reality. Changes in the dispersion characteristics of single-mode fibers de-

rived from new waveguide structures appear more promising in the near future.

Wavelength division muliplexing (WDM) has been shown in recent years to be

an important approach to increase system information capacity and system design

flexibility. With WDM technology, the cost and weight of the required fiber cable in

the system would be greatly reduced. In optical fiber communication systems em-

ploying wavelength division multiplexing, it is desirable that all optical channels ex-
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hibit nearly the same dispersion. This can be achieved only with dispersion-flattened

fibers.

Bandwidth and repeater spacing are the most important considerations in long

distance optical fiber communications. The primary optical fiber properties deter-

mining these parameters are attenuation and dispersion. For SIO,-G60, based fibers

fabricated by vapor-deposition techniques, the wavelength window of low attenuation

occurs near 1.3 pm and also near 1.55 pm. lt has been verified both theoretically and

experimentally that the ultimate low-loss spectral range of single-mode fibers lies in

the 1.55 um window [8]. To take advantage of such a low-loss spectral region, it is

essential to shift the zero-dispersion wavelength to the 1.55 pm window [9-22]. ln

single-mode fibers the index profile can be tailored so that the dispersion minimum

is made to coincide with the attenuation minimum at 1.55 pm. Manipulation of

waveguide dispersion can lead to new fiber designs.

Two classes of fibers have been reported to tailor waveguide dispersion char-

acteristics. They are dispersion-shifted single-mode (DSSM) fibers and dispersion-

flattened single-mode (DFSM) fibers with the following index profiles:

•
Graded profile [23-26] for DSSM fiber;

•
Double-clad (DC) [27-29], triple-clad (TC) [30-32], and quadruple-clad (QC) [33-36]

geometries for both DFSM and DSSM fibers;

• Graded-core with DC, TC, or QC geometries for both DFSM and DSSM fibers

[37-42]. _

Reduction of chromatic dispersion in the 1.55 pm transmission window can be

achieved by dispersion-shifted single-mode fiber, but values as high as 8 ps/km-nm

are still apparent at 1.45 pm and 1.65 um for zero-dispersion at 1.55 pm. The total
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dlspersion can be reduced to zero only at one wavelength and lncreases as the

wavelength departs from the optimum wavelength for the dispersion-shifted fibers.

This restricts the choice of laser sources and limits wavelength multiplexing poten-

tial. It is desirable that the total dispersion of a single-mode fiber be reduced to a

minimum over an extended spectral range covering the low-loss window. The prob-

lem of the dispersion-shifted fibers can be overcome only with dispersion-flattened

fibers which produce, for example, less than 1 ps/km-nm in the whole 1.3 pm to 1.7

um window.

The possibility of low dlspersion over an extended wavelength range was first

presented by Kawakami and Nishida in 1974 [27]. They proposed a double-clad (DC)

fiber with a W-shape step-index profile and examined the effect of the depressed in-

ner cladding on the dispersion characteristic and cutoff of the fundamental LP,„ mode.

Dispersion flattening in DC fibers as well as other multiple-clad fibers is maintained

by partial cancellation of waveguide dispersion by material dispersion in a desired

spectral range. By properiy tailoring the index profile, the total dispersion can be

made to vanish at two wavelengths and to assume small values in between.

Analysis, design, and fabrication of dispersion-flattened DC fibers have been

addressed by several researchers [27-29]. Apart from providing low chromatic

dispersion, practical dispersion-flattened fibers need to meet other requirements, in-

cluding Iow scattering, bend, and splice Iosses as well as being single-mode in the

desired spectral range. The parameters which influence the Iosses mentioned above

are index differences, cutoff of the LP„, mode, and mode·field radius, respectively.

The single-mode nature of the fiber is determined by the cutoff of the second mode

which is usually the LP,, mode. A major drawback of dispersion-flattened DC fibers

is their high sensitivlty to bending, because the fundamental mode exhibits a finite

cutoff wavelength [43], which is very close to the dispersion-flattened region [33].
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Furthermore, the chromatic dispersion is highly sensitive to variations of fiber pa-

rameters.

To overcome the bend-sensitivity of DC fibers, Cohen, et al. introduced a

raised-index cladding between the inner and the outer claddings, thus developing a

new structure with four claddings which was named quadruple-clad (QC) fiber [33].

The proposed QC fiber exhibited much improved bend-sensitivity, low loss, and

dispersion below 2 ps/km·nm in the 1.28 um - 1.65 um wavelength range. Other re-

searchers have also carried out experimental as well as theoretical work on QC fi-

bers, among them Bhagavatula, et al. [34], Bachmann, et al. [36], and Francois [44].

Triple-clacl (TC) fibers also offer low dispersion in a wide spectral range and have

been considered as a high capacity transmission medium for long distance optical

fiber communications [30-32].

Despite being much less bend-sensitive, TC and QC fibers are, as in the case

of DC fibers, sensitive to parameter variatlons, thus imposing stringent manufacturing

tolerances. This problem, however, becomes less important as the fiber fabricatlon _

technology improves. A more serious problem with TC and QC fibers is their multi-

mode nature at most wavelengths in the low attenuation window of glass fiber. The

possibility of higher-order modes being excited could severely limit the information

carrying capacity of these fibers. Truly single-mode QC fibers have been investigated

by Francois, et al. [44-46], with the conclusion that the chromatic dispersion of such

fibers is low at long wavelengths and over a narrower spectral range and that they

are more sensitive to fiber imperfections. It thus appears that QC fibers cannot be

single-mode and maintain low dispersion over a wide spectral range simultaneously.

More details on DC, TC, and QC fibers are given by Ainslie and Day [47].

Many advanced designs have been reported on dispersion-shifted fibers with

triangular, trapezoidal, depressed-cladding triangular, ring triangular, and Gaussian
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structures [47]. It is possible to shift the dispersion minimum of step-index single-

mode fibers to 1.55 um by making the core small and by increasing the refractive in-

dex difference An between the core and cladding [47,48]. increasing An will likely

increase the infrared absorption and Rayleigh scattering loss and requires high dop-

ing levels [48]. Moreover, large An introduces mechanical stress within the fiber,

resulting in large optical Iosses. Decreasing core size is likely to increase microbend

and optical Iosses.

The original concept of the graded-index profile designs for dispersion-shifted

single-mode fibers is to reduce the mechanical stress gradient at the interface of the

core and cladding, which is generated by increasing the core-cladding index differ-

ence. When optical fibers are produced by the modified chemical vapor deposition

(MCVD) process they lnevitably possess a central dip in their index profile because

of evaporation of the dopant during the preform collapsing stage. Triangular profile

fibers are sensitive to bending because they have a central dip in their index profile
I

[24]. The depressed-cladding triangular profile design results in a great reduction in

the microbend loss, but suffers from higher splice Iosses [47]. ln any case, the

triangular-core profile behavior dominates these modified triangular-core fibers.

Other major problems for these graded-index fibers are their poor reproducibility and

high production costs.
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1.2. Scope of Investigation

The goals of this research are:

1. to find a new series of multi-clad fiber designs, which offer both dispersion-

shifted and dispersion·flattened properties, and

a. have a maximum dispersion·flattened window with the lowest possible

dispersion;

b. have a reasonable mode·field radius (3 - 5 pm), and splice and bend losses

smaller than DC, TC, and QC fibers;

c. have a simple step·index structure and reasonable layer thicknesses which

could be easily fabricated;

d. have layer index differences less than 0.8%, i.e., small optical losses;

e. have transmission properties less sensitive to the manufacturing tolerances.

2;
toi

find novel ultralow dispersion (< 0.01 ps/km-nm) fibers whose first-order and

second-order derivatives of total dispersion are zero in the wavelength range of

1.5 um -1.55 pm.

3. to assess the accuracy of chromatic dispersion calculations in dispersion-

flattened fibers.

4. to develop a optical fiber profile optimization method which can trace multiple

objective functions and optimize multiple parameters simultaneously.

Based on the waveguide dispersion behavior, multi-clad fiber can be classified

into two major types [35]: one type with a uniform and high waveguide dispersion for

the LP„, mode, and another type with a steep slope for the waveguide dispersion of

the LP„, mode. Results from multi-clad fiber designs with uniform waveguide

chaptan. introduction 7



dispersion can be used in the design of dispersion-shifted fibers. On the other hand,

results on steep slope waveguide dispersion are useful in designing dispersion-

flattened fibers with two or three zero-dispersion points. The Iatter case is discussed

in this study because in this research we try to design a fiber with both dispersion-

shifted and dispersion-flattened properties.

1.3. Approach

Dispersion behavior of single-mode fibers with discontinuous, piecewise con-

tinuous, and continuous index profiles in Figs. 1 and 2 are examined by the matrix

method [49] and direct numerical integration in conjunction with the shooting method

[50,51].

h The slope of the waveguide dispersion can be controlled so that the waveguide

dispersion cancels the material dispersion at any wavelength of Interest, whlle

keeping the total dispersion below a certain limit. We are primarily concerned with
l
the propagation constants of the fundamental mode and the cutoff parameters for the

next higher-order mode which defines the single-mode region. In this work we as-

sume the fiber profile indices njcznß, , so that vector properties may be built onto the

scalar modes which are considered here. The solutions are linearly polarized (LP)

modes.

A new class of dispersion-flattened fibers are proposed which are truly single-

mode for 1 > 1.26 pm , provide a total dispersion of less than 1 ps/km-nm over 1.31

um · 1.66 pm wavelength range, and have a fundamental mode cutoff wavelength

greater than 1.66 pm, indicating that they suffer low bend losses. Furthermore, these

fibers may be designed such that the chromatic dispersion vanishes in the neigh-

Chapter 1. lntmductlon 8



borhood of 1.55 um, which corresponds to minimum attenuation wavelength of glass

fibers. Finally, a mode-field radius of 3 pm to 5 pm in the dispersion-flattened wave-

length range Ieads to a reasonably low splice loss. The proposed fibers have a

step-index profile and consist of a central core, five inner claddings, and an outer

cladding. The structure may be viewed as a modification of the quadruple-clad fiber,

incorporating a raised-index ring whose effect is to maintain a large separation be-

tween the cutoff wavelengths of the LP„, and LP., modes. The index differences are

kept below 0.8% to ensure low Iosses due to Rayleigh and stress-induced scat-

terings. Using an objective function and parameter constraints, the index profile is

optimized with respect to (1) desired minimum dispersion, (2) wavelengths of zero-

dispersion, (3) maximum width of dispersion-flattened window, (4) maximum layer

index difference less than 0.8%, and (5) layer thickness larger than 3.5 pm.

In this study, we also propose novel ultralow dispersion fibers. Ultralow

dispersion fibers are those whose dispersion is < 10·' ps/km·nm throughout a 1 pm

wavelength range centered at 1.5 pm or 1.55 pm, and their first·order and second-

order dispersion are zero at 1.5 um or 1.55 pm wavelength. Although it is noted that

in this range of dispersion values, polarlzation dispersion may dominate, such

dispersion effects are not considered in this study.
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Chapter 2. Field and Dispersion Equations of

Multi-Clad Fibers

Dispersion behavior of single-mode fibers with discontinuous, piecewise con-

tinuous, and continuous index profiles will be examined. Two methods will be used

in this study. One is a matrix method [49] for the analysis of step-index profiles and

the other is a direct numerical integration method in conjunction with the shooting

method [50,51]. The former method is efficient for the analysis of discontinuous

step-index profiles while the latter method is more suitable for treating continuous

or piecewise continuous index profiles as shown in Fig. 2. Both methods require

solving transcendental equations.
‘
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2.1. Matrix Method for Derivation of Field Distributions and Dispersion

Equaüon

The proposed muIti~clad fibers consist of a central core, five inner claddings,

and an outer cladding. Figure 1 illustrates a typical index profile for such fibers. The

jth layer is characterized by a refractive index n} and has inner and outer radii r}_, and

r}, respectively. The outermost cladding is assumed to extend to infinity. Since the

index differences are very small, the fiber is weakly guiding and scalar·wave sol-

utions can be employed (Appendix A). The time and z dependences of fields take the

usual form exp[i(wt— ßz)] , where ß is the axial propagation constant and co is the °

angular frequency. This term is dropped from the field solutions. The solutions of the

scalar wave equation for the guided modes of multi-clad structure of Fig. 1 are the

Bessel and modified Bessel functions of integral order n. The requirements that the
h

field be finite at r = 0 and decay exponentially for large r ellminate the Y„ or K,, Bessel

functions for r<r,, and the I„ modified Bessel function in the outer cladding. For

‘
convenience functions 2,,} and Z,} [52], which are summarized in Table 1, are intro-

duced. Choosing a cylindrical coordinate system (r, d>,z), the scalar fields in the

central core, in an inner cladding, and in the outer cladding are summarized as

w. ¢> = A.z„.( -7,- )¤<¢>. r s r. (2-ia)

W} (r, ¢>) = A}Z„}(—ä—) + B}Z,,}(-—ä—) Q(¢>), g_1< rg q (2.1b)

Ukr‘F„ tn 4>) = Bk K„(7)¤(¢)· Vx < r (2-1¤)
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Table 1. Definition of functions 2,,, and Ä,

zn1 Zn} in}

F<n, F>n, F,<n, F>n, F<n, F>n,

Jh L1

2
Jh [H YH Kn

•
The subscript n is the order of Bessel and modified Bessel functions

where W, is a transverse electric or magnetic field component, A, and B, are constant

coefficients, Q(¢>) = cos(n¢) or sin(n¢) , where n is an integer; and u, is a parameter

that is related to the normallzed propagation constant of a guided mode F by

ui = koa l (m2 — F2) l "2- (2-28)

with F=ß/k„. ln Eq. (2.2a), a (= r,) is the overall core radius, n, , j = 1, 2, 3, k, is

the refractive index of the jth layer, and k, = 21:/,1 is the free-space wave number. The

parameters u, and u,, are combined to provide a third parameter V, defined as

v = (uf (2.2b)

which can be regarded as a normallzed frequency. With continuity of field compo-

nents
‘i’,

and its derivative d‘I’,/dr at the interface between the jth and (j + 1)th Iayers,

the field coefficients can be expressed as a set of linear equations In terms of transfer

matrices as follows [49]:

A. 1 A.2+5}+1
B!
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1 Ak—1
Bk = Tk-1

·
(2-3b)

Ck Bk-1

where C,,= u,/u,,_,. The column vector denotes the field coefficients. From Eqs.

(2.3a,b), one can obtain field coefficients A, and B, by the recurrence method. The

transfer matrices for the first, an intermediate, and the outermost Iayers are

2-'n2Zn1 ' C2Zn2Z'n1 0

T1 =,"

Z'n2Zn1 + C2Zn2Z’n1 0

Z'„„.„,z„, — ¤,Z„„.„,z'„, Z'„„.„,Z„, — C, 2'„ u+1)Z'n1
7} = , (2.4b)

°
Z’n

(;+1)Znj + C1 Zn (j+1)Z'hj '° Zn (j+1)Zh] + Cj

ZnZn(k-1)/Znkgn (k-1)/znk

Tk = 1 (2•4c)

Z'n(k—1)/Zrnk ZIn(k—1)/Zlnk

where C} = ui/ul_,, and Z’,,] denotes differentiation with respect to the argument. Ap-

plying Eqs. (2.3a,b) to a flber structure with k Iayers results in
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T11 T21 A1 1
= BknT21

T22 0 Ck

where the 2 >< 2 matrix in terms of transfer matrices [L] is expressed as

T11 T21 "'1
= Hm]. (2.6b)

T21 T22
]*‘

In Eq. (2.5a), the field amplitude A, is normalized to unity at r= 0. Substituting

the value of C, in Eq. (2.5a), the dispersion equation is found to be

\
ukT11 ' uk—1T21 = 0- (2-6)

2.2. Direct Numerical Integration Method for Field Distributions and

Dispersion Equation

Mode analysis of optical fiber with an arbitrary refractive index profile may be

necessary for generating ultralow dispersion fibers. The normalized propagation

constant, group velocity, total dispersion, and field distribution of lower-order modes

are calculated by means of a combination of direct numerical integration of two first-
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order differential equations and numerical solution of a transcendental equation de-

rived from the boundary condition at the outmost cladding.

The scalar wave equation derived from MaxweIl’s equations is

d2‘P j_ d‘}'
2 2 n2 _——dr2

+ k dr
+[u —vf(r)— r2

‘Y-0,
(2.7a)

where u and v are normalized parameters and for the jth layer are defined as

uj=k0a[nj2(r)-ßz]1/2; j= 1,2,...k, (2.7b)

v (2.7c)

where f(r) is an index profile function. E is the normalized propagation constant, k, .

is the free—space wave number, and n is the azimuthal mode number. Assuming that

n,(0) is the largest index in the vicinity of r= 0, the scalar wave function
‘I’(r)

is ap-

proximated as

U1I'wr) = A,.1,,(—? (2.8a)

while for r > rk ‘I’(r) is expressed as

u r
‘l’(r) = Bk K„(—}· (2.8b)

Chapter 2. Field and Dlsperslon Equatlona of Multi-Cled Flbers 17



The IMSL subroutine DIVPRK [53] is used to solve (2.7a). However, this sub-

routine solves only the first-order differential equations. Thus, Eq. (2.7a) is expressed

in terms of two first-order differential equations

= W2, (2.98)

d‘P 2
(2.9b)

subject to boundary conditions

W1Ir=0 = 1 ¤ (2-108)

I
‘Y2|,=0 = 0. (2.10b)

This is a boundary-value problem. IMSL routine DIVPRK, which uses the

Runge-Kutta-Verner fifth-order and sixth-order method, is used to solve Eqs. (2.9-2.10)

by shooting the characteristic equation Eq. (2.11), which is derived from the boundary

conditions at the outermost cladding.

K (uk)¤v—~x·*i-%=0. 2.11~« K „<~„> ( ’

The propagation constant of an arbitrary refractive index profile fiber is deter-

mined by the field functions which satisfy scalar wave equations (2.9a,b) and bound-

ary condition Eq. (2.11) simultaneously. First, let the normalized propagation constant

E be given a value somewhat smaller than n,(O) . The normalized frequency V is

chosen as a fixed value. Then the scalar wave equation is solved by DIVPRK under

the boundary conditions of Eqs. (2.10a,b). Next, whether the value of the left side of

Eq. (2.11) is close enough to zero or not must be determined. lf the value is not close
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to zero, the initial value of E at the first step ls revised and the preceding steps are

repeated until the value from the left side of Eq. (2.11) converges to zero. When this

value converges to zero the normalized propagation constant E is obtained. The re-

sults for normalized propagation constant E calculated based on the integration

method agree with the results calculated by the matrix method and yielded results

accurate up to
10·‘°.

Field distribution ls obtained from the DIVPRK output when the propagation

constant is input. Discontinuities of the profile are treated by DIVPRK, one can write

an index profile function routine by using a Iogical IF statement.

The power density in the core and in the claddings can be expressed as

Intensity = |‘I'j|2 , (2.12a)

2 21r rj 2
Pj=‘[ |‘·I’j| ds =,[

VI-
|‘I’j| rdrdcp, j= 1, 2, k, (2.12b)

' sj 0 rj_,

and the total power is

k

Ptotal = -}=1

2.3. Dispersion Effects

Dispersion in single·mode fibers occurs because spectral components radiating

from a light source travel with different group velocities and therefore arrive at dif-

ferent times at the output end. The total dispersion is the sum of two effects, material
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dispersion and waveguide dispersion. Material dispersion is a bulk property which

occurs because the group velocity of a plane wave is a nonlinear function of fre-

quency due to the dependence of the refractlve index of the material on wavelength.

On the other hand, waveguide dispersion occurs because the group velocity of a

waveguide mode is also a nonlinear function of frequency through its dependence

on the geometry of the waveguide; that is, the radial dimensions and the shape of the

refractlve index profile.

2.3.1. Waveguide Dispersion

Equation (2.6) is solved numerically to determine the normalized propagation

constant E as a function of normalized frequency V. The first and second derlvatives

are also calculated simultaneously to evaluate the group velocity and waveguide

dispersion of the LP„, mode. The group velocity can be expressed as

dß " — dä "
Vg=[·E'] =c[ß+ V dv , (2.138)

where c is the velocity of light in vacuum. The group velocity can also be expressed

as a function of normalized propagation constant E and the free-space wavelength ,1,

-
J;}—

"V9-c|iß—). . (2.13b)

Waveguide dispersion may be expressed in terms of the normalized propagation

constant
_/E

and the normalized frequency V as
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_ v dä dzä
D„,g—

cl [2 dv + V dV2 . (2.14a)

Waveguide dispersion may also be expressed in terms of the normalized prop-

agation constant ß and the free-space wavelength l as

_ 1 dä 2 d2?
D„,g— ZM [2l dl +l df

. (2.14b)

At cutoff, the propagation constant ß = k„n,,, and u,, = 0. Close to cutoff, the term

u,, approaches zero. The cutoff condition can be obtained by calculating the limit of

the dispersion equation when u,„—» O. Here we find the near cutoff normalized fre-

quency by setting ~ß very close to n„.

2.3.2. Material Dispersion

Delay time 1 of a light pulse propagating along a fiber of length L with a nor-

mallzed propagation constant ß at l is [48]

- .ai.¤!ä1-—L Zac dl . (2.15)

The pulse broadening of the light emitted by a source having a spectral width

Al centered around l is given by

d1 _ L 2
dzä

Al dl - 2m Al|;2l dl +l df
, (2.16)
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where ,13- = f(n,, V) and V= k„a,/nä — ng . The normalized propagation constant E de-

pends on the wavelength ,1 since the refractive index n of the silica varies with the

wavelength, i.e., material dispersion, and also because the normalized frequency V

depends upon the value of a/,1 which is the waveguide dispersion. Strictly speaking,

the material and waveguide dispersion are not independant. Material dispersion can

be obtained by neglecting the waveguide effects in Eq. (2.16) and assuming that the

fields can be considered as plane wave with the propagation constant ß=27tl'I/Ä .

The effect of material on the delay time 1 is

1m=%(„-1-%-). (2.17)

Therefore, the material dispersion is

D„1a1(1)= -%£’iZ—. (2-18)‘
dl

The variation curve of the pure silica refractive index versus the wavelength
_

presents an inflection point around 1.27 pm, corresponding to a minimum delay time

and to a zero material dispersion. The addition of G60, doping to a pure silica core

increases the zero material dispersion wavelength, while fluorine doping decreases

zero material dispersion wavelength. The Sellmeier parameters for fused silica, F

doped silica, G60, doped silica, P,0, doped silica, 8,0, doped silica, and silica doped

with GGO, and 8,0, [49] are used to calculate the material dispersion. The material

dispersion in jth layer, (D,,,„), , is given [49] as

6 2,1 "’1(”1 ‘ mr) 2 **11211
(D„,a,)j=·77·' 2 + Ä 42 2 2 3 , (2.198)

° 1 1 1,1 (1 — 1,1)
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where refractlve index in the jth layer, nj , ls obtalned from the Sellmeier equatlon

nj ·=
'—

, .\/il
A22

+1 (219b),..„ (1* — afl

and the group index in the jth layer, mj, ls

3 2,12 Aillll
m~= nj+·—··§;·——··—, (2.19c)’ "( ,..1 (1* — 1ßl*

where A, are constants related to material osclllator strengths, and lj, are osclllator

wavelengths for the material of the jth layer. The parameters of the fitted three-term

Sellmeier relationship are listed in reference [49]. Clearly, the total dispersion ls a

function of wavelength ). and the fiber index profile, i.e.,

Dma, =f(,1, nj, rj_,; j=1, 2, ...k), (2.20) Q

where rj_, is the jth layer lnnerlradlus. ln Fig. 1, the multi-clad fiber ls characterlzed

by nine parameters: four layer thickness aspect ratlos rp, = a/r, , 2;, = dlr, , a = b/r, ,
2

y = c/r, , four indices n, , n,, n,, and n, and total core radius r,. The interplay of these

parameters influences the propagation properties of the fiber.
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Chapter 3. Design Considerations and

Transmission Properties of Broadband Multi-Clad

Fiber

The purpose of this study is to address the following points: Designing a

single—mode fiber which has (1) the lowest dispersion over a maximum transmission

window, (2) a profile structure which lends itself to simple preform manufacturing

processes and a structure which has the broadest tolerance to variation of fiber pa-

rameters, (3) small index differences between adjacent layers in order to maintain

low optical losses, and (4) low splice and bend Iosses. The fibers are optimized for

operation in the 1.3 um to 1.7 um wavelength range and have a cutoff wavelength of

,1,,, < 1.27. Various fiber structures as shown in Figs. 1 and 2 are analyzed.
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3.1. Design Considerations

First, we address the choice of the index profile which would meet the design

criteria. The refractive index profile of the proposed multi—clad fiber shown in Fig. 1

is used as a basis for designing broadband fibers. The multi—clad fiber consists of

three substructures; one basic structure is a DC structure, the other two are tubular

structures. The reason for selecting this structure is that wide bandwidth and the

confinement of energy to the core can be simultaneously achieved by a DC structure,

and in a tubular structure the modes with on-axis intensity are affected most by the

region of the depressed-index. At higher frequencies the energy is more tightly

confined to regions of higher index; i.e., the ring portions [54]. Thus, adding raised-

index rings to the DC fiber would increase the mode-field radius. lt has been shown

. both theoretically and experimentally that TC and QC fibers may exhibit mulitmode

nature. By weakening the intermediate raised·index ring, higher·order modes can

_be removed and the TC and QC fibers degenerate to DC fibers [45,46] which have

been shown to be sensitive to bending [44]. To keep the advantages of the TC and

QC fibers and avoid higher-order modes in the low dispersion window, one raised-

Index ring and one depressed-index ring are added to the QC structure. With this

modification, the light leaking from the inner QC waveguide can be retrapped within

the waveguide formed by additional Iayers, resulting in a greater prevention of

higher-order modes. ln addition, the outermost depressed-index ring is made thicker

than the inner Iayers to further suppress higher·order modes. Thus, higher·order

modes can be suppressed sufficiently so that their influence becomes negligible,

while the LP„, mode continues to propagate with a relatively low loss.
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Fiber structures with depressed inner claddings, shown in Fig. 1 have many in-

teresting features which have been emphasized both theoretically and exper-

imentallyz (1) compared with single-clad structures, they allow a lower G60,

concentration in the core, and thus smalier intrinsic Iosses for given overall index

differences [55,56]. (2) they have a larger mode-field radius than the conventional

single-clad structures thus-reducing the problem of splicing, and (3) they have a very

low chromatic dispersion over a wide spectral range [27-29].

On the other hand, our investigation indicates that index profile with raised-

index outer rings, as shown in Figs. 2.3 and 2.4, result in a smalier dispersion-

flattened wavelength range and are more sensitive to bending than the profiles with

depressed-index outer rings. It has been shown experimentally that the dispersion

characteristics of 4-layer fiber are less sensitive to macrobendlng than those of

6·Iayer fiber [57].

The depressed-index outer ring increases the single-mode operation wave-

length range, while keeping higher-order modes away from the disperslon-flattened

wavelength range and making the designed fiber strictly single-mode. Hence, ln

DFSM fiber design, a profile with depressed-index outer ring is preferred. The design

with a raised-index outer ring is not generally a single-mode fiber. ln addition, its

dispersion-flattened curve is more sensitive to manufacturing tolerances.

3.2. Modal Properties

The requirement that the designed fiber be single-mode is the most important

aspect in this design. Care must be taken to ensure that the multi-clad fiber has a

sufficiently high normalized LP,, mode cutoff frequency, noting that the LP„, mode al-
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ways propagates. That is, we wish to find a bandwidth as wide as possible over

which the fiber remains single-mode. The upper limit of the mode cutoff wavelength

at 2.05 pm is chosen to be close to the operating window with an adequate safety

margin. The lower limit of 1.20 pm ensures a reasonably wide tolerance while also

permitting sufficient guiding at 1.55 um . The choice of a mode-field radius between

3 pm and 5 pm is made as a compromise (for low splice loss) between wavelengths

of 1.3 pm and 1.55 pm. Equation (2.2b) is used to estimate the normalized cutoff

wavelengths of the LP,,, , LP„,, and LP„ modes with known normalized cutoff frequen-

cies, core radius, and the maximum core index and outermost cladding index. Large

LP,, mode cutoff frequency implies a large fiber core diameter; this will increase layer

thicknesses so that the dimensional sensitivity of the multi-clad fiber will be reduced.

Table 2 summarizes the parameters for six fibers which have been optimized for

the desired transmission properties. ln this Table, An]= |n§ — n}|/2n} forj = 1, 2, 3,

rg, = a/r,, rg, = d/r, , a = b/r,, and y = c/r, . The index differences have been calculated

at a wavelength 1 = 1.3 pm, and the index of the reference layer n„ = 1.446918 for

fibers no. 2, 5, and 6; n„ = 1.444817 for fibers no. 3 and 5; and n, = 1.450875 for fiber

no. 1. From Tables 2 and 3, we can observe that: (1) when the average layer thick-

ness increases the cutoff frequencies of the LP„, and LP„ modes also increase so that

the range of single-mode operation of the multi-clad fiber can be extended toward a

longer wavelength by an appropriate choice ofgthe fiber layer thickness ratios, (2)

when the total core radius, r,, increases, the mode-field radius increases, and (3)

smaller layer index differences produce a larger mode-field radius, and a larger

mode-field radius results in a smaller dispersion-flattened window.

Cladding materials for 7-layer fibers are presented in Table 4. The material

compositions are shown in Appendix B.

Chapter 3. Deslgn Conslderatlons and Transmission Properties of Broadband Multl-Clad Fiber 27 «



Table 2. Index profile parameters for 7-layer fibers

Fiber An, An, An, 1;, ez y 1;, r,

J 0.338% 0.158% 0.433% 1.055 1.400 2.400 2.500 35.0

0.323% 0.153% 0.322% 1.290 1.450 2.000 2.500 35.0

¤
0.418% 0.183% 0.201% 1.630 1.200 4.000 3.990 39.0

¤
0.418% 0.145% 0.201% 1.344 1.400 3.515 3.550 38.0

¤
0.379% 0.153% 0.322% 1.350 1.411 2.000 2.640 32.25

¤
0.273% 0.153% 0.322% 0.874 1.144 2.500 2.500 39.25

l

Table 3. 7·Iayer fiber performance data

Fiber }.,,,, _ l„,, w,_, w,_,, DF (<1 pslkm-nm)

_

1.66 1.24 3.19 4.03 1.32 - 1.67

¤
1.71 1.30 3.44 4.28 1.33 - 1.66

1.86 1.21 3.25 4.20 1.33 · 1.67

2.01 1.22 3.12 4.14 1.33 - 1.68

¤
1.71 1.19 3.31 3.97 1.33 - 1.72

1.85 1.26 3.24 4.93 1.31 - 1.66

•
the units for cutoff wavelength J., are pm.

•
the units for mode-field radius w are pm. The detinition of mode-held

radius is in Section 3.2.3.
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Table 4. Cladding materials for 7·layer fibers

Fiber layer 1 layer 2 layer 3 layer 4 layer 5 layer 6 layer 7

_

M8 M9 M2 M9 M2 M9 M3

M6 M12 M10 M12 M10 M12 M1

¤
M3 M11 M1 M11 M1 M11 M5

¤
M7 M12 M10 M12 M10 M12 M1

3.2.1. Propagation Constant E and Cutoff Frequencies

To obtain the normalized propagation coefflcient
li.

as a function of frequency, _

the dispersion equation (2.6) is solved numerically using the root search technique.

For the 7-layer fibers in Table 3, the normalized cutoff frequency for the LP,. ·

mode is in the range 14to 17.5, and the LP., mode is in the range of 21 to 27. Figure

3 represents the V. value of the normalized frequency V at cutoff as a function of

An,/An. for fiber no. 4 in Table 2. We notice that the fundamental mode LP,. has a

nonzero cutoff value, and as the ratio An,/An. decreases, the LP,. mode cutoff sepa-

rates from the LP,. mode cutoff, while the separatlon of the LP,, mode cutoff and the

LP,. mode cutoff remains almost constant. It is also verified that increasing An, and

decreasing An. and An, simultaneously causes V,,. and V„.. to increase.

The depressed refractive index layer thickness must be large enough (y> 1,

1;, > 1, or An. > An,) for the dispersion characteristic to be modified as shown in Ta-
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bles 2 and 3. When a is reduced and y and 1;, are lncreased, 1,,, moves toward

shorter wavelengths and the 1,,, moves toward longer wavelengths, resulting in an

increase in the span of the single-mode operating window. The migration of 1,,, is

much more rapid than that of 1,,, . increasing An, moves 1,,, and 1,,, toward lower

wavelengths. Thus, by increasing or decreasing An,, the center of the dispersion-

flattened window can be adjusted.

3.2.2. Dispersion Curves

Dispersion spectra uand E - V curves for the fibers listed in Tables 2 and 3 are

presented in Figs. 4 and 5. Dispersion curves are obtained by the optimization

method in Chapter 6. Here six design examples are presented. Figure 4 shows six

dispersion-flattened spectra (data are listed in Tables 2, and 3). Figure 5 shows the

Ä- V curves for the corresponding dispersion curves in Fig. 4. From Fig. 5, we notice

that in order to fit the dispersion·flattened window into a single-mode operating

range, one should choose a differencefor the cutoff frequencies of LP,, and LP,, larger

than 10. Designs in Figs. 5.1 and 5.5 demonstrate that the dispersion-flattened win-

dow is too close to the LP,, mode cutoff. Figure 5.2 shows that a small portion of the

dispersion-flattened window is beyond the LP,, mode cutoff. Figures 5.3, 5.4, and 5.6

are the best designs among those illustrated.

3.2.3. Mode·FieId Radius

Mode·field radius can provide a qualitative measure of splice and bend losses,

and is thus an important transmission property of a fiber.
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When E is known, plots of the field distribution ‘l’(r, cp) can be obtained.

Equations (2.3a,b) can be solved for field coefficients Aj and Bj (A, is determined from

the source condition), or we can obtain a field distribution directly from Eqs. (2.9,2.10).

To minimize intrinsic scattering and splice loss, the power should be spread

over a large radial region. A large mode-field radius is also beneficial, since power

distributed over regions with different indices and dispersions can significantly alter

the total waveguide dispersion. However, microbend and macrobend Iosses are

minimlzed by designs which restrict the mode-field distribution. These physical re-

quirements are in obvious conflict. For the QC fibers, a mode-field radius of 4.3 um

to 4.5 um has been suggested [34].

To reduce the splice loss, the DFSM fiber must have a reasonable mode-field

radius for the fundamental mode. However, when the bend loss effects are consid-

ered, the fiber should be designed with a smaller mode-field radius, in the range of

3 um to 5 um. The mode-field radius is calculated by the second Petermann definition

of mode-field radius [58] which can be used to predict microbend and splice losses.

‘Vo‘I’2(r)rdr
wg = 2 , (3.1)

2
fo fdf

where
‘·I’*(r)

is the near-field lntensity distribution as a function of radial coordinate r.

lt is the solution of the scalar wave equation under the weakly guiding assumption.

One of the key advantages of using Eq. (3.1) to define mode-field radius is that the

7-layer fiber field distribution does not resemble a Gaussian form. Another benefit

derives from the fact that this definition ls able to accurately predict the splice Iosses
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incurred between single-mode fibers with small Iateral offsets. Equation (3.1) is

solved by IMSL routine DlVPRK. For r> r,,, ‘P(r) is approxlmated by Eq. (2.8b).

3.2.4. Splice Loss Calculations

ln addition to intrinslc fiber Iosses (Rayleigh scattering and absorption Iosses),

two other main loss components in single-mode waveguide systems are splice and

microbend losses. Splice loss consists of Iateral offset loss, angular offset loss, and

longitudinal separation loss. To have a measure of splice loss, here we only consider

Iateral offset loss.

Lateral offset loss ls computed in terms of the power transmission coefficient,

which is in turn a ratio of power accepted by the receiving fiber to the power emitted

by the transmitting fiber. For single-mode fibers this is equivalent to calculating the

overlap integral of the modal fields of the two fibers while giving appropriate consid-

eration to any defects.

00

4] (x -
d)2

+
y2)‘I’<„

/ (x +
d)2 + y2>dxdy

p =

'Zrzf|‘I'(r)|2rdr
0

where d is the Iateral offset. The offset loss in dB ls

= * |Og1°p

„Again,Eq. (3.2) is solved by IMSL routine DIVPRK. For r > r,,,
‘I'

is approxlmated

by Eq. (2.8b). Calculations of splice loss are presented in Section 5.4.
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Chapter 4. Tolerance Effects of Seven-Layer Fiber

Much research has been dedicated to the minimization of chromatic dispersion

by designing fibers with propagation characteristics such that the material dispersion

ls compensated by the waveguide dispersion. If these two effects are to exactly

cancel each other only small tolerances can be permitted in the manufacturing proc-

ess [59].

In designing DFSM fibers, dispersion ls one property that imposes strict limits
3

on production tolerances. The dispersion characteristics of DC, TC, and QC fibers are

quite sensitive to dimensional tolerances, and cause serious manufacturing prob-

lems. In this study, this sensitivity is reduced by increasing the cladding thickness

ratlos 1;,, oz, y , 1;, and total core radius r,. The reason for this ls that the influence of

fields on the outer layer is greatly reduced when the thicknesses of the inner layers

are increased. By increasing the ratlos 1;,, oz, y , rz, and total core radius r,, the

waveguide cutoff frequency is increased as was discussed in Section 3.2.

First we will discuss the relationship between dispersion properties for 7-layer

fiber around the nominal zero-dispersion wavelength Ä, and the relative standard

deviations 6,/a and 6,,/A on the two scale parameters of the index profile which are
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total core radius, a (= rs), and maximum index difference A. Then actual dispersion

versus radius tolerances and total core radius will be presented.

4.1. Dispersion-Determined Limits on Design Tolerances of DFSM Fibers

In single·mode fibers the chromatic dispersion D„,,, consists of two components:

the material dispersion D„,,, and the waveguide dispersion D„. D„,,, closely resembles

the material dispersion of fused silica for the lightly doped single-mode fibers. The

total dispersion in single·mode fibers may therefore be obtained from

Dtotal = Dwg + Dmat· (4-1)

Using Eq. (4.1) the sensitivity ofthe dispersion to core and index variations at the

zero-dispersion wavelength can be expressed approximately using scalar wave the-

ory as [60] _
l

dD

dD
A Dmat 'uytotal) • (4-2b)

where the prime denotes differentiation with respect to L The IMSL routine DDERIV

[61] is used to calculate the differentiations; Equations (4.2a,b) mean that the sensi-

tivities do not depend explicitly on the index profile but only on the wavelength slope

of the total dispersion D’,„,,,(L,). Since the standard deviations 6, and 6, are nearly

uncorrelated, assuming that total core radius, a, and index difference A are the main

factors causing dispersion variations, the standard deviation of the dispersion [60] is

Chapter 4. Tolerance Effects of Seven-Layer Flber 37



(4.3)

If D'„„,(l,,) 2 0 in Eqs. (4.2, 4.3), a maximum value of 6,/a as a function of 6,/A can

be found while keeping 6,, $D,„,,, . This means that minimum requirements can be

determined for quality control to produce DFSM fiber with a flat dispersion curve

around the nominal zero-dispersion wavelength ,1,,. Figure 6 indicates maximum al-

Iowable production tolerances, 6,/a and 6,/A (for 6,, = 0.96 ps/km-nm), for fiber no.

4 at nominal zero-dispersion wavelengths of 1.35 pm, 1.51 pm, and 1.65 pm. Figure

6 indicates that if 6,/a ; 0, 6,/A should be less than 7.5% when ,1,, = 1.65 pm, less

than 2.4% when ,1,, = 1.35 pm, and less than 1.6% when ,1,, = 1.51 pm. This re-

lationship shows that (1) it is easier to produce a fiber with local dispersion-flattening

around 1.65 um than to produce one with dispersion-flattening around 1.35 um , as

shown in Figs. 7, 8,.9, and 12j‘ (2) strict control of tolerances is required to produce

a fiber with local dispersion-flatteningaround 1.51 pm. This also has been shown in

Figs. 7, 8, 9 and 12. Statement (1) is obvious since, as wavelength increases, the rate

of increase for material dispersion is far less than the rate of decrease for the first-

order derivative of the material dispersion. Statement (2) indicates that negative

D’„,,,(l,,) will require that production tolerances to be tightly controlled. This also

demonstrates the reason for the poor reproducibility of the DC, TC, and QC fibers

since these fibers have a large negative D’„„,(,l,,) in their second zero-dispersion

wavelength around 1.55 pm. Therefore, a D'„„,(l,_„,) 2 0 is recommended for the de-

sign of a DFSM fiber. A larger 6,, implies that a larger 6,/a and a larger 6,/A can be

allowed.
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4.2. Sensitivity to Parameter Variations

ln this Section dispersion sensitivities to radius tolerances are discussed. The

analysis shows the tolerance effect of two layer thicknesses on dispersion charac-

teristics.

When fabricating fibers, the zero-dispersion wavelength of actual fiber responds

sharply to tolerance effects, so that the analysis of tolerance effects is of considerable

importance. The fiber index profile tolerance, chemical fluctuations, and the mole

percentage of dopant concentrations on the substrates must be considered to esti-

mate the degree of control that must be exercised during the production process.

The tolerance analysis is based on the wave equation of the fiber for each layer

thickness and on core radius variations.

The deviation in dispersion 6D is [62]

6o=i—@—6A~+i—‘?@6s. (44)

where 6A, is the jth layer index error and öS, is the jth layer thickness error.

For fiber no. 4, when the total dispersion D„,„,(A,x,) (where x, represents layer

indices, layer radii, and total core radius) is examined as a function of the six layer

radii, r,, r,, r,, r,, r„, and total core radius r, individually, the following is observed:

Keeping all other parameters constant, when r, is increased, the third zero-

dispersion point moves toward lower wavelengths, as shown in Fig. 7. When r, in-

creases further, the first and second zero—disperslon point appear, then the second

zero-dispersion point is shifted to longer wavelengths, and finally the second and the

third zero-dispersion points disappear. Calculated values of öD/ör, show that at the

Chapter 4. Tolerance Effects of Seven-Layer Fiber 40



1.52 um zero-dispersion point, the magnitude of öD/ör, is less than 40 ps/km-nm-pm.

The degree of tolerance allowed in the variation of ör, can be calculated for a speci-

fied dispersion 6D . For example, we have a 100 km length fiber and a transmission

rate of 1 Gbit/sec. lf a laser diode of 5 nm spectral width is used, the chromatic

dispersion deviation 6D from zero is required to be 2 ps/km-nm. The absolute toler-

ance value ör, is then $0.05 pm for the value of 6D/ör, = 40 ps/km-nm—;1m.

Figure 8 shows that when r, increases, the third zero-dispersion point nearly

remains within the 1.65 - 1.68 pm range. When r, increases further, the first and the

second zero-dispersion points appear, and finally the second and the third zero-

dispersion points disappear and the first zero-dispersion point moves toward lower

wavelengths. Calculated values of öD/ör, show that at the 1.52 um zero-dispersion

point, the magnitude of öD/ör, is less than 15 ps/km-nm-pm. The degree of tolerance

allowed in the variation of ör, can be calculated for a specified dispersion öD . With

the same example, the chromatic dispersion deviation 6D from zero is required to be

2 ps/km-nm. The absolute tolerance value ör, is then $0.13 um for the value of

öD/ör, = 15 ps/km-nm-pm.

Figure 9 shows that when r, increases, the first zero-dispersion point moves

from 1.34 pm to longer wavelengths slowly, and with further increases in r,, the sec-

ond and the third zero-dispersion points appear. Finally, the first and second zero-

dispersion points disappear and the third zero-dispersion point moves toward longer

wavelengths. Calculated values of öD/ör, show that at the 1.52 um zero-dispersion

point, the magnitude of öD/ör, is less than 10 ps/km·nm-pm. The degree of tolerance

allowed in the variation of ör, can be calculated for a specified dispersion öD . With

the same example, the chromatic dispersion deviation 6D from zero ls required to be

2 ps/km-nm._ The absolute tolerance value ör, is then $0.20 pm for the value of

öD/ör, = 10 ps/km·nm-pm.
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Figure 10 shows that the values of öD/ör, are always small if the tolerance val-

ues of ör, are positive. By contrast, Fig. 11 shows that the values of öD/ör, are always

small if the tolerance values of ör, are negative.

Figure 12 shows that when a (=r,) increases, the third zero·dispersion point

almost remains within the 1.63 - 1.68 um range. When a increases further, the first

and the second zero·dispersion points appear, and finally, the second and the third

zero-dispersion points disappear and the first zero-dispersion point moves toward

lower wavelengths. Calculated values of öD/öa show that at the 1.52 um zero-

dispersion point, the magnitude of öD/öa is less than 9 ps/km-nm-pm. The degree

of tolerance allowed in the variation of öa can be calculated for a specified dispersion

6D . With the same example, the chromatic dispersion deviation öD from zero is re-

quired to be 2 ps/km-nm. The absolute tolerance value öa is then ;l;0.22 pm for the

value of öD/öa = 9 ps/km-nm-um. For fiber no. 4 the drawing tolerance requirements

have been estimated to be ;l; 1.2 pm with a diameter of 2a in order to maintain satis-

factory performance. h

In summary, variations in dispersion are most sensitive to changes in r, . lt is

seen that the tolerance effects of r, are opposite to those of r, . The tolerances of r,

and r, tend to cancel each other when r, and r, increase or decrease simultaneously.

The case of r, and r, and of r, and r, are similar. The outside layer thickness toler-

ances are relaxed (one sided), but the inner layer thickness tolerances are extremely

tight. Preparation of a dispersion-flattened single-mode 7-layer fiber with dispersion

below 2.8 ps/km-nm and with three zero-dispersion wavelengths in the spectral range

between 1.3 pm and 1.7 pm requires control of the drawing tolerance to less .than

;i;2.4%, as shown in Fig. 12. These requirements are less stringent than those for the

case presented in reference [30]. However, the central core radius should not

change more than 1.6% for the dispersion to remain less than 2.5 ps/km-nm, as
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shown in Fig. 7. When both errors 6A, and öS) exist, both influences are combined,

as shown in Eq. (4.4).

Dispersion spectral regions with a positive dispersion slope, for example, the

first or the third zero-dispersion wavelengths, require less rigid production tolerances

than spectral regions with a negative dispersion slope, for example, the second

zero-dispersion wavelength, where the sensitivity coefficients exceed the ’ideal' co-

efficients a -%:125 ps/km-nm and A5-%:40 ps/km-nm [63]. Since the dispersion

slope at the first zero-dispersion point is always positive, care must be taken at the

second zero-dispersion wavelength. At present only two types of dispersion-flattened

spectra, quadratic and sinusoidal, have been found. Considering design tolerance a

sinusoidal dispersion curve is preferred, since the dispersion slope at the third

zero-dispersion point is always 2 0. This would fully capitalize upon the low
D’,„„

at

longer wavelengths and reduce dispersion sensitivity coefficients resulting in rela-

tively flexible production tolerances for certain dispersion requirements.

ln order to obtain accurate tolerance requirements for the various parameters, g

A] and S) should be centered random variables with uniform probability laws. De-

tailed analysis can be found in reference [62].

Chapter 4. Tolerance Effects of Seven-Layer Fiber 43



20
151

=

1 5 ————— 3 . 1 87
—————— 3 . 1 62
—————- 3 . 1 37

1 O 3 . 1 1 2
g -——--— 3.087
g 5 3 . 062

3.037__ /7f
3O26

5¤.
7 ,¢.2·

· 1 O . .7 ‘

— 20
1.1 1.2 1.3 1.4 1.5 1.6 1.7

Wovelength (pm)

Figure 7. Variations of dispersion for fiber no. 4 as a function of r, for constant
rz, r,, r,, r,, and r,.

Chapter 4. Tolerance Effects of Seven-Layer Fiber 44



20

Tg =

1 5 ——-—— 7 . 596
—————— 7 . 496
—--———- 7 . 396

1 0
A

·——--—-—— 7 . 296

E
-———-—— 7. 1 96

Q 5 —-——--——-· 7 . 096
.x
\ ·-—-——--—- 6 . 996 ,«"""*‘~—„_ /,6

Oct . · ~
\-__

· ,

E ·'
'9

-

I I
~_ ‘,

ä6-1
0 1,

.
-Q/i

.. 15·

20
1.1 1.2 1.3 1.4 1.5 1.6 1.7

Wovelength (pm)

Figure 8. Variations of dispersion for fiber no. 4 as a function of rz for constant
r,, 7,, r,, 7,, and r,.

Chapter 4. Tolerance Effects of Seven-Layer Fiber 45



20

T3 =

1 5 V-V- 1 1 . 95
——————¥ 1 1 . 85

1 O
·————-— 1 1 . 75

A
-——--—--— 1 1 . 65

g --——--— 1 1 .55
‘

5 --——--—--- 1 1 . 45E 4
\

--———--— 1 1 . 35 ,·· ,.

82-
O

Af-iii- \___/ ’ '
V 7\/ j

E — 5anQ.
.9
C}

·· 1 O

— 1 5

— 2 0
1.1 1.2 1.3 1.4 1.5 1.6 1.7

Woveiength (pm)

Figure 9. Variations of dispersion for fiber no. 4 as a function of r, for constant
r., rz, r„ r,, and r,.

Chapter 4. Tolerance Effects of Seven-Layer Flber 46



20
154

=

1 5 ———— 24 . 39
—————— 23 . 7 9

1 O
—————- 23 . 1 9

^ --—-——-- 22 . 59
E -—-—-— 21 . 99
Q
E 5 -—-—~-——·· 21 . 39

-·———--— 20 . 7 9 1
30fbc.9

2 —6¢v
¤.

‘.

ta
· 1 0

· 1 5

- 20
1.1 1.2 1.3 1.4 1.5 1.6 1.7

Wovelength (pm)

Figure 10. Variations of dispersion for fiber no. 4 as a function of r, for constant
r,, rz, r,, r„, and r,.

Chapter 4. Tolerance Effects of Seven-Layer Fiber 47 V



20

T5 =

1 5 ———— 29 . 95
—————— 28 . 95
-—~————— 27 . 95

1 0
A

-—·——-—-— 26 . 95
g --——-— 25. 95
E 5 ·--—--——-· 24 . 95
{ --—-—--— 23 . 95 1
00<nOE; ,.

C.g
\

C ' 5 \

ä 1
.9 " \
O \

.. 1 0
\

1

— 1 5

· 20
1.1 1.2 1.3 1.4 1.5 1.6 1.7

Wovelength (pm)

Figure 11. Variations of dispersion for fiber no. 4 as a function of r, for constant
r., r,, r,, r,, and r,.

Chapter 4. Tolerance Effects of Seven-Layer Flber 48



20
A V 6/ V6

1 5 ———— + 2 . 4%
——-——— + 1 . 6%

1 O
———-——— + 0 . 8%

A -—-—-- . 000%
E -———— -0. szFE
g 5 --——--—--· *1 - 6%

< -———-—— — 2. 4%
3 O V ,

ä0-1
0 . / 1

- 1 5 A21

- 2 0
1

1.1 1.2 1.3 1.4 1.5 1.6 1.7
Wovelength (pm)

Figure 12. Variations of dispersion for fiber no. 4 as a function of r, for constant
layer thickness ratios 1;,, 1;,, a, and y.

Chapter 4. Tolerance Effects of Seven-Layer Fiber 49



Chapter 5. Comparison of Transmission Properties

ln this Chapter, transmission properties of the proposed 7-layer fiber are com-

pared with those of DC, TC, and QC fiber with respect to (1) group velocity, (2)

dispersion-flattened span, (3) mode·fieId radius, and (4) bend-sensitivity. All these

fibers are optimized with a dispersion of 0.97 ps/km-nm. To compare the fields of the

fundamental mode of DC, TC,·QC, and 7-layer fiber, we have computed numericaliy

the modal field by integrating Eqs. (2.9,2.10), and the corresponding plots are show

in Fig. 13. The vertical lines in Fig. 13 are the boundaries, r, , ofthe innermost layer.

5.1. DC Fiber

A DC fiber consists of three portions: the core, inner cladding, and outer

cladding. The core has the largest refractive index of the three Iayers and the inner

cladding has the lowest. The advantage of DC fiber over conventional single-clad fi-

bers is a tighter confinement of energy which minimizes the total dispersion and re-

duces absorption loss in the cladding. The short horizontal line along the frequency
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axis in Fig. 14 corresponds to the dispersion-flattened wavelength range of the DC

fiber. lt is very close to the cutoff of the LP„, mode, implylng that the bend Iosses of

a DC structure are very sensitive to wavelength and fiber parameters. DC fiber's

chromatic dispersion is very sensitive to index profile geometry and its dispersion-

flattened window is small. Furthermore, it has poor reproducibility.

5.2. TC Fiber

Adding one raised-index ring to the outer cladding of a DC fiber results in TC fi-

ber. The short line in Fig. 15 corresponds to the dispersion-flattened wavelength

range of the TC fiber. Again from Fig. 15, we notice that the dispersion-flattened

wavelength range is very close to the LP„, mode cutoff. This implies that sensitivity

to bending is not improved by adding an extra layer to DC fibers. Furthermore, the
1

dispersion-flattened range of the TC fiber is smaller than that of the DC fiber, shown

in Fig. 16, since im is greatly reduced. Compared to DC fibers, there is more power

°flow outside of the core, as shown in Fig. 13. lt is known that the second cladding

makes the LP,,, mode appear before the usual first higher-order mode LP,, [44].

5.3. OC Fiber

Adding one raised-index ring to the DC fiber's depressed-index range forms a

QC fiber. This could be the principal cause of the increase in the slope of group ve-

locity toward longer wavelengths, as presented in Fig. 17, and therefore the

waveguide dispersion is increased in the long wavelength range implylng that the
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QC fiber does not provide a flattened dispersion characteristic below 1.3 pm, as

shown in Fig. 16. Consequently, the dispersion—flattened range moves toward the

longer wavelength range. The short line in Fig. 18 corresponds to the dispersion-

flattened wavelength range of the QC fiber. The bend loss is less than those of DC

and TC fiber as shown in Fig. 13.

5.4. 7-Layer Fiber

Adding two layers of cladding to the QC fiber’s depressed-index range results

in a 7-layer fiber, as shown in Fig. 1. The group velocity of 7-layer fiber is larger than

that of QC fiber. The rate of increase of the group velocity in the lower wavelength

range is higher than that at the longer wavelength, i.e., the slope of the group velocity

is less than that of QC fiber, as shown in Fig. 17. The overall results extend the

dispersion-flattened wavelength] range.

lt is evident from Fig 13. that in the case of the 7-layer fiber, the fraction of the

power outside the core r, is much less in comparison to the DC, TC, and QC fiber,

which implies that microbend losses in the 7-layer fiber will also be small [39]. Fur-

thermore, Table 6 shows that the w/r, ratio for the 7-layer fiber is the smallest, again

suggesting that microbend loss for the 7-layer fiber will be the smallest [42]. Also, it

may be seen from Fig. 13 that the mode-field radius of a 7-layer fiber is larger than

that of the DC, TC, and QC fiber which is better from the splicing point of view [39].

Overall design data and performance data are presented in Tables 5 to 7.

ln summary, DC fiber is better for splicing than QC fiber. An example of the

lateral offset loss comparison for DC, TC, QC, and 7-layer fiber is given in Fig. 19,

where the excess loss for 1.55 um wavelength is plotted as a function of lateral offset.
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Figure 19 shows that the DC fiber is superior to QC fiber and at a Iateral offset of 2

pm, 7-layer fiber has 56% lower loss than QC fiber. The 7-layer fiber has the largest

dispersion-flattened window among these dispersion-flattened fibers; and also has

the largest mode-field radius and the lowest bend-sensitivity.

Figure 15 shows that there is a curvature sign change around V = 18 in TC fiber

for the LP,, mode E- V curve. Similarly, in Fig. 18, for QC fiber there is a curvature

sign change around V = 26. This curvature sign change has been repoted for DC fi-

ber [56] but the cause is unknown. ln our Investigation, if the depressed-index layer

thickness ratios ry,, 11,, and y are less than 1.5, and raised-index layer thickness ratio

a is larger than 0.7 for TC fiber, 0.9 for QC fiber, and 1.2 for 7-layer fiber, the LP„ mode

Ä — V curve for DC, TC, QC, and 7-layer fibers will become smooth. This is consistent

with reference [56].

The fiber profile data and fiber performance data of Fig. 16 are listed in Table 5

and Table 6. Cladding materials for the fibers are presented in Table 7. The material

cpmpositions are shown in Appendix B.

Table 5. Index profile parameters for DC, TC, QC, and 7-layer fiber

Fiber An, An, An, An, 1;, cz y 1;, r,

DC 0.462% 0.378%
——- -—— 1.448 —— — —- 7.00

TC 0.461% 0.283% 0.188% -— 4.592 0.500 --
-—-— 15.0

QC 0.647% 0.381% 0.228% 0.378% 2.000 0.841 4.000 —- 19.5

7L 0.273% 0.153% 0.322% —— 0.874 1.144 2.500 2.500 39.25

•
where An,= [ng- nf]/2nf,j = 1, 2, k -1.

”
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Table 6. Performance data for DC, TC, QC, and 7-layer fiber

Fiber lcoe lm we.: w1.ss DF (< 1 PsIkm'nm) wma/re

DC 1.63 0.84 3.00 3.49 1.37 - 1.51 1.22

TC 1.56 1.18 3.12 3.97 1.42 -1.51 1.61

QC 1.80 1.13 2.60 3.00 1.37 - 1.57 1.20

7L 1.85 1.26 3.24 4.93 1.31 -1.66 1.15

•
the units for cutoff wavelength ,1, are pm.

•
the units for mode-field radius w are pm.

Table 7. Cladding materials for DC, TC, QC, and 7-layer fiber

Fiber layer 1 layer 2 layer 3 layer 4 layer 5 layer 6 layer 7

DC M16 M1 M7

TC M8 M13 M2 M10

QC M14 M1 M15 M10 M3

7L M3 M12 M10 M12 M10 M12 M1
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Chapter 6. Optimization of Waveguide Parameters

This Chapter presents optimum solutions for the refractive index profile of DFSM

fibers which support LP modes with prescribed dispersion characterlstics. Basically,

this ls an inverse wavegulde synthesis problem. lt is a time consuming and tedious

task. Several authors have reported optimized data for DFSM fibers, but little infor-

mation is given about the optlmlzation procedures [36]. In reference [64] theauthorused

a modified interpretation of the eigenvalue problem to synthesize a waveguide.

This method requires a highly accurate initial approximation of the roots to solve a

system of nonlinear equations, and these roots are calculated by the halving recur- I

rent method. After finding these roots one goes back to solve the system of nonlinear

equations. With this method, the solution yields an index profile which ls difficult to

manufacture. ln this section a new CAD method is discussed. The initial data for this

synthesis procedure are layer indices, layer thickness ratlos, and total core radius.

Chapter 6. Optimization of Waveguide Parameters 63



6.1. Requirements for Optimum Index Profile

To determine an optimum DFSM fiber profile, the following requirements need

to be met:

1. The Rayleigh scattering loss should be kept as low as possible.

2. Spllce and bend losses should be kepted as low as possible.

3. Single—mode operation should be maintained in the whole dispersion-flattened

range and the dispersion-flattened window should lle between /1,,,, and ,1,,, and

be sufficiently far from ,1,,,, and }.,,,. Single-mode operation should also be satis-

fied after cabling. ~

4. The production tolerances for a given dispersion spectrum should be not critical.

5. For the same amount of dispersion, the dispersion-flattened window should

preferably be larger than that of DC, TC, and QC fibers, and have more than two

· zero—dlsperslon wavelengths.

6. The production cost should be minimized.

To meet requlrement (1), the fiber profile index range should be less than 0.8%.

Also, the core should be either pure silica or slightly germanium doped and the

cladding should be depressed with fluorine dopant. The pure silica core and F-doped

cladding fibers would have lower transmisslon loss than the conventional Ge-doped

core fibers because of the reduction of Rayleigh scattering loss and because there is

no increase in OH absorption loss [65]. To have requirement (2) satisfied, mode

field-radlus should be increased slgnlficantly by reducing the layer index dlfferences

and by increasing the fiber core radius. This can be done by increasing r, and by

reducing layer thickness ratlos. Bend loss ls reduced by reducing power in the
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cladding range. Thus, there is a trade off between bend loss and splice loss. In-

creasing the effective cutoff wavelength can improve the microbend loss without in-

creasing the fiber’s intrinsic loss. For requirement (3), by properly choosing core

radius, layer index differences and layer thicknesses, the dispersion-flattened win-

dow can be made to lie between 1,,,, and 1,,, . To meet requirements (4) and (5), layer

production tolerance is achieved by making the dispersion curve sinusoidal instead

of quadratic. For requirement (6), lower production cost is achieved by a small per-

centage of dopant, minimum number of layers, and a small number of different ma-

terials. Conventional QC fibers need five different materials, 7·layer fiber needs only

four different materials although the number of layers is increased.

6.1.1. Material Consideration

A fiber composed of a Ge02-doped Si02 core and a F/P20,-doped cladding seems

to be the best candidate for zero-dispersion in the 1.55 um ultralow loss transmission

window. Therefore, these materials are used to design most of the 7·Iayer fibers in

this study. With the MCVD technique, a small germanium concentration and a low

drawing temperature are the two key conditions to achieve low loss fibers. Fluorine

doping creates depressed inner-claddings and this allows zero-dispersion to be ob-

tained with a reduced amount of germanium in the central core layer and raised-

index layers. Fluorine allows low transmission loss over a wavelength range of 1

pm to 1.8 pm to be achieved. P20„ allows a reduction ofthe drawing temperature and

is introduced in non-radiation hardened fibers in very small quantities (<O.2 mole

precent). Therefore, the effects of P20, in the calculation of dispersion ls neglected

[62]. B20, is a suitable dopant, but the IR absorption edge limits the operation wave-

length to less than 1.3 pm [66].
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6.1.2. Optimum Index Profile

To make a strictly DFSM fiber, the dispersion-flattened window must be above

the cutoff wavelength of the LP„, mode. An average layer thickness and a single-

mode operation range should be predetermlned. Figures 21 and 22 illustrate alter-

natives for making waveguide dispersion larger or smaller at particular frequencies

simply by adding layers. They show waveguide dispersion versus the number of

step-index layers. ln Fig. 21, An,=0.33%, An, =0.00%, An, =0.33%, the average

layer thickness ratio is 1, and r,= 28 pm. When the number of Iayers is increased the

waveguide dispersion window widens and moves toward larger frequency. ln Fig.

22, as the layer thickness is further increased to 2 and r, is increased to 38 pm, with

the same waveguide profile parameters mentloned above, the waveguide dispersion

window becomes narrower as frequency increases. This implies that there exists an

optimum layer thickness and an optimum number of Iayers which can be used to

produce a certain waveguide dispersion which cancels the material dispersion. A

test calculation reveals that the average layer thickness ratio of 1.6 pm and seven

layer fiber can offer a sufficiently large spectral width for single-mode operation. A

test calculation also shows that the lower and upper bounds of the approximate layer

thickness ratlos are 0.5 - 4.0. By choosing large values for r, a larger mode-field ra-

dius can be obtained. Layer index differences are chosen to be < 0.8%. The seven

layer fiber profile data can be optimized after the design limits have been established.

An average layer thickness value 1.6 pm ls selected as a starting value in the opti-

mization program.
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6.2. Objective Function

The refractive index profile to be optimized here is shown in Fig. 1. A program

called DFSM is developed to optimize the refractive index profile with respect to: (1)

minimum dispersion, (2) the wavelengths of the zero-dispersion, (3) the width of the

dispersion-flaltened window, (4) small index differences between the layers, and (5)

reasonable layer thickness. This is a minimization problem with simple bounds. The

problem is stated as follows: over a wavelength range of 1.3 um to 1.7 pm, it is de-

sired to minimize the total dispersion 0,,,,, (,1, x,) , subject to the condition /Sx,S u.

Based on the design considerations discussed above, the index differences are re-

stricted to the range of 1.4460 S x, S 1.4580 , and the thickness ratios of the layers are

chosen within the range of 0.5000 S x, S 4.0000. The IMSL (International Mathematical

and Statistical Library) optimization subroutine DBCONF [67] is used. This subroutine

uses the quasi-Newton method and an active set strategy to solve minimization °

problems subject to simple bounds on the variables. The DBCONF subroutine can

effectively determine the minimum total dispersion. Vectorization is applied to the

program which is run on the IBM 3090 vector facility. The IMSL SFUN/LIBRARY is

used for the Bessel and modified Bessel functions to save CPU time.

Also, two of the zero-dispersion points can be adjusted to any desired wave-

Iengths through an objective function, as shown in Figs. 23 to 26. A sine objective

function is used to achieve a total zero-dispersion at the wavelengths of Zero, and

Zero, in the form

O(,l)=A sin|;2rciI+B, (6.1)
em, — Zero,
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where A is the amplitude of the desired total dispersion (In this paper A = 0.96

ps/km-nm), xl is the operation wavelength, and B Is the dispersion vertical shift pa-

rameter. The purpose of B is to move Zero, to a lower wavelength and to minimize

dispersion In the 1.5 pm to 1.6 um range. Zero, is the wavelength corresponding to

a zero-dispersion point at the lowest wavelength, and Zero, Is the wavelength corre-

sponding to a zero-dispersion point at the longest wavelength.

According to design requirements for optical communication systems, Zero,

could be defined within the wavelength range of 1.29 um to 1.35 pm, and the range

of Zero, would be within the wavelength range of 1.50 p.m to 1.65 pm. The minimiza-

tion problem can then be stated as:

Zero,

min [(/1- Xi) ID total (Ä- xl) “‘ (6-2)
A-Zero,

_ lf only two zero-dispersIo’n points are needed, one can use a quadratic function

as an objective function; if only one zero point is needed one can use a point-slope

form of line function as an objective function. ln order to meet the CCITT dispersion

recommendations, a design safety factor of 2.8 is applied to all the dispersion-

flattened fibers, as shown in Table 2. ln a 7·|ayer structure, extending the lower

dispersion range below 1.3 pm presents a problem if only materials with known

Sellmeier parameters are to be used [49]. Also there are difficulties below this range

with QC fibers [36]. Table 3 shows the cutoff wavelengths for the LP,,, and LP,, modes,

the mode-field radii, and the dispersion-flattened wavelength ranges for the fibers

listed In Table 2.

A 7-layer fiber, as Illustrated In Fig. 1, has thirteen parameters to be optimized:

seven layer Indices, five layer thickness ratlos, and a total core radius. After exam-

Chapter 6. Optimization ot Wavegulde Parameters 70



ining a variety of index profiles, it was found that the raised-index rings have nearly

identicai indices. The same was found to be the case for the depressed-index rings.

Repeated tests also demonstrated that the thicknesses of the raised-index rings were

nearly the same. The thicknesses of the depressed-index rings were also found to

be nearly indentical. This suggests that the thirteen design parameters mentioned

above could be reduced to only nine.

6.3. CAD Optimized Index Profiles

The capability to set the zero-dispersion point at an arbitrary wavelength is the

major advantage ofthis optimization program. This is demonstrated in Figs. 23 to 26.

Figure 23 shows the dispersion spectrum for fiber no. 6 in Table 2, in which a

dispersion of 0.97 ps/km—nm between 1.31 pm to 1.66 pm with the zero-dispersion

wavelengths at 1.34 pm, 1.50 pm, and 1.63 pm ls achieved. This is the lowest

dispersion with the widest dispersion·flattened window reported to date. Since

Sellmeier coefficients are available in reference [49] for only a limited number of

doped glasses, the dispersion curves in Figs. 24, 25, and 26 are constructed by linear

interpolations of Sellmeier expressions [62] and by using approximate method b in

Chapter 8. The interpolations are made between the values of index (at wavelength

,1 = 1.3 pm) corresponding to pure silica, 3.1 mole percent GeO, —doped silica, and

1.0 mole percent F-doped silica [49]. In Fig. 24 zero-dispersion wavelengths are lo-

cated at 1.3 pm, 1.48 pm, and 1.56 pm by defining Zero, = 1.3, Zero, = 1.56, A = 1,

and B = 0.50. lf B =0.85, then we obtain values for Zero, and Zero, exactly equal to

1.3 pm and 1.55 um respectively, as shown in Fig. 25. We wish to design fibers with

zero-dispersion wavelength within ;l;1 ps/km-nm of the 1.55 um center wavelength in
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order to guarantee minimum dispersion in the vicinity of 1.55 pm. ln Fig. 26, by set-

ting Zero, = 1.34, Zero, = 1.67, A = 1.3, and B = 0.5, zero-dispersion wavelengths

at 1.34 pm, 1.55 pm, and 1.67 pm are found.

The optimized parameters are listed in Table 2 and the corresponding fiber

performance data are summarized in Table 3. These data show that 7-layer fibers

have wider dispersion-flattened windows (for a total dispersion of 0.97 ps/km-nm)

with larger mode-field radii than the QC fibers in the reference [36]. The normallzed

propagation constant E ls plotted against the normallzed frequency V in Fig. 5 for the

LP„, , LP,,, and LP,,, modes for the fibers listed in Table 2. These curves indicate that

the multi-clad fiber’s dispersion-flattened wavelength range of 1.3 um to 1.7 um is in

the single-mode operation region. Hence, the proposed multi-clad fibers are strictly

single-mode fibers. The dispersion curves for these fibers are presented in Fig. 4.

The magnitudes of all these dispersion curves are i0.97 ps/km·nm.

Figures 27 to 29 show several final steps approaching the objective functions, in

these dispersion curves only layer ratlos 1;, , a, y, and 1), are varied, the layer indices

and total core radius r, are fixed. Figure 27 shows optimization processes for fiber

no. 6. The dispersion curves approach the horizontal axis with a sinusoidal form.

The maximum dispersion is 0.97 ps/km—nm in the range of 1.31 pm to 1.66 pm with

zero-dispersion wavelengths at 1.34 pm, 1.50 pm and 1.63 pm respectively. The

range of minimum dispersion of the second curve lies within the wavelength range

of 1.5 pm to 1.65 pm, with zero-dispersion wavelengths at 1.33 pm, 1.56 um and 1.61

pm, respectively. Figure 28 shows optimization processes for a QC fiber. The

dispersion curves move toward the horizontal axis in a form of a parabola. The

maximum dispersion is 0.97 ps/km-nm in the range of 1.37 pm to 1.58 pm with zero-

dispersion wavelengths at 1.40 pm and 1.55 pm. In the two examples above, the

dispersion amplitude parameter A in Eq. (6.1) ls defined as 0.96 ps/km-nm and B is
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Figure 23. Chromatic dispersion spectrum of fiber no. 6.
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defined as zero in the program. As a third example, Fig. 29 shows optimization

processes for a 7-layer flber. Ifthe A ls defined as 0.001 ps/km-nm, and Zero, = 1.45

pm, Zero, = 1.55 um, and Eq. (6.1) ls used as an objective function, the dispersion

curves migrate toward the horizontal axis with a sinusoidal form as shown in Fig. 29.

ln Fig. 29 the minimum dispersion is 0.02 ps/km-nm in the range of 1.45 um to 1.56

pm with zero-dispersion wavelengths at 1.45 pm, 1.50 pm, and 1.55 pm. This is an

example in which DBCONF is used to determine a waveguide dispersion which is

almost the negative of the material dispersion, resulting in a very low total dispersion

within the 1.44 pm to 1.58 pm wavelength range. lf A assumes a value equal to
10·‘,

and the program is allowed to proceed, the dispersion curve can be pushed to be-

come tangent to the axis as shown in Figs. 31, 32, and 33 in Chapter 7. The field

distributions for flber no. 4 and flber no. 6 in table 2 are plotted in Fig. 30. By in-

creasing total core radius r, and decreasing layer thickness ratlos, the mode—field

radius can be made larger.

Since we are trying to design real fibers, the glass materials in reference [49] for

which Sellmeier coefficients are available are used. The results show that with these
V
index combinations lt is very difficult to achieve a single-mode flber which has zero-

dispersion wavelengths at 1.3 pm and 1.55 pm simultaneously with dispersion less

than 1 ps/km-nm. For all flber designs in Tables 2, 5, and 9 the layer indices, which

are calculated based on Sellmeier coefficients [49], are used in the optimization pro-

gram as input parameters, i.e., the lower limit and the upper limit of the index data

are the same, only layer ratlos are varied within their lower and upper limits. So the

optimum output data are ry,, oz, y , and 1;,.

lf layer indices are allowed to vary, the more design freedom we have, the more

efficient the program would be. Then the output data would include layer indices.

At that point the flber design would involve a chemical synthesis task, that of finding
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proper dopant material and the mole percentage of dopant concentrations to produce

glass with specific layer indices at a specific wavelength.

Convergence and accuracy are important factors for any optimization technique.

The convergence for this optimization program is very rapid, as long as Zero, and

Zero, are within the ranges mentioned above. Beyond this range, the amplitude of

the objective function must increase to allow for zero-dispersion adjustment. Never-

theless this program will give an optimized solution provided the requested fiber

properties are not physically inconsistent. The matrix method is fast and accurate

when the matrix inversion is prearranged and transfer matrices are written in a

closed form. Average CPU time for optimizing a 7-layer fiber is 22 seconds for

achieving a total dispersion below 3 ps/km-nm, and 45 seconds for achieving a total

dispersion below 1 ps/km-nm.

In attempting to find more than three zero-dispersion points within the 1.3 pm to

1.7 um wavelength range, a variety of profiles with step-index structures and

graded-index structures were’tested. Our results show that three zero-dispersion

wavelengths are seemingly the maximum number of wavelengths attainable.

Table 8. lndex profile parameters for 7-layer fibers

Fiber An, An, An, 1;, a y 1;, r,

_

0.273% 0.153% 0.322% 0.874 1.144 2.500 2.500 39.25

0.431% 0.346% 0.153% 1.255 1.315 2.000 2.800 35.0

¤
0.431% 0.346% 0.153% 1.300 1.316 2.000 2.750 35.0

_

0.418% 0.200% 0.145% 1.400 1.400 3.500 3.510 38.0
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In Table 8, fiber no. 1 corresponds to fiber no. 6 ln Table 2. The dispersion curve
l

for fiber no. 2 appears in Fig. 24. The curve for fiber no. 3 appears in Fig. 25, and the

curve for fiber no. 4 appears in Fig. 26.
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Chapter 7. Novel Dispersion-Shifted Fibers

The 1.55 um transmission window is very promising for long distance optical fi-

ber communications, because in this wavelength region silica fibers have minimum

transmission loss and low splice loss due to relatively larger mode-field radius. Also,

the excess losses caused during the cabling process, installation, and long-term use

in the field are lower for longer wavelengths. However, single-mode fibers with a

conventional design have about 20 ps/km-nm dispersion at 1.55 um [68]. Reduction

of chromatic dispersion in the 1.55 um transmission window can be achieved by

dispersion-shifted single-mode fiber, but values as high as 8 ps/km-nm are still ap-

parent at 1.45 um and 1.65 pm for zero-dispersion at 1.55 pm [69].

Dispersion-shifted fibers have been produced before by using single-clad struc-

tures with G9Üz·dOp€d silica cores, but these fibers exhibited higher losses than had

been expected due to an increase ln Rayleigh scattering by higher germanium con-

centrations. A later development came in the form of a graded-index profile which

allowed the excess loss to be greatly reduced. One disadvantage of this design is its

sensitivity to bending. To overcome this problem there must be an increase in the

peak dopant level or core diameter, both of which shift the LP., mode cutoff to longer
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wavelengths. The former leads to higher excess loss while the latter causes the

zero-dispersion point to assume a wavelength shorter than 1.55 pm.

The total dispersion can be reduced to zero only at one wavelength. lt increases

as the wavelength departs from the optimum wavelength for the dispersion-shifted

fibers. This restricts the choice of laser sources and limits wavelength multiplexing

potential. lt is desirable that the total dispersion of a single-mode fiber be minimized

over an extended spectral range covering the low-loss window. We report, for the

first time, ultralow dispersion single-mode (ULDSM) fiber with zeroth-order

dispersion < 10** ps/km-nm throughout a 1 pm range centered about 1.5 pm or 1.55

um wavelength. The first—order and second-order derivatives of the dispersion are

zero at 1.5 pm or 1.55 pm. This effectively increases the laser emission tolerance.

ULDSM fibers open the way to wavelength multiplexing with inexpensive available

multifrequency Iasers for either local or long distance network application.

7.1. Maximum Information Capacity of SingIe·Mode Fiber
A

Pulse spreading in single-mode fibers is caused by the material dispersion and

waveguide dispersion of the fiber and the spectral width ofthe source. ln this section

we analyze the cancellation between material and waveguide dispersion and predict

an optimum fiber for which the zeroth·order total dispersion as well as the first and

second-order residual dispersion are zero at 1.5 um or 1.55 pm. lf a source spectrum

spreads about the minimum dispersion, higher-order dispersion terms become im-

portant. The group delay 1- is given by [70]

1 = lg- N, (7.1)
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where L is the length of the fiber and N is the group index. lf a signal is slmultane-

ously impressed on the two wavelengths, say, A, A + AA, the arrival time after travel-

ing a distance L differs by an amount

A1 = [N(A) — N(A + AA)]. (7.2)

lf AA/A<1, this pulse spreading in group delay, A1, can be obtained by means

of a Taylor series expansion of the pulse propagation time, 1, about A, [70]

..A AA L..d*~ AL 2A1- C I: dl AA+ 2 dÄ2< 2 (7.3)

here N is the group index including both material and waveguide dispersion. The

neglected higher-order terms would become significant if the zeroth-order dispersion

vanishes at A,. The residual first-order pulse spreading for a source of width AA

centered at A, is proportional to (AA/2)' as shown in Eq. (7.3). This represents the

slope of chromatic dispersion and has the value of 2.50 x 10** ps/km-nm' for fused

silica at 1.273 pm. The carrier frequency limited pulsewidth is about 2 x 10*** ps [71].

7.2. Dispersion Minimum at 1.55 pm

For a fiber with zero-dispersion wavelength shifted to 1.55 pm,

dN
IA,=1.ss = 0- (7-4)

At A,, the first-order residual dispersion limits the information capacity of the

single-mode fiber [71]. The information capacity may be further increased if d'N/dA'
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is also zero at 2,,. Again, the Fig. 1 index profile is used to achieve this goal. One

should run the optimization program DFSM and set the objective function as

O(,l) = lo +
13, (7.5)

where 1,, is a shifted center wavelength. The optimum results in Figs. 31-33 corre-

spond to the data in Table 9 and Table 10. Dispersion spectra for fiber no. 1 and fiber

no. 2 are achieved by using the objective function of Eq. (7.5) and setting J., = 1.51

pm. The maximum dispersion is < 0.01 ps/km-nm within the wavelength range of

1.45 pm to 1.59 pm for both fibers. The zeroth-order total dispersion as well as the

first and second-order residual dispersion for fiber no. 1 are zero at 1.515 pm wave-

length, and 1.510 pm for fiber no. 2. Dispersion spectra for fiber no. 3 are achieved

by using the sinusoidal objective function of Eq. (6.1) and setting A=10", B=0,

Zero, = 1.5, and Zero, = 1.6. The results are shown in Fig. 33, where zero-

dispersion wavelengths are aj 1.5 pm, 1.55 pm, and 1.6 pm respectively, and the

maximum dispersion is < 0.01 ups/km-nm in the wavelength range of 1.49 pm to 1.61

pm. The first and second·order residual dispersion are zero at 1.55 um wavelength.

Normalized propagation constant E versus normalized frequency V for LP,,, ,

LP,,,, and LP,, modes has been ploted for fiber no. 1 as presented in Fig. 34. The short

horizontal line along the frequency axis in Fig. 34 corresponds to the ultralow

dispersion wavelength range of the fiber no. 1. lt implies that fiber no. 1 is a true

single·mode fiber.

Again, Eq. 3.2 is used to analyze splice loss of the ULDSM fiber. Splice loss for

fiber no. 1 is presented in Fig. 35. lt has been noticed that the splice loss for ULDSM

fiber is smaller than DC, TC, and QC fibers with the same lateral offset. The field

distribution for the LP,,, mode of fiber no. 1 is shown in Fig. 36.
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All three examples in Table 9 are calculated using reported Sellmeier parame-

ters [49], therefore, index tolerance effects are ignored here, only geometric

imperfections are considered.

Figures 37 to 42 demonstrate that the production tolerance would be very tight.

These figures are produced in the same way as in Section 4.2. Tolerance analysis is

not repeated here, only an estimate of tolerance variations ln layer radii is given. It

can be shown from Eq. (4.3) that one also can have very tight a and A values, since

6,, is less than 0.01 ps/km-nm.

The absolute tolerance value of ör, is then $0.06 um for the value of 6D/ör, =

33.3 ps/km-nm-um as shown in Fig. 37. The absolute tolerance value of ör, is then

$0.16 um for the value of öD/ör, = 12.5 ps/km-nm-um as shown in Fig. 38. The ab-

solute tolerance value of ör, is then $0.24 um for the value of 6D/ör, = 8.3 ps/km-nm-

um as shown in Fig. 39. Figure 40 shows that the values of öD/ör, are always small

if the tolerance values of ör, are positive. By contrast, Fig. 41 shows that the values
”

of öD/ür, are always small if the tolerance values of ör, are negative. Again, possible

tolerance cancellations can occur between r, and r,, fz and r,, and r, and r,.

- The fiber profile data and fiber performance data of Figs. 31 to 33 are listed in

Table 9 and Table 10. The index differences have been calculated at a wavelength

l = 1.3um, and the index of the reference layer n,, = 1.450815 for fiber no. 1,

n,= 1.449128 for fiber no. 2, and n, = 1.446918 for fiber no. 3. Core and Cladding ma-

terials for the fibers are presented in Table 11. The material compositions are shown

in Appendix B.

Chapter 7. Novel Dlsperslon-Shlfted Flbere 88



Table 9. Index profile parameters for novel dispersion-shifted fibers

Fiber An, An, An, q, oz y rp, r,

0.338% 0.158% 0.273% 1.320 1.265 1.860 2.000 30.0

¤
0.458% 0.171% 0.297% 1.340 1.470 1.934 2.810 30.0
0.431% 0.153% 0.322% 1.384 1.420 1.998 2.523 30.0

Table 10. Fiber performance data for novel dispersion—shifted fibers

Fiber 1,,,, 1,,, w,_, w,_,, DF (< 0.01 pslkm-nm)

1.72 1.21 ·~·~ 3.74 1.45 - 1.59

1.86 1.22 -- 4.28 1.45 - 1.59

¤
1.75 1.13 -—- 3.77 1.49 -1.61

•
the units for cutoff wavelength 1, are pm.

•
the units for mode—tieId radius w are p.m.

Table 11. Cladding materials for novel disperslon-shifted fibers

Fiber layer 1 layer 2 layer 3 layer 4 layer 5 layer 6 layer 7

_

M8 M1 M2 M1 M2 M1 M3

¤
M8 M5 M6 M5 M6 M5 M10

M2 M12 M10 M12 M10 M12 M1
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Chapter 8. Accuracy of Approximate Methods for

the Evaluation of Chromatic Dispersion in

Dispersion-Flattened Fibers

The approximation based on the assumption that waveguide and material

dispersion are additive effects Ieads to a reasonably accurate estimate of chromatic

dispersion in ordinary step-index fibers. However, whether this approximation is also

adequate for ultralow dispersion fibers is questionable. This chapter examlnes the

accuracy of approximate methods for estimating chromatic dispersion in dispersion-

flattened fibers. With these methods, the material dispersion of fiber is approximated

by (a) the dispersion of pure fused silica, (b) thexdispersion of the core material, and

(c) the weighted average of material dispersion of various layers of the fiber. Actual

and three approximate dispersions are calculated and compared for fibers with two,

three, four, and six cladding regions. Examples for both satisfactory and poor accu-

racy are given. Generally, for fibers with index differences larger than 0.8% — 1%, the

errors in approximate dispersion, relative to the actual dispersion, are substantial at
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most wavelengths in the dispersion-flattened window. It is shown that the accuracy

of approximate methods depends on the index differences and their first and

second-order derivatives with respect to wavelength. The smaller the index differ-

ences and their derivatives, the smaller the errors in the approximate dispersion.

Small index differences alone do not guarantee small errors. For GeO,-doped fibers,

the accuracy of approximate methods b and c is much better than that of method a.

The question may be asked that, lf it is possible to calculate the actual

dispersion, why should an approximate method be used, so that one must be con-

cerned about its accuracy. In designing a fiber, the indices of most Iayers are initially

unknown and an actual analysis of dispersion requires the Sellmeier coefficients of

all indices, which are only available for a limited number of glass materials. Thus, in

most fiber design work, approximate methods are important means of estimating

chromatic dispersion and their accuracy should be of concern to the designers.

8.1. Calculation of Dispersion
‘

Let us consider an optical fiber consisting of k circularly cylindrical regions. The

jth region,] = 1, 2, k, is characterized by a refractive index nl. Figure 43 illustrates

the index profiles and parameters for fibers with a central core and two, three, and

four claddings. The outer cladding region ls assumed to extend to infinity. The scalar

field ln each region is expressed in terms of the Bessel and modified Bessel functions

as was discussed in Chapter 2. Imposing boundary conditions, an eigenvalue

equation is obtained which, for convenience, is expressed as

f()., ß, nl; j= 1,2, ...k) = 0, (8.1)
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where ß is the propagation constant and /1 is the free-space wavelength. The de-

pendence of ß on xl determines the dispersive properties of the fiber. The function f

in Eq. (8.1) also includes other variables such as core and cladding radii. These

variables do not depend upon wavelength and thus are not shown explicitly in Eq.

(8.1). Assuming that only the dominant LP„, mode propagates in the fiber, the chro-

matic dispersion is obtained from Eq. (2.14b). This equation is used to calculate both

approximate and actual chromatic dispersion as described below.

8.1.1. Approximate Dispersion

An estimate of chromatic dispersion is obtained by adding the waveguide and

material dispersion ,caIculated separately. The waveguide dispersion, 0,,, is ob-

tained from Eq. (2.14b) when ß is the solution of Eq. (8.1) with constant (no variation

with J. ) indices n). The material dispersion in the jth layer, (0,,,,,)), is also obtained
U

from Eq. (2.14b) using ß = (21:/l)n)().) which is the propagation constant of a uniform

plane-wave in an infinite homogeneous medium with refractive index n) . For glass

materials n) is expressed in terms of Sellmeier equation [49] given by Eq. (2.19b).

Using Eq. (2.19b) in Eq. (2.14b) in conjunction with ß=(2rz/l)n)(,1) , yields Eq. (2.19a).

The total material dispersion in silica·based fibers may be approximated by the

dispersion of the pure fused silica,

Dmat = (Dmat)siIica ·
(8-28)

by the dispersion of the core material on the basis that much of the power flows in

the core region,
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Dmal = (Dl1'laL)COf8*or

by the weighted average of dispersion of the materials constituting the fiber,

k

Dmat = 2lFj(Dmat)j • (8-2c)

j=1

where

TPH
2 2

l_j=f
|‘i’l| rdr/I |‘I·’| rdr, (8.3)

rl 0

with
‘Yl

being the field in the jth region. Having calculated D„,ll and D,„„ , the total

dispersion is obtained from D„,„, = D„ + D,,,„ . ·

8.1.2. Actual Dispersion

Substituting for nl in Eq. (8.1) from Eq. (2.19b), the eigenvalue equation becomes

a function of ß and ,1 only. This equation now accounts for all dispersion effects si-

multaneously. Using numerical techniques ß, dß/dl , and d*ß/dl' are readily deter-

mined from Eq. (8.1) and are put in Eq. (2.14b) to obtain the total dispersion. If the

eigenvalue equation produces the actual eigenvalue, the chromatic dispersion ob-

tained in this way will be actual dispersion. This analysis does not account for errors

due to the scalar wave approximation of fields. Appendix A considers the possible

magnltude of such errors.
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8.2. Numerical Results

To assess the accuracy of the approximate methods discussed in the previous

section, four types of dispersion-flattened fibers with two, three, four, and six

claddings are examined. Furthermore, for each fiber type examples corresponding

to small and large errors in the approximate dispersion are considered. For each fi-

ber, approximate dispersion characteristics corresponding to Eqs. (8.2a), (8.2b) and

(8.2c) are compared with the actual characteristic.

Table 12. Parameters for double-clad (DC) fibers

Fiber Data Core Clad 1 Clad 20% 1.403% 0.695%
DC1 1.000 1.250

(r,_= 5.6pm) M17 M4 M15
i
A 0% 0.835% 0.461%

DC2 »; 1.000 . 1.250

(r, = 6.8pm) M M16 M1 M7

Data for double-clad (DC) fibers are summarized in Table 12. ln this Table, and

in Tables 13 and 14 as well, A denotes the index difference with respect to the core

Index, 1; is the ratio of a layer thickness to the core radlus, and M represents the

material composition of the layer according to Table 15 in Appendix B. All index dif-

ferences correspond to indices at A = 1.33 pm. These fibers are referred to as DC1

and DC2 and are intended as examples with low and high accuracy for the approxi-

mate dispersion, respectively. Figure 44 lllustrates the actual and the approximate
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dispersion characteristics for fiber DC1. It is observed that the actual method pre-

dicts a chromatic dispersion less than 2 ps/km-nm in the 1.3 um < A < 1.58 p.m range.

The approximate dispersion is, however, more than twice the actual dispersion at

most wavelengths in the same range. Thus, errors in the approximate results are on

the same order of magnitude as the dispersion itself. For J. < 1.5 pm, the approxi-

mate characteristic c is in better agreement with the actual characteristic, but, in

general, none of the approxlmations gives a good estimate of the chromatic

dispersion. An accuracy analysis discussed later examines the causes of errors in

the approximate dispersion and also gives recommendations as to when and which

approximate method may be used.

Figure 45 compares the actual and approximate dispersion characteristics for

DC2. lt is noted that the agreement between the actual characterlstic and the ap-

proximate characteristics b and c ls excellent. However, the errors in the approxi-

. mate dispersion based on Eq. (8.2a) are relatively large in the flattened dispersion

window. In the short wavelength range, however, the accuracy of this approximate

_ dispersion improves, simply because the chromatic dispersion itself is large in the

short wavelength range. For this fiber, therefore, the approximate methods b and c

can reliably predict the chromatic dispersion. This fiber, as may be seen from Table

12, has much smaller index differences than DC1. Apart from the index differences,

their derivatives with respect to wavelength also influence the accuracy of the ap-

proximate methods as discussed later.

Next, dispersion characteristics of triple-clad (TC) fibers are examined. The data

for these fibers, referred to as TC1, TC2 and TC3, are given in Table 13. Fibers TC1

and TC2 are examples for large and small errors in the approximate dispersion, re-

spectively, while TC3 is an example with errors in between those of TC1 and TC2.
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Figure 46 shows the actual and approximate dispersion characteristics for TC1. This

fiber has been designed to offer an actual total dispersion of about 2 ps/km-nm in the

1.3 um < ,1 < 1.6 um range with zero-dispersion wavelengths close to 1.33 pm and

1.55 um. We observe that all three approximate characteristics differ substantially

from the actual one at most wavelengths in the desired range. As in the case of

double-clad fibers, the errors of approximate dispersion are much less in the short

wavelength range than those in the flattened dispersion window. ln the long wave-

length range, no approximate method is adequate, but for 1.3 um < 1 < 1.48 um ,

approximations b and c are better than a, while for 1.5 um < ,1 < 1.6 um , approxi-

mation a is more accurate than b and c. lt is also worth noting that the wavelengths

of zero-dispersion in the approximate characteristics are shifted considerably or dis-

appear completely.

Table 13. Parameters for triple-clad (TC) fibers

Fiber Data Core Clad 1 Clad 2 Clad 3

0% 1.403% 0% 0.695%

TC1 1.000 0.801 1.000

(r, =12.2um) M17 M4 M17 M15

0% 0.835% 0% 0.481%

TC2 1.000 0.990 0.898

(r, = 12.5pm) M16 M1 M16 M7

0% 0.628% 0.181% 0.457%

TC3 1.000 0.944 · 1.720

(r, = 14.9pm) M8 M13 M2 M10
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Figure 44. Comparison of actual and approximate dispersion characteristics for
double-clad fiber DC1.
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Figure 45. Compariscn of actual and approximate dispersion characteristics for
double-clad fiber DC2.
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Figure 47. Comparison of actual and approximate dispersion characteristics for
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Figures 47 and 48 illustrate the actual and approximate dispersion for fibers TC2

and TC3, respectively. Fiber TC2 has a chromatic dispersion less than 1 ps/km-nm

in the 1.3 um < /1 < 1.57 pm range. The approximate characteristics b and c are in

very good agreement with the actual one. The accuracy of the characteristic a,

however, is not satisfactory. lt is emphasized that errors relative to the actual

dispersion and not the absolute errors are considered in this analysis. For fiber TC3

there is a fairly good agreement between the actual and approximate characteristics

for J. < 1.45 pm, but errors in the approximate dispersion are quite large for A > 1.5

pm. A notable difference between TC3 and other two TC fibers is that TC3 has four

different indices, whereas TC1 and TC2 have only three different indices. A compar-

ison of the characteristics of all three TC fibers reveals that: (1) when none of the fiber

layers is pure silica and there is a large index difference as in TC1, characteristic a

”
differs drastically from the other two approximate characteristics (Fig. 46), and (2) the

approximate characteristics b and c in all cases differ only slightly from each other.

· The Iatter conclusion is because power in such single-mode fibers is largely confined

to the central core. These conclusions are also valid in fibers with two, four, or more

claddings.

Let us consider two quadruple-clad (QC) fibers with data given in Table 14. The

parameters of QC1 are typical of a dispersion-flattened fiber with four claddings of

different indices. The dispersion characteristics for QC1 and QC2 are shown in Figs.

49 and 50, respectively. Much of the discussion on TC2 and TC3 also applies to QC1

and QC2 and thus need not be repeated again. The dispersion analysis for the three

types of fibers presented here may, in fact, be generalized to any single-mode fiber

operating in the long wavelength range. From these examples, it has become clear
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Figure 48. Comparison of actual and approximate dispersion characteristics for
triple-clad fiber TC3.
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that small index differences are necessary but not sufficient to achieve small errors

in approximate dispersion b and c, because the errors are also influenced by the

derivatives of index differences with respect to wavelength as discussed below.

Table 14. Parameters for quadruple-clad (OC) fibers

Fiber Data Core Clad 1 Clad 2 Clad 3 Clad 4

0% 1.022% 0.272% 0.873% 0.649%

QC1 1.000 0.905 1.500 2.600

(r, =19.4pm) M14 M1 M15 M10 M7

0% 0.835% 0% 0.835% 0.461%

QC2 1.000 1.440 1.000 1.520

(r, =12.5pm) M16 M1 M16 M1 M7

8.3. influence of Derivatives of Index Differences on the Accuracy of

Approximate Methods

lt is evident from Eqs. (2.14b) and (2.19b) that chromatic dispersion depends on

the first and second-order derivatives of the refractive indices of various Iayers with

respect to wavelength. Since all cladding indices may be expressed In terms of the

core index and A, defined as A,= (nä- nf.,)/2n$,j = 1, 2. k — 1, it can be said that

chromatic dispersion depends on A, and their derivatives. The exact nature of the

influence of derivatives of A, on chromatic dispersion is very complicated. Here, we

limit the analysis to a qualitative one and try to gain some Insight into the significance

of these derivatives and their effects on the approximate dispersion. There are many
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different index differences for various fibers discussed in the previous section, and

studying the first and second-order derivatives of all ls Iaborious and perhaps un-

necessary.

We, therefore, choose to study the largest index difference which generally be-

Iongs to the innermost cladding as a representative index difference. lt is also intui-

tive that the influence of this index difference on material dispersion is stronger than

that of other claddings.

Variations of
A,’

= dA,/dl, and A", = d*A,/dl! versus wavelength are shown in

Figs. 51 and 52, respectively. We note that these derivatives for DC1 and TC1 are

much larger than those for DC2 and TC2. On the other hand, the errors in the ap-

proximate dispersion characteristics b and c are quite large for DC1 and TC1 (Figs.

44 and 46) and are appreciatively smaller for DC2 and TC2 (Figs. 45 and 47). Thus,

larger values of A,, A',, and A", imply larger errors in the approximate dispersion.

Let us next compare A', and A," for QC1 and QC2 fibers. For QC2,
A,’

is small at all

wavelengths and A," decreases with wavelength. For this fiber, the approximate ‘

characteristics b and c are in very good agreement with the actual one at all wave-

lengths (Fig. 50). For QC1, inthe short wavelength range, A," is very small and A',

is nearly equal to that for QC2, Furthermore, both A,' and A," increase with wave-

length. On the other hand, we recall that the accuracy of the approximate character-

istics for QC1 (Fig. 49) is good in the short wavelength range and is poor in the long

wavelength range, with the implication that larger values of A,, A,’, and A," are re-

sponsible for the lower accuracy.

Comparison of results for TC2 and TC3 fibers is quite revealing. lt is noted from

Figs. 47 and 48 that the accuracy of approximate dispersion b and c for TC2 is much

better than that for TC3. This is because index differences for TC3 are smaller than
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those for TC2. Larger errors in the approximate dispersion of TC3 are attributed to

larger values for the derivatives of index differences in this fiber. lt is evident from

Fig. 51 that A', for TC3 is about three to four times larger than that for TC2.

lt is thus concluded that smaller index differences do not necessarily imply

smaller derivatives and hence better accuracy for approximate methods. Another

example with small index differences and yet with a poor accuracy in the approximate

dispersion was reported before [72]. Finally, the numerical analysis presented here

includes primarily G60,-doped fibers, because the Sellmeier coefficients for these fi-

bers are more readily available. For fluorine-doped fibers approximate methods a

and b become the same.

As last examples, we consider one 7-layer fiber with data given in Table 2 (fiber

no. 6). Fiber no. 6 has a chromatic dispersion less than 1 ps/km-nm in the 1.31 um

< il < 1.66 um range. The approximate characteristics b and c are in very good

agreement with the actual one. The accuracy of the characteristic a, however, is not

satisfactory as shown in Fig. 53. With 7-layer fiber again we have proved that the
8

accuracy of approximate methods is largely governed by the index differences and

their derivatives with respect to wavelength. ln order to have small errors in the

chromatic dispersion calculated by an approximate method, it is necessary for both

the index differences and their derivatives to be small. For most doped silica-based

glass materials, however, it suffices to have small derivatives for the index differ-

ences. But small index differences alone do not guarantee small errors. The influ-

ence of the derivatives of index differences thus appears to be more significant. For

fibers with index differences less than 0.8 % and with pure fused silica as the lowest

index material, the approximate methods based on the weighted average material

dispersion and the dispersion of the core material are adequate.

Chapter 8. Accuracy of Approxlmate Methods for the Evaluation ot Chromatic Dlsperslon ln
Dlspersion-Flattened Fibers 118



It is shown in Fig. 54 for fiber no. 6 that there is not too much difference for the

dispersion spectra with approximate method a by using core material index at differ-

ent wavelengths. This is also true for any number layer fibers.
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Figure 49. Comparison of actual and approximate dispersion characteristics for
quadruple-clad liber QC1.
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Chapter 9. Conclusions and Recommendations

We have proposed a series of new single-mode dispersion—flattened fibers with

three zero-dispersion wavelengths. These fibers have potential application in long

distance optical fiber communications and also for wavelength division multiplexing

throughout the spectral range of 1.3 um to 1.7 pm. The zero chromatic dispersion

wavelengths of these fibers are less dependent on cladding index and dimensional

variations than those of DC, TC, and QC fibers. Optimized in the 1.31 um to 1.68 pm

lwavelength range, they exhibit lower dispersion (< 1 ps/km—nm), wider dispersion-

flattened windows, and larger mode-field radii than those of DC, TC, and OC fibers.

These new fibers have small splice and bend Iosses as compared with DC, TC, and

QC fibers with the same value of dispersion. An optimization program is used to

determine the optimum fiber profile data. The proposed multi·clad fibers are strictly

single-mode and have the lowest dispersion over the wldest range of wavelengths

reported to date.

Ultralow dispersion fibers whose dispersion is < 0.01 ps/km-nm throughout a 1

um spectral range centered at 1.55 um and whose first-order and second·order of

dispersion are zero at 1.55 um have been designed and analyzed. All dispersion-
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shifted fibers in the open literature have dispersion values of 8 · 20 ps/km-nm in the

neighborhood of the zero-dispersion point 1.55 pm. To our knowledge, this is the first

report on DFSM fibers with ultralow disperion and large bandwidth. The drawback

of this type of fiber is the very critical production tolerance requirements. But as

manufacturing technology advances tight tolerances will become less of a problem.

The accuracy of three approximate methods for evaluating chromatic dispersion

in multi-clad low dispersion single-mode fibers has been examined. These methods

are different only in estimating the material dispersion of the fiber. Method a, which

approximates the material dispersion of fibers by that of pure fused silica, is generally

the least accurate for GOOZ -doped fibers. Methods b and c, which approximate the

material dispersion of fibers by that of the core material and by the weighted average

of material dispersion of various layers, respectively, have nearly the same accuracy.

lt has been shown that the accuracy of approximate methods is influenced not only

by the layer index differences, but also by their derivatives with respect to wave-

length. The smaller the layer index differences and their first and second-order de-

rivatives, the better the accuracy of approximate methods b and c. For fibers with

layer index differences less than 0.6% - 0.8 % and with pure fused silica as the lowest

index material, the approximate methods b (method a for F-doped fibers) and c are

adequate.

In search of an optimum solution, various types of fibers, with step·index as well

as graded-index profiles, have been attempted for optimization using different objec-

tive functions which have four, five, and six zero-dispersion wavelengths. MuIti—clad

fibers with as many as flfty-one layers and with different profile shapes have been

tested. The numerical results show that maximum of three zero-dispersion wave-

lengths can be obtained in the wavelength range of 1.3 um to 1.7 pm with dispersion

less than 1 ps/km-nm. lt seems impossible to have a sinusoidal dispersion spectrum

Chapter 9. Concluslons and Recommendatlons 127



with a negative dispersion slope around its first and third zero-dispersion wave-

lengths, or, quadratic dispersion spectrum with a negative dispersion slope at the

first zero-dispersion wavelength and with a positive dispersion slope at the second

zero-dispersion wavelength. The purpose of construction of mirror dispersion
A

spectra is that positive dispersion cancels negative dispersion. lf two fibers in series

have mirror-image dispersion curves, the negative dispersion of the one will cancel

the positive dispersion of the other, so that network repeaters will be required due

to attenuation alone. From Fig. 16, we notice that if a QC fiber is connected with the

7-layer fiber and operating at 1.53 pm the positive dispersion of the QC fiber will be

compensated by the negative dispersion of the 7-layer fiber. ls it possible to find a

fiber profile structure which produces a negative dispersion slope at the first zero-

dispersion point? In order to do so, material dispersion, which is the dominant factor

in low wavelength dispersion, must be overcome.

After extensive computer simulation it has been found that TC, QC, and 7-layer

fibers can be single-mode fibers as long as the difference of the cutoff wavelength

of ld, and im for TC fiber is larger than 0.5 pm, that for QC fiber is larger than 0.7

pm, and that for 7-layer fiber is larger than 0.9 pm. 7-layer fiber can be multimode

fiber also if the cutoff wavelengths of ld, and lm are close. The major advantage of

7-layer fiber is that its parameter change is not as sensitive to mode nature change

and dispersion spectrum change as that of DC, TC, and QC fibers.

Numerical results show that a profile with any number of layers can be used to

modify fiber structures to produce dispersion-flattened spectra. For the same maxi-

mum dispersion, the dispersion-flattened window of 7-layer fibers is larger than that

of DC, TC, and QC fibers, and the dispersion-flattened window of 9-layer fibers is

larger than that of 7-layer fibers. lncreasing the number of layers and simultaneously

lncreasing total core radius would increase the span of the dispersion-flattened win-
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dow. But considering production cost and overall fiber transmission performance,

such as low core and cladding index differences, proper layer thickness, larger

mode-field radius, lower bend loss, and a larger dispersion-flattened window, a

7-layer fiber with step-index structure, shown in Fig. 1, appears to be the best struc-

ture to date.

DC, TC, QC, and 7·layer fibers having equal dispersion magnitude of 0.97

ps/km-nm have been compared. With DC, TC, and QC structures, if dispersion is kept

lower than 1 ps/km-nm, only quadratic dispersion spectra can be constructed. It has

been found that for D'(l,,) 2 0 lower production tolerances can be achieved. For bet-

ter design tolerances, a sinusoidal dispersion curve is preferred, since the dispersion

slope at the third zero-dispersion point is always > 0. This would take full advantage

of the low D'„,„ at longer wavelengths and reduce the dispersion sensitivity coeffi-

cients, resulting in relatively relaxed production tolerances under certain dispersion

requirements. Therefore, in the design of dispersion-flattened fibers dispersion

spectra with sinusoidal curves are preferred, _

Developing a DFSM fiber optimization design program which can trace multiple

objective functions simultaneously is an important possible objective. The multiple

objective function would involve the integration of (1) minimum dispersion, (2) a

flexible choice of the wavelengths of the zero-dispersion, (3) the maximum widthof

the dispersion-flattened window, (4) reasonable splice and bend Iosses, (5) small in-

dex differences between the layers, and (6) reasonable layer thickness and pro-

duction tolerances. Designing fiber profile from fiber specifications is an lnverse

design process worth pursuing. Since multi-clad DFSM fiber design involves multi-

dimensional parameter optimization problems with multi-objective functions, it is im-

portant to find a straightforward two dimensional design chart which defines the

relationships between the mode-field radius, LP,, mode cutoff wavelength, dispersion,
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refractive index difference of each layer, layer thickness ratio, splice loss, and bend

loss. lt is also important to define the upper and lower limits of these design spec-

ifications.

With the optimization method described in Chapter 6 the user can have a simple

step-index profile with many desirable characteristics. There is no startinglvalue

problem, and as long as the objective function is reasonable, the computer will give

an optimum solution in any case. Since solving wave equations involves computation

of a transcendental equation, and obtaining the propagation constant ß requires a

very high accuracy, and both these procedures require a great deal of CPU time, a

new computational method described in [73] is worth examining. This method cal-

culates the propagation constant and the modal field of fibers with arbitrary profiles

by transforming arbitrarily cylindrically symmetric refractive index profiles into

equivalent planar profiles, and uses straightforward multiplication of 2 x 2 matrices

developed to solve planar optical waveguides, and it does not require the solution

of any transcendental or differential equations. Finally, the CAD DFSM fiber design
‘

program would link to IBM CADAM or other graphic packages to give the designer a

comprehensive specification data set and graphic outputs for fiber index profile,

dispersion characteristic, splice loss, bend loss, and field distribution.
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Appendix A. Weakly Guiding Approximation

Even with the simplifying assumption that the cladding is infinitely thick,

MaxwelI’s equations, although they have exact solutions for the dielectric cylinder,

are too involved to be evaluated without a computer. Kurtz and Streiffer [74] used the

existence of scalar optical fields for the modes of circular cylindrical fibers, and later

Gloge [75] demonstrated the simplifying expression of these fields as Iinearly

polarized (LP) electromagnetic fields. _Under the weakly guiding approximation, most

results apply for all frequencies and propagation conditions, even at cutoff, with an

accuracy of the order of the index difference between core and cladding [75].

If the dielectric difference A between core and cladding is small, as is the case

for most optical fibers, the weakly guiding approximation can be applied, thus greatly

simplifying the form of the electromagnetic fields in dielectric waveguides. The basic

results and the physical explanation for the validity of this approximation can be seen

by considering plane waves reflected from planar interfaces [76]. For the practically

important case of small index differences with n„/n„=1 , the acceptance angle at the

interface, 6,, is
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6,:, /1 — n?,;n?„ = ,/2A <1. (1)

A Taylor series expansion in A demonstrates that, to first order, different

polarizations behave identicaliy in the presence of the interface, so that if higher-

order terms in A, are ignored, descriptions of the electromagnetic field are simplified

and both polarizations behave identicaliy. This approxlmation yields the same results

as ignorlng terms of order A in the boundary conditions and Vs terms in the wave

equations for the field components. The total field can be defined by one scalar field

shape, corresponding to the variation of the field in the transverse plane, from these

simplified wave equations. By using the approximate form of equations which ig-

nores the V6 terms, the Iongitudinal field components can be evaluated directly

1 -Ez = g Vt•(-E1)- (Za)

1 -Hz = W; V1•(Hr)- (2b)

where subscript T stands for the transverse field components, and all transverse field

components satisfy simplified Helmholtz equations of the form

tv? +
»<ä¤“ — ß’>FT

= ¤. (sa)

(V? + Kän? — /22):7, = 0. (3b)

For small A, the Iongitudinal components E, and H, of the fields are much smaller

than the transverse field components

lEz/Erl=lHz/HrI<l- (4)
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Equation (4) dernonstrates that, to first·order, the effects of the longitudinal field

components can be ignored and the total electromagnetic field can be approximated

by the transverse field components, (r, dz), alone, since these plane waves which un-

dergo total internal reflection are the bound modes that carry energy along an optical

fiber. The solution for the radially dependent scalar field, ‘}’(r) , in the various regions

should satisfy the weaklyguiding fiber approximations to the boundary conditions.

For fibers with profile discontinuities, one simply applies the continuity conditions of

the transverse field shapes and their radial derivative across the boundaries. Ap-

plying the approximation A<1 leads to much simpler field solutions, the total number

of field components is reduced to one, (r), and the necessity of considering

polarization sensitivity is eliminated. In general, we choose Iinearly polarized (LP)

field notation [75,76] because both polarization components behave identically within

this approximation. Since the interface between slightly different indices completely

reflects internally only a very small range of possible plane wave directions incident

upon it, this approximation for small A has been called the weakly guiding approxi-

mation. Since the total electromagnetic field can be defined by one scalar field, this

approximation has also been referred to as the scalar wave approximation.

The weakly guiding approximation produces an exact solution at cutoff, exhibit-

ing a maximum relative error of up to 2% for very high frequencies [75]. But fields

derived from this method are not adequate to describe polarization effects in fibers.

More details can be found in the references [75,76].
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Appendix B. Material Compesition
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Table 15. Material composition [49]

No. Composition

M1Q
4.1 m/0 G60,, 95.9 m/0 Si0,

4.03 m/o G€O,, 9.7 m/o 8,0,, 86.27 m/o Si0,

0.1 m/o G60,, 5.4 m/o 8,0,, 94.5 m/o SIO,

M5 13.5 m/o 8,0,, 86.5 m/o Si0, (chilled)

M6 3.1 m/o 660,, 96.9 m/o Si0,

M7 3.5 m/0 G80,, 96.5 m/0 Si0,

5.8 m/0 G€O,, 94.2 m/0 Si0,

3.5 m/o 8,0, 96.5 m/o Si0,

2.2
m/ox

G60,, 3.3 m/0 8,0,, 94.5 m/0 SIO,

M11 13.3 m/o 8,0, 86.7 m/0 Si0,
‘

M12 1.0 m/0 F 99.0 m/o Si0,

M13 3.3 m/0 G80,, 9.2 m/o 8,0,, 87.5 m/o Si0,

9.1 m/0 P,0,, 90.9 m/o Si0,

9.1 m/o G80,, 7.7 m/0 8,0,, 83.2 m/o Si0,

M16 7.9 m/0 G60,, 92.1 m/o Si0,

M17 13.5m/o 660,, 86.5 m/o Si0,
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