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ABSTRACT

The purpose of this Ph.D. thesis is to define the design window of single-mode
dispersion-unshifted fibers. This window, defined in the mode field diameter (MFD) and

cutoff wavelength (1.) plot, is determined by the fiber properties with regards to the
chromatic dispersion, the bend loss sensitivity at 1550 nm and the modal noise penalty

imposed on high speed operating systems.

This has been achieved by developing numerical models used to analyze the properties of
optical fibers. These models were used to calculate the propagation characteristics of
optical fibers and from them their physical properties, such as the dispersion and bending
loss of the fundamental mode. Similar programs, used in the calculations of the LP,
mode attenuation and bend performance, determined the fiber’s modal noise sensitivity

and from it the upper limit of cutoff wavelength.
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MAJOR CONTRIBUTIONS

Even though the majority of this work is new, its major scientific can be summarized by

the following points:

An accurate numerical model was developed and used to determine not only the
chromatic dispersion as a function of the mode field diameter and the cutoff
wavelength, but several other parameters such as dependencies of the chromatic
dispersion slope and the dispersion characteristics of a unique dispersion-shifted fiber.

A vast amount of experimental results were used to validate the model.

The bend loss characteristics of the optical fibers was determined theoretically, and a
fit based on the MFD/A_, was developed. This optimized fit was used to define the

bend loss in the design diagram.

A lot of effort was devoted to the study of the modal noise properfies. Most of this
area is not well understood and is of great interest to the technical community.
Explanations, backed with experimental and theoretical calculations, were given on
the differences of the matched and depressed-cladding performance. Conservative,
yet practical, limits were suggested upon which the upper limit of cutoff wavelength
was determined. The bend and length dependence of cutoff wavelength was used to

widen this limit further, by imposing controlled bends in the fiber layout.

By using this work, the performance of fiber optics systems using current fiber types can

improve significantly. This study can also be used to design future fibers and refine the

operation of fiber optics systems even further.
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1. INTRODUCTION

During the last decade, optical communications have moved from the research
laboratories into the field. While numerous fiber types have been fabricated in the
laboratories, only very few have been deployed in the field. The fibers that are used
widely in field installations are separated into multimode fibers, i.e., fibers supporting
several hundreds of modes at the wavelength of operation, and single-mode fibers, i.e.,

fibers that operate at wavelengths where only one mode is guided.

Even though the first low loss optical fibers fabricated in the research labs were single-

mode [1] the fibers employed initially in the field were multimode. Difficulties
experienced in coupling light into the small core of single-mode fibers and splicing and
interconnection between fibers prevented them from being used widely in the field at that
time. To the contrary, multimode fibers offered the distinct advantage of ease of splicing,
connectorization and launching efficiency from light emitting diodes (LED), and laser
diodes (LD) to the fiber, due to their large core size and the Numericél Aperture (NA).
The refractive index profile of telecommunication-quality multimode fiber is nearly
parabolic in shape, so that group velocity differences between the modes are minimized,
increasing the fiber bandwidth by reducing the effect of the intermodal dispersion. In the
late 1970's and early 1980's research efforts were placed to determine the propagation
properties of this fiber type. These studies were responsible for the optimization of the
loss and bandwidth of this fiber. At that time a second window of operation was
introduced at 1300 nm, where both the material dispersion properties of the glass and the
fiber loss are minimized. The prediction of the propagation characteristics of this fiber

type was based on geometrical optics, or the Wentzel, Kramer, Brillouin (WKB) method,

a simplified approximation to the Maxwell's differential equations[2]. Even though we

were able to understand the fiber's optical transmission characteristics, several fiber

parameters were over- or underestimated, such as the bandwidth[3]. During that time, no

numerical techniques were successfully applied to optimize the design of this fiber type.




The WKB approximation declines substantially in accuracy as the number of modes
decreases. For the case of single-mode fibers, the WKB approximation is not valid. Since
its introduction, the refractive index of the conventional single-mode fiber has been
approximated by a step index profile. Due to the simplicity of its structure, the step index
equivalent single-mode fiber can be analyzed by using Maxwell's equations, especially if
some simple approximations are made. The step index equivalence gave meaningful
results regarding the propagation properties of the fiber. It also contributed to the

understanding of the optical properties of this fiber type, and to the development of the
concept of linearly polarized modes, Lan["']. However, some propagation properties of

single-mode fibers could not be calculated. Significant deviations of the actual index
profile from the step index approximation are caused by the fabrication process. These
variations are characteristic of the process used, and can be repeatable for fibers

manufactured by the same process. The fiber's chromatic dispersion is a propagation

property most sensitive to the exact shape of the fiber profile[5]. In addition, the fiber
waveguide properties are altered due to geometrical deformation of the fiber's axis, which

is caused by the cabling process of the optical fiber, and by the field installation of the

fiber optic cables[0]. For these reasons, a numerical model is necessary in order to predict

accurately these propagation properties of conventional optical fiber waveguides.

Recently, new fiber types have been designed with altered waveguide characteristics
caused by adjusting the refractive index profile of the fiber[18]. These efforts have
resulted in the development of the dispersion-shifted and dispersion-flattened fiber types.
By fabricating fibers using these designs, it is possible to match the wavelength of the
optimum dispersion to the minimum attenuation. This has resulted in optical transmission
systems with increased repeater spacing in the optical cable link. The propagation
properties of these fiber types can be analyzed only by numerical techniques. This is due
to the complexity of the refractive index profile of the fiber, where an exact solution of

the Maxwell's equation becomes impossible. Up to date numerical models have been




extremely valuable tools in the prediction of the propagation parameters of single-mode

fibers, and in the development of new fiber designs.

In order to determine the applicability of a numerical model even further, a review of the
waveguide characteristics of optical fibers is necessary. These characteristics can be
separated into those that contribute to the increase in the waveguide loss, and those that
alter the dispersion properties. As will be seen later, these parameters can be determined

for any refractive index profile, by solving Maxwell's equations.

The parameters that contribute to the loss of an optical waveguide are of great importance
to the fiber designer. Due to recent improvements in process control, losses as low as 0.15

dB/km have been achieved for single-mode optical fibers in the wavelength region of

1550 nml7]. Recently, sources at this wavelength have become available, increasing the
utilization of this window of operation. By employing fibers with such low losses,
repeater spans as long as 200 km have been demonstrated at different laboratories,

making fiber optics telecommunications particularly attractive to transoceanic

transmission[8]. For this type of fiber design, extrinsic loss increases, caused by
waveguide phenomena, cannot be tolerated. These waveguide induced losses are

separated into the following two categories:

(a) Losses caused by the waveguide structure due to leakage of the fundamental mode in
the depressed-cladding fiber design caused by the location of the inner/outer cladding
interface. For improperly designed fibers, this can be the dominant loss mechanism,
especially in the longer wavelength range of 1550 nm. These losses have been eliminated

by reducing the depressed level of the inner cladding.

(b) Attenuation of the fundamental mode due to the deformation of the fiber axis. This
occurs either during the cabling process, where the fiber can be deformed by microbends
that may cause a significant loss increase at low temperatures, or during the cable

installation, where thousands of bends of relatively large radius of curvature over 1 km
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length can impose a severe fiber loss, causing system failure. These effects can be
reduced by selecting the proper fiber and cable designs, by careful control of the fiber
layout conditions during the splicing and connectorization process and by the proper

selection of the design window.

The chromatic dispersion properties of the optical waveguide can become the limiting
factor to the maximum link length, especially for those fiber types where the zero
dispersion wavelength coincides with the fiber's minimum loss. If these fiber parameters
are not optimized, the performance capabilities of the system can be affected
significantly. It was previously thought that the dispersion effect was significant if used
in combination with large spectral width sources. These include the multi-longitudinal
mode lasers or light emitting diodes (LED's). It was believed that these effects could be
reduced with the use of very narrow spectral width sources, such as single-longitudinal
mode lasers. It has been recently discovered, however, that even in this case secondary

dispersion effects can degrade the system performance characteristics. These effects are

present in high bit rate applications[9] and increase the modal noise sensitivity of the

system.

In addition to the above parameters, others are also of extreme importance to the fiber
designer. A very significant parameter is the fiber's Mode Field Diameter (MFD), which
influences the fiber's ease of connectorization and splicing. The joint loss of optical
fibers was reduced by limiting the variability of the MFD to £ 0.5 um around a nominal

value. As we will discuss later, this nominal value varies with the fiber type.

Most of these parameters can be predicted numerically from the solution of the scalar
wave equation. By solving the eigenvalue problem, the propagation constant of the
fundamental and higher order modes is found as a function of the wavelength. The
eigenfunctions of this differential equation predict the fiber's mode field diameter, and
therefore its splicing and cabling performance. It is, therefore, obvious that such a unified

numerical model is an extremely useful tool to the fiber designer. A complete analysis of
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new fiber types can be developed, and their optical performance can be accurately

predicted, decreasing the development cost and time significantly.

In the past, several numerical models were developed to accurately predict the fiber

properties from the solution of the scalar wave equationl10;11,12] The two most
important methods being used today are the finite differences and the finite element

techniques. This is especially true for the case of dispersion-unshifted fibers, i.e., fibers

whose chromatic dispersion is altered only slightly by waveguide effectsl13]. For other

parameters, such as the bending and microbending fiber loss, the agreement between

theory and experiment is poor[14]. The same is true in the case of the dispersion-shifted
fiber, whose chromatic dispersion is altered greatly due to waveguide effects. The

differences between experimental and calculated results are caused by measurement

errors [15] and by the inaccuracies of the model.

The purpose of this work is to develop numerical models and use them to define the
design window of single-mode dispersion unshifted optical fibers. Numerical methods
were used before to predict some propagation properties of optical fibers. These models
were not used to define the allowable window of operation based on accurate and
meaningful measurements. The properties of chromatic dispersion, bend loss and modal
noise were used individually. No work has been published to connect these important
properties together and develop a well-defined design window of operation. In this work
numerical models will be developed to predict accurately the dispersion properties of the
optical waveguide. Based on a physical explanation of the observed differences between
the experimental results and the numerical calculations, accurate predictions of the

bending performance of optical fibers will be made.

The most significant goal of this work, though, is to uncover limitations of
currently used deployment techniques and recommend methods for improvements. This

includes the dispersion properties and bend loss limits. By performing accurate




calculations, it is shown that the design window can be increased and the optical
performance of the fiber can improve significantly. A complete analysis on the modal
noise generation of optical fibers will increase the upper limit of the cutoff wavelength
and will improve the layout configuration of the optical fibers. This will result in a
reduction-of the amount of the required fiber in distribution frames and splice organizers,

and will increase the density of fibers in central telecommunications offices where extra

space comes at a great premium.




2. THESIS ORGANIZATION

After the introduction, which was presented in the first section, an overview of the optical
fiber designs is presented in Section 3. In this section, the design of single-mode optical

fibers used for this work is defined.

Section 4 presents a numerical investigation of the propagation characteristics of optical
fibers. The section starts with the derivation of the scalar wave equation from Maxwell’s
equations. The one-dimensional scalar wave equation is solved numerically using finite
elements and finite differences methods. These methods are used to find the relationship
of the propagation constant as a function of the normalized frequency which in turn is
utilized to calculate the chromatic dispersion properties of optical fibers. These
properties are found in Section 5 and are used to define the window of operation of
single-mode fibers. The same section also describes the chromatic dispersion properties

of a unique dispersion-shifted fiber.

In Section 6, the bend loss of the fundamental mode of single-mode optical fibers is
shown. An empirical equation was developed and used to define the bend loss limit on

the MFD-Cutoff Wavelength diagram.

Section 7, the longest section of this work, establishes the cutoff wavelength limit based
on the modal noise of single-mode fibers. After a phenomenological and theoretical
explanation of modal noise and the evaluation of the attenuation and bend loss properties
of the LP,, mode, the section establishes the upper limit of cutoff wavelengih for a 0.5
meters fiber with and without the formation of a bend on the fiber configuration. This

parameter completes the design window of single-mode fibers.

Section 8 presents a summary of the test methods used to obtain the experimental results,
while the conclusions are given in Section 9. Finally, Section 10 suggests research that

can be used to enhance the understanding of the single-mode fibers even further.
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3. FIBER DESIGN STRUCTURE

In order to be able to understand the propagation characteristics of an optical waveguide,
it is necessary to examine the fiber structures to be analyzed. It is simple enough to
separate the fiber structures into two categories: structures with and structures without
angular symmetry. The first category includes all the fibers that are currently used in the
telecommunications industry. Single mode fibers with such structure support two
orthogonally polarized degenerate modes (i.e., modes with the same propagation

constant).

The second category includes polarization maintaining fibers used in fiber sensor
technology, and will be used in future coherent telecommunications systems. In these
fibers the polarization degeneracy of the two orthogonal modes is removed using
geometrical or stress-induced asymmetries. A fiber profile with geometrical asymmetry is
shown in Figure 3.1(a). Figures 3.1(b) to 3.1(d) present the fiber profile of stress-induced
birefringence. The purpose of this study is to evaluate the properties of fibers with

angular symmetry, and the analysis of birefringent fibers is outside the scope of this work

It is of great importance to understand the different fiber types in terms of their profile's
shape. An important parameter is the refractive index profile of the fiber that refers to the
variation of the refractive index as a function of the radial distance from the fiber center.
The part of the fiber profile where the refractive index is higher than that of the rest of the
fiber, is called the "core" of the fiber. The oufer part of the fiber, with refractive index
lower than that of the core, is called the "cladding" area of the fiber. The refractive index
in this region is usually the same or lower than the refractive index of pure silica.
According to the Telecommunications Industries Association (TIA) specifications,

standard single-mode fibers are separated into three different categories:
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Figure 3.1:  Four types of polarization maintaining fibers. (a) Geometrically induced
birefringence. (b) Bow-type fiber. (c) Panda fiber. (d) Elliptical cladding
fiber. The dark areas symbolize the refractive index reduction and

tension-induced birefringence.

Figure 3.2:  One-dimensional refractive index profile of a matched cladding single-

mode fiber measured by the refracted-near-field technique




(a) (b)

Figure 3.3:  Two-dimensional profile of dispersion-modified fibers. (a) Triangular
profile dispersion-shifted fiber. (b) Multiple core dispersion-flattened
fiber.

Class IVa, or dispersion unshifted fibers, where the dispersion properties of the fiber

deviate only slightly from the characteristics of the materials that compose the

fiber[16,17,18]. A typical one-dimensional refractive index profile of this fiber type

manufactured by the outside-vapour-phase deposition method is shown in Figure 3.2.

Class IVb, or dispersion-shifted fibers, where the wavelength of zero dispersion
coincides with the wavelength of minimum loss, which for single-mode silica-based
fibers is located around 1550 nm[19,20,21], Figure 3.3a shows a two-dimensional profile

of a dispersion-shifted fiber.

Class IVc, or dispersion-flattened fibers, where the fiber's chromatic dispersion crosses

the zero axis at two different wavelengths. These fibers are practically dispersion-free,

since the arnount of dispersion between these two wavelengths is very small[22,23]. In

Figure 3.3b, a two-dimensional profile of a dispersion-flattened fiber is shown.




From all these designs, class IVa fibers are deployed in more than 90% of the currently
used telecommunications systems with the remaining being of the class IVb type. Even
though both class IVa and IVb will be analyzed in terms of their dispersion
characteristics, this work will concentrate on the propagation properties of dispersion
unshifted fibers. Depending on their refractive index profile, these fiber types are

separated into two different categories:

GeO, doped Silica

a b C

F doped Silica

Figure 3.4:  Three different types of matched-cladding fibers. (a) The most common
fiber type with GeO, doped core and pure silica cladding. (b) A matched-
cladding fiber with F-doped cladding. (c) A pure-silica core matched-
cladding fiber.

The first fiber type, known as the ""matched-cladding" fiber[24,25], is characterized by
a cladding refractive index that is constant over the whole cladding region. In currently
available commercial fibers, this fiber type is fabricated by a pure silica cladding, and a
germanium oxide (GeO,) doped core. Most recently, "matched-cladding" fiber types have
been formed by a fluorine-doped cladding and a pure silica core, or with a heavily
fluorine-doped cladding and a slightly fluorine-doped core. Due to design problems, very
few of these fibers are currently in use. For all these fiber types the waveguide effects
remain the same and only the material effects change. These fibers are completely
characterized by their core size and the refractive index difference between the core and

the cladding. The propagation properties of these fibers are the simplest ones to analyze.




A schematic diagram of the three different matched-cladding fiber types is presented in

Figure 3.4.
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Figure 3.5:

(a) (b)

One (a) and two-dimensional (b) refractive index profile of the depressed-
cladding single-mode fibers. For this popular fiber type, the inner/outer
cladding boundary is fundamental to the propagation characteristics of the

optical fiber.

The second fiber type is referred to as a 'depressed-cladding" fiber[26,27], and the

fiber's cladding is separated in two areas: the inner and the outer cladding. The "inner"

cladding surrounds the core area, and is of lower refractive index than the "outer"

cladding, which completes the fiber structure. For this fiber type, the "outer" cladding is

always composed of pure silica, while the "inner" cladding is made of fluorine-doped
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silica, and the core of germania doped silica. In order to characterize properly this fiber

structure, the following parameters should be known:

(a) The core radius, a.

(b) The refractive index difference between the core and inner cladding, An.

(c) The inner cladding depression, An~/An™.
(d) The inner cladding to core ratio, b/a.
An one-dimensional index profile of a depressed-cladding single-mode fiber, as

fabricated by the Modified Chemical Vapour Deposition (MCVD) process, is shown in

Figure 3.5 (a). The two-dimensional profile of the same fiber is shown in Figure 3.5 (b).




4. NUMERICAL INVESTIGATION

4.1 Introduction

In order to develop models that define the boundaries of the operating window of single
mode optical fibers, we have to understand the physical meaning of their propagation
properties, and be able to determine these parameters quantitatively. This is especially
true for the determination of the chromatic dispersion properties of optical fibers, the
wavelength at which only one mode propagates (cutoff wavelength), the field distribution
at the end face of the fiber and the bend losses of the first and second order modes.
These parameters can be calculated if the propagation constant is determined as a
function of the wavelength of the electromagnetic field and the dimensions of the
waveguide. These calculations are obtained from Maxwell’s equations. As in most
actual problems, however, an exact solution of Maxwell’s equations is impossible to
achieved. For that reason, scientists try to simplify the differential equations as much as

possible, and use numerical techniques to determine their.

In the following sections the one-dimensional scalar wave equation is derived from
Maxwell’s equations by assuming cylindrical symmetry. This equation is simplified
further and by solving it its eigenvalues are dctermined. The numerical solution is
achieved by using two numerical techniques: the finite element (FEM) and finite
difference (FDM) methods. These methods were used to evaluate the propagation
characteristics of a step-index fiber. Since it is possible to obtain an exact solution of the
propagation properties for this fiber type, this analytical solution is compared to the
numerical one calculated by the FEM and the FDM method. This comparison indicates
that the FDM method, as was formulated here, produces more accurate results. For that
reason, this method was used to evaluate the numerical properties of the optical fiber with

arbitrary refractive index profile.

i
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4.2  Scalar Wave Equation — Derivation from Maxwell’s Equation

It is well known that Maxwell's equations in source-free media, as is the case of

monochromatic light propagation in optical waveguides, take the form:

V x E =—iwuf 4.1)

VxH=iwek (4.2)

In the above equations £ and H are the electric and magnetic fields, respectively, while
u and ¢ are the material's permeability and permittivity respectively. For the case of
optical waveguides, the medium's permeability takes the value of free space, 4, while
the permittivity is given by the relationship:

£=¢, n2(r) 4.3)

where g, denotes the free-space permittivity, r the position and n(r) the refractive index of

the material.

By combining the two Maxwell's equations, the folloWing equation is obtained:
VxVxH=awVx(suH)

Since,




and by assuming that the permeability is constant throughout the space and equal to ),

then

Therefore,
VxVx H=-V*H

The wave equation in the optical waveguide finally becomes:

2 1y 1"‘ d 77 217
V‘H+;Vax(VxH)+k“H=0 -(4.4)

with

k=a)\/7t_1;

. Z L 4.5)
being the wavenumber at the operating wavelength.
Finally, the wave equation becomes:
V2H+Vgx(Vx HY+k*H=0 (4.6)

where




E

g =In(k?) (4.7)

Up to this point no assumptions have been made regarding the weakly guiding
approximation of the optical fiber. For most cases we can assume that the gradient term
of the differential equation can be neglected, since no drastic change of the refractive

index of the material occurs [29]. In that case the differential equation is simplified

greatly to take the form:
V:H+K*H=0 (4.8)

Several more assumptions can be made with regards to the media and the geometry of the

waveguide. For common fiber types these are:

(a) The majority of the fibers used in telecommunications applications are circularly
symmetric. For most practical cases they are perfectly straight and uniform along their
length. Therefore, a cylindrical coordinate system can be applied, and can greatly

simplify the three-dimensional differential equation described earlier. A cylindrical

coordinate system is defined, (p, ¢, z) where the z axis coincides with the fiber axis.

(b) The fibers that will be evaluated in this work have a refractive index that is
homogenous along the entire fiber length and isotropic along all directions. These
assumptions simplify the model even further, and reduce the uncertainty of polarization

effects on the fibers.

Using cylindrical coordinates the magnetic field is written as:

H(p,¢,z) = H(p,0,0) expli(at — v§ - f2)] (4.9)
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where vis the azimuthal wavenumber

[3is the propagation constant.

In cylindrical coordinates the Laplacian takes the form:

.~ 10| oH | 0°H o&°H
v2g = —2| 5= . _ 4.10
pap[” ap}““p— 267 " e @10
and the wave equation finally becomes:
1d| dH 2 ~
e M i
By using the wavenumber concept,
kK (p) = o’
(o) 2"
=n"(p)~
the above equation becomes:
1 d| dH v? -
;5[07}0‘}+[p2 - B’ -kz(p)]H=0 (4.12)

In this section we are concerned about the "weakly guided mode" approximation, which
was first introduced by Gloge [3] for the analysis of cylindrical dielectric waveguides. It
is well known that the propagation constant of the optical fiber is bounded by the

following inequality:

nelk< pB<nck (4.13)
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where nc is the maximum refractive index in the core

n. is the refractive index of the cladding

For optical fiber we can also assume that the relative refractive index change, 4, between

the core and cladding is much lower than one, or:

2 2
A= —< ! e << (4.14)

and, therefore, we can assume that the propagation constant can be approximated as a

constant and
B=n,k (4.15)
This expression is valid whenever the exact value of £ is not important.

The solution of the scalar wave equation, as derived by using the previous approximation,

gives rise to the linearly polarized, LP, modes[6]. In order to understand the origin of
these modes, it is important to look at the exact solution of the step-index approximation
of the scalar wave equation, which generates the HE and EH modes of the cylindrical
waveguide. It has been previously shown that the HE,,,,, and the EH,,, are almost
degenerate modes. This means that these modes have the same propagation constant, and
by combining them their superposition field is linearly polarized. That is how the
Linearly Polarized (LP) mode concept was generated. As mentioned earlier, for these
fiber types it is possible that the two modes are not completely degenerate, and it is
possible to propagate in the fiber with different propagation constants, causing the
superposition field between the two of them to change periodically along the fiber length.

The length periodicity is an important parameter for the characterization of polarization
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maintaining fibers, or even for normal fibers, when their polarization dispersion

properties are analyzed, and is called the "beat length" of the fiber[321.

A universal solution can be found to the scalar wave equation if a normalization is

applied[33]. This normalization is expressed in terms of the fiber's core radius, the
refractive index difference and the operating wavelength, and can be very useful in

determining the propagation properties independently of these parameters.

In order to normalize the scalar wave equation, though, it is necessary to know the fiber's
index function, which represents the shape of the fiber's refractive index. This function is

given by the following equation:

n*(r)y=n;[1- 2AN(1)] (4.16)
where A is the refractive index difference and N(r) the index function. This function
represents the change of the refractive index with the radial position from the center of

the fiber, and takes the following form at the extreme values:

N(@) = 1 for r> I (inthe cladding)
0 for r </ (in the core) 4.17)

There are two additional parameters that can be normalized: One is related to the
wavelength of operation, and is called the normalized frequency. The other is related to
the propagation constant, and is called the normalized propagation constant. These two

parameters are expressed by the following relations:

Vv = 2—;— an,N2A (normalized frequency) (4.18)




, nl-kp .

B* = ———— " (normalized propagation constant) (4.19)
2An,

By using the normalized radius ( r = p/a ) as a variable, together with the above

normalized parameters, the scalar wave equation takes the form:

2
d 1,—1+1—dH +q*(r)H(@r)=0 (4.20)
dr- rodr

where the parameter g2(r) is expressed in terms of the normalized frequency, V, the

normalized propagation constant, B, and the index function of the fiber, N(r):
(12(1') = 2 [32 -N() ] 4.21)

It is, therefore, obvious that the propagation characteristics of a fiber structure can be
determined if the index function, or the shape of its refractive index, is known. The

solution is found if the same boundary conditions as described above are applied to the
fiber.

The solution of the scalar wave equation represents the solution to the guided modes that
propagate in the fiber. It is known that modes other than the guided modes also propagate
in the fiber structure. These modes, called the radiation modes, are very important in

characterizing the fiber's loss characteristics, such as the bending and microbending loss,

and can be expressed with an equation similar to the scalar wave equation[34]:

dH

d*H
2 dr

dr

£ L +[—k2n§(;')—ﬂf—l—2]H=0 422)
.

r




In contrast to the guided modes, the propagation constant 3, of the radiation modes is

continuous and has to obey the inequality:
B, =(By-AB)<kn, (4.23)

By integrating the previous equation, the following integrodifferential equation can be

generated:

,~%i+”k2n§<r>—ﬁi —%—]H(r)rdr - 0 (424)
. r

4

The aim is to solve the above equation for any fiber type. This can be done by using
numerical techniques for an arbitrary index profile, and determining the normalized

coupling coefficient between the guided and the radiation modes. The loss due to

microbending can easily be determined by knowing the coupling coefficient[33,36].

8]
[38)




4.3  Numerical Solution of the Scalar Wave Equation by the
Finite Element Method (FEM)

The Finite Elements Method has been used previously to solve the scalar wave equation.

The most-successful technique to date is based on the Galerkin method of moments(10],
This method has shown the capability for determining the propagation characteristics of
step index fibers, even though the analysis of the propagation properties of other fiber
designs has not been performed. The technique has not been used to determine the

bending and microbending properties of the fiber.

In this work an accurate method of solving the scalar wave equation is proposed using the

Finite Element Method (FEM). This method is developed in terms of a variational

principle for the scalar wave equation[37a38]. This leads to the derivation of the
functional of the equation, whose minimization results in a matrix of equations of
standard eigenvalue form. Below, a formulation of the problem is given.

As shown in the previous section, the three-dimensional scalar wave equation is:

ViIH+k*(MNH=0 (4.10)

By assuming that u is the solution of equation (4.10), the functional takes the following

form:
F = [(6zl)zdxdy — [k (r)udxdy (4.25)

The integration is performed over the region enclosing the field.

As explained earlier, cylindrical symmetry was assumed in the fiber structure. Therefore,

the problem reduces to one dimension, simplifying the solution even further. In that case

H
H
H
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the differential equation takes the form of the scalar wave equation described earlier. The

functional can also be written in terms of the cylindrical coordinates in one dimension, as:
F= ](§u)2r'dr - [q*(ryu*rar (4.26)

The term ¢2(r) is given by the relationship presented in the previous section:
g*(r)=V*[B - N()] (4.21)

By substituting g2(r) in the functional, and by discretizing the region where the

functional is applied, the following form is obtained:

F=% J‘(§u)2rdr - [q*(r)u’rdr
=2

J.(ezl)zrdr — V2B S julrdr + VIE [ N(r)u’rdr

Y U [(x‘m)z +VIN(r)u? :lrdr ~ V2B uzrdr} (4.27)

The above equation can be expressed in a matrix form. For an optical fiber with a known

refractive index profile, the unknown parameters in the above system of equations are:

(@) The field values u; at the discretization points. These are the eigenfunctions of the

above system of equations.

(b)  The normalized propagation constant, B, for a particular normalized frequency, V,

or the eigenvalue of the same system of equations.

In a first order linear approximation the solution u(r) of the differential equation is given

by a piecewise linear function:




u(r)y=c, +cyr (4.28)
For two points i and j separated by a distance ljj, the above solution can be written as:
u(ry=a,;(Nu; +a ;(ru; (4.29)

where u; and uj are the solutions at points i and j. The terms «;(r) and aj(r) are the
interpolation functions and are calculated to be:

r=r

a,(r)=—" (4.30)

i

r-r
aj(’)z

4.31)

i

The solution of the differential equation can be found by minimizing the functional with
respect to u. This is accomplished by differentiating the functional with respect to u, and
setting the derivative equal to zero. A simple method of calculating the derivative of the

functional is by differentiating the terms that contain u.

2 2 2 2
u® = alul +aiu; +2a,a uu;

The above form is differentiated with respect to u; and u;:

\
ou-
ou,

=2aju; +2a,a U, (4.32)




ou’
ouj

=2a’u; +2a,a u, (4.33)

If cylindrical coordinates are assumed, Vu is calculated as:

>

Ny

For the case of optical fibers with refractive index symmetry around their cylindrical axis,

the above equation reduces to:

Vu = ZZ—‘—[)
ap
or,
- lli —Uu;
u=-L (4.34)
i
and finally,
- U .
Z(Fuy = (4.35)
i i
2 (Fuy=-4 (4.36)
ou,; Il
J i

simplifying the form of the functional even further.

By substituting equations (4.32), (4.33), (4.35) and (4.36) into equation (4.27), the

following matrix equation is found:
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S-V*B’T=0 4.37)

where

S; = z[ﬁai(r) Va,(ryrdr-v* jN(r)a,.(r)aj(r)rdr] (4.38)

and
T, =% Ja,(ra ;(r)rdr (4.39)

By performing the integration between the points i and j, the above elements of the
matrix are found. The solution of the system of equations will resolve the problem's
eigenvalues, together with the eigenfuhctions. The normalized propagation constant is
calculated from the calculated eigenvalues, while the distribution of the field is

determined from the eigenfunctions.

The above numerical problem can be solved if the boundary conditions are known. These
include the boundary conditions for the fiber center, and for a point away from the center.
The boundary conditions at the fiber center depend on the mode whose propagation
characteristics will be calculated. In the cladding, however, two types of boundary

conditions can be applied.

(@)  The field far away from the fiber core becomes zero. This requires that the field at

large distances from the fiber core is known.

(b) It is assumed once again that the cladding extends indefinitely, and the field in

this region behaves as a modified Bessel function[39]. This function is the exact solution

of the differential equation in the cladding region of optical fibers.

f(") = AK,”(J/") (4‘40)




where K,, is the modified Bessel function of second kind of the mth order, where m

denotes the azimuthal mode number, used in the scalar wave equation. In the above
equation 4 is an unknown constant, proportional to the field amplitude. Finally, y is the

propagation constant in the cladding, and is related to the propagation constant f

according to the equation

y= J,BZ -k} (4.41)

with k. being the cladding wavenumber
kel =nel k

A program that presents the finite element solution of the wave equation is shown in
Appendix 1. In this FORTRAN program the normalized propagation constant is
calculated as a function of the normalized frequency. The input variébles needed by the
program are the normalized index, N, and the normalized position, r. The total number of

points, n,,, is the summation of the values in the core and the values in the cladding.

In this program, the number of points in the core is 25 and in the cladding is 3. We have
also chosen the data points to be distributed unequally in the core and cladding. The
refractive index data in the core are taken at equal normalized intervals of 0.04, while that
in the cladding at 1, 2, and 12.5. Of course, the normalized index in the cladding is 1,
while in the maximum point of the refractive index is zero. The total number of elements

is given by the total number of points minus the number of Dirichlet points, n.

For each value of V, the interpolation functions are calculated first. Afterwards, the
gradients of the interpolation functions are calculated, and the values are used to

determine the elements of the matrices S and T. The values of B are calculated from the




solution of the eigenvalue equation. From this solution 27 eigenvalues are calculated.
These correspond to the solutions of the 27 first modes. The accuracy of the modes
decreases as the mode number increases. This software is used to calculate the
normalized propagation constant of the LP,, mode only. The first boundary condition was
used for the solution of this problem, by assuming that the field far away from the core
becomes zero. The value assumed being far away from the core is for an r of 12.5.
Because of this assumption, the accuracy of the wave equation’s numerical solution will
not be as high. The assumption of the second boundary condition, where the field in the
cladding behaves as a modified Bessel function, will give more acceptable results. This
boundary condition has been applied to the finite differences method of the wave

equation’s numerical solution.

The normalized propagation constants of two different refractive index profiles were
calculated using the above finite element program: the step index profile and the profile
of an actual dispersion-shifted fiber. The step index profile was used to determine the
validity and therefore the usefulness of the model, since the theoretical values of this
profile type are very well known. It was found that the calculated propagation constants
of the step index differ significantly from the theoretical ones. The difference is
attributed to the inappropriate boundary conditions used. The proper boundary condition
would produce a more accurate number, and the software can be applied to determine the
propagation parameters of the optical fiber, such the chromatic dispersion. These
differences yielded chromatic dispersion variations that were biased by several nm. The
same model was used to determine the propagation characteristics and subsequently the
chromatic dispersion of the dispersion-shifted fiber whose index function is shown in
Figures 4.1. Figure 4.2 presents the calculated normalized propagation constant as a
function of the normalized theory. The calculated zero dispersion wavelength (see

Section 3) was compared to the measured and a disagreement of more than 50 nm was
found.
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Figure 4.1: Normalized profile of a dispersion shifted fiber manufactured by the

MCVD process. The profile is triangular and has a central dip due to GeO

depletion.
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4.4  Numerical Solution of the Scalar Wave Equation by the

Finite Difference Technique

A one-dimensional finite-difference model can also be developed to determine the
eigenvalues and eigenfunctions of the scalar wave equation. This is accomplished by
dividing the core region into 2L segments, each of length h. The first and second

derivative of the field are given by the equations:

H: - ~+1 s—1 4.42
R Ta 442)
H:IE H\+l - 2[_‘{\ + H.\‘—l (443)
b h =
and therefore the scalar wave equation (4.20) becomes:
Hs+l - 21;1\ + H\'-I + 1 H\'+I - H\’—I + V!(B2 _ Nl)H_‘ — 0 (444)
h h(s-1) 2h

for ]l <5 <8

where S is the total number of points.

The boundary conditions can be inserted for every mode that has to be calculated. For the

LP,, propagation mode, the following boundary conditions apply:

H©O) =1

H'(©) =0

alternatively, the above conditions can be expressed in finite differences as
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H =1 (4.45)

=0 (4.46)

Another boundary condition can be developed from the scalar wave equation, by

approximating the limit as the distance from the fiber center approaches zero:

LdH] . 2, _
_T}ﬁumq (F)H (r)=0

. d’H .
lim ——+ lim
rodr

=
r>0 dr- r-0

Therefore, the following value is obtained at the limit:

lim & = —g*H(0) /2
ar
=[N(0)-B*IV? /2 (4.47)
The final boundary condition can be applied at the core-cladding interface, where the

electric field and its first derivative have to be continuous. In this case, it can be assumed

with very good accuracy, that the field in the cladding can take the form of the modified

Bessel function of the second kind, as it occurs in the usual step index approximation[40]:

H(r) = AK,[VN1- B*r] (4.48)

Atr=1 (i.e. in the core/ cladding interface), the equation in the boundary becomes

K [V1- B?]
K,[V1- B?]

dH | dr

=V(1-B?) (4.49)
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From equations (4.40) and (4.41) the second field point, H,, can be calculated:

=t
2h
Therefore,
H, =H, (4.50)

At the same time, from finite differences the second derivative is found to be

H,-2H, +H, (N, - B*?
h? 2

HH .

Therefore,

2h2 N1 “BZ

H,=H +V (4.51)

If the index of refraction in digitized form is known, together with the parameters V, A,
and B, the first two components of the field can be calculated. Subsequently, the field of
the whole fiber structure can be calculated. This is accomplished by using the following
equation, as derived from the scalar wave equatioﬂ, after digitizing using finite difference

principles:

_2s-D2- hV*(B*-N)H, - (2s-3)H

o 25— 1

(4.52)

The above equation is valid for
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2 <s <8-1

The question remains as to how to select the proper B value. This can be accomplished by
satisfying the boundary condition at the core/cladding interface, where the field and its
derivative just inside the core are both equal to the one just into the cladding. By
satisfying equation (4.49) this relationship can be guaranteed, and therefore the proper

solution of the equation can be found.

After the eigenvalues of the scalar wave equation have been found, the following

propagation properties of the optical fiber waveguide can be calculated:

(a) chromatic dispersion effects in optical fiber

(b) leakage loss of the fundamental and second order modes

(c) effects of bending on the fiber propagation characteristics (Bending loss)
(d) loss due to microbends in optical fibers (Low temperature cabling effects)

(e) loss characteristics of the second order (LP,,) mode for determination of the

minimum fiber length, bend configuration and cutoff wavelength (Modal Noise).

This numerical model was used to determine the chromatic dispersion effects of several
types of optical fibers. A detailed amount of work has been performed to date and the
leakage loss phenomenon has been eliminated by following some standard design
principles. The remaining parameters can be obtained by using a step-profile
approximation and avoiding the use of the numerical model. This logical approximation
has been used to obtain the bend loss properties of the fundamental mode and the loss

characteristics of the second order mode.
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The software used to determine the propagation parameters of the optical fiber is given in

Appendix 2.

The required parameter for the calculation of the normalized propagation constant is the
normalized index profile of the fiber. This profile can be of step or parabolic index shape
or it can be an actual profile of a fabricated fiber. The profiles are generated by the

software after their type is specified.

The parameter B is calculated by matching the fields in the core/cladding boundary. The
field in the core is calculated using equations (4.50), (4.51) and (4.52). The field in the
cladding is calculated by using equation (4.48). In the same program the Bessel functions
of the second kind are also calculated. By using an iterative method at r = /, the proper B

value that is required to get the fields matched is determined.
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Figure 4.3: Normalized propagation constant as a function of normalized frequency

for a step-index profile fiber.
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Figure 4.4: Differences between calculated and literature[74] results of the normalized

propagation constant.

As was the case with the finite element methods, an actual comparison between theory
and literature results was performed for the case of the step index fiber. The calculated
normalized propagation constant is given in Figure 4.3 for V values ranging from 0.85 to
4. Figure 4.4 demonstrates the difference between the calculated values and results
obtained from the literature[74]. This figure demonstrates that the model has identical
accuracy to the literature results, calculated using the theoretical values. The best fit line
through the data is close to the V-axis of the plot. The spread in the data is due to the
rounding of the literature values. This spread increases at lower V values where a greater
precision is required to calculate the propagation constant. A systematic calculation error
would result in biased, rather than completely unbiased errors. Due to the greater
accuracy of this model, the rest of the calculations were obtained using the finite

difference rather than the finite element program.
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50 CHROMATIC DISPERSION PROPERTIES OF OPTICAL FIBERS

5.1 Introductiop

In this section the dispersion properties of an optical waveguide will be determined for an
arbitrary refractive index profile. These dispersion effects will be calculated by taking
into consideration both the material and waveguide properties of the fiber. Even though,
up to now, several workers have attempted to calculate the fiber's dispersion properties,
these attempts have been unsuccessful for complicated (e.g. dispersion-shifted) fiber
designs, where the waveguide properties have been altered significantly on purpose. The

models that currently exist can only predict dispersion trends .

In these calculations, the material effects occur due to the change of the refractive index
with the wavelength. The refractive index of the fiber increases with the concentration of

GeO», which is used as a dopant in the core, and decreases with the concentration of F,

which is used as a dopant in the cladding for the depressed cladding fiber design[41,42].
The evaluation of the refractive index as a function of wavelength for doped silica has
been previously determined experimentally by several researchers[43,44,45], and these
values will be used here to assist in the calculation of dispersion. These values are given

in a form of a three-term Sellmeier equation [46].

Below, the chromatic dispersion of the fiber is analyzed using the definition of the group

delay. It is well known that the group delay can be determined from the following

relationship:

ap

dw
27 dp
27c dA

(CRY
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In the above equations L is the fiber length. The propagation constant, /3, of the fiber is
calculated as a function of the fiber normalized propagation characteristics that were

defined in equation (2.19):

(5.2)

The differentiation of 8 with respect to k will lead to the time delay equation shown
above. By using the proper mathematical manipulation, the following equation can be

derived:

n’—n, dn. | _ Rl (n? —n2)-A|n, dn, _ n, dn,
dA .~ da

2 2 2 2
\/nc - B (nc —ncl)

o |t~

(5.3)

In the above equation, n, is the refractive index of the core, n¢/ is the refractive index of

the cladding, and R is given by the relationship:

_ d(V?B*)

R=="r3 (5.4)

The chromatic dispersion, D, can be calculated from the derivative of the.time delay

equation.
D=—— (5.5)

The time delay is calculated numerically from equation (5.3). In this equation the
parameters that need to be known are the refractive indices of the core and the cladding,

n, and n,, their dependence on the operating wavelength, A, the normalized propagation
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constant, B, and the parameter R. The calculation of the parameter B has been discussed

in the previous section. The rest of the parameters are calculated as follows:

The refractive index and its dependence on the wavelength of operation depends on the
chemical composition of the fiber structure. Previous researchers have calculated the
refractive index of silica doped with GeO, and F at different levels of dopant
concentration. It was determined that these data fit into a Sellmeier-type equation that

has the form:

3 /12
n(A) = Z y 77 (5.6)

The parameters 4; and 1; depend on the composition of the glass. These values were

determined experimentally and they are given in Table I for pure SiO,, 1% GeO, doping

and 1% F doping.

Table I: Previously measured parameters 4; and 4; for pure silica, 1% GeO, doped

and 1% F doped [45].

Sio, 1% GeO,, 99% SiO, 1% F, 99% SiO,
A 0.6960879652 0.698304741 0.68895207 17
A, 0.4078604866 0.410080268 0.4020508503
A, 0.8975816327 0.897385476 0.8765030972
A 0.070890217 0.069786567 0.06566476307
A, 0.113859382 0.115574370 0.11789379080
A3 9.896161007 9.896161041 9.84285326400
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The concentration of GeO, is found from the refractive index of the core and the
cladding. The parameters 4; and A; are extrapolated to their appropriate value depending
on the doping composition of the glass. For that purpose, an iterative method is used to
determine the dopant concentration from the numerical aperture of the fiber, which

corresponds to the refractive index difference between the core and the cladding.

The parameter R is calculated in the main program by using the Rayleigh-Ritz

quotient[93]. This quotient is given by the following equation:

. d?B*) (NH?)
—oart T (HY)

where
(NH?) = [NHPrdr
(H?)= [H%rdr

and N being the index function and H the field.

For a typical fiber, the time delay data fits a three-term Sellmeier equation [46]. This

equation has the form:
T=17 +§(12—~’E) (5.8)
° 4 2

In the above equation the parameter A, is the zero dispersion wavelength, while S is the
dispersion slope. The chromatic dispersion on the fiber is calculated by differentiating
the time delay with respect to the wavelength. From the differentiated data, the

parameters A, and S, can be explained:

40




e 1, is the wavelength at which the fiber dispersion is zero -
e S, is the slope of the dispersion curve at the zero dispersion wavelength.

The equation that characterizes the fiber's dispersion properties has the following form:

D= S_o[ _ ’1_40_] (5.9)

An example of the time delay equation and the chromatic dispersion dependence on

wavelength is shown in Figure 5.1.

Recently, an interest has been shown in fibers operating at unconventional wavelengths.
Over the past several years, great interest has concentrated on the operation of
conventional dispersion-unshifted class IVa single-mode fiber in the‘short wavelength
region, where low-cost laser sources with the accompanying electronics are currently
available, and at long wavelengths, where the fiber attenuation is minimized. For these
applications, the dispersion characteristics of the fibers have to be determined at these
wavelengths, where significant deviations from the Sellmeier equation may be observed
[47]. Fiber applications at short wavelengths are not attainable now, but several links
with standard fiber operate at long wavelengths. For that reason, the determination of the
dispersion slope is of great importance. Slope errors can amplify chromatic dispersion
errors at 1550 nm. In the following section, we calculate the dispersion slope as a

function of the fiber parameters for standard fiber types.
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Figure 5.1:  (a) Sellmeier form of the time delay equation, common to all dispersion-
“unshifted fibers. (b) Wavelength derivative of the Sellmeier equation,

which corresponds to the fiber’s chromatic dispersion.

One of the most significant technical challenges during the last decade has been the
alteration of the fiber's chromatic dispersion by adjusting its profile. As described above,

two additional fiber types have been developed by using the above approach:

(a) The dispersion-shifted fiber (Figure 1.3a), with its dispersion characteristics

shown in Figure 5.2.

(b) the dispersion-flattened fiber. Its profile was shown in Figure 1.3b, and its
dispersion characteristics in Figure 5.2. Such a fiber has low dispersion over a wide

wavelength range.

While the model developed in this work is meant to concentrate on dispersion-unshifted
fibers, it has also been applied to a special type of dispersion-shifted fiber that presents

significant advantages over the ones shown in the Figure below.
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Figure 5.2:  Group delay and chromatic dispersion of dispersion-unshifted, dispersion-
shifted and dispersion-flattened fibers. The refractive index profile of each

fiber type is shown in the same diagram [18].
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5.2  Chromatic Dispersion Calculations for Dispersion Unshifted Fibers

The chromatic dispersion calculations are given in Appendix 3, together with the
calculations of the propagation characteristics of optical fibers. As mentioned earlier, the
refractive -indices as a function of the wavelength are determined from the GeO,
concentration of the core and the F concentration of the cladding using Sellmeier’s
equations. The dopant concentrations and the fiber core are determined by defining any
two of the following parameters: The numerical aperture, the core size, the cutoff
wavelength and the mode field diameter. These parameters are interrelated by the

following equations [92]:

3/2 6
MFD _ 0.65+ 0.434(1) + 0.0149(—4—)
a A, A

2r

A

C

V.=——aNA

where A is the operating wavelength and A, the fiber cutoff wavelength.

The parameter R is also calculated in the corresponding section. Finally, the group delay

and the chromatic dispersion are determined from all the above parameters.
The model was tested by comparing theoretical and experimental results. The

experimental values were measured by using the Nd-YAG laser method described in

Section 7.4. This comparison is shown in Figure 5.3.
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Figure 5.3: Comparison between calculated and measured values of zero-dispersion

wavelength for dispersion-unshifted fiber.

The measurements were performed on fibers of varying length. The mode field
diameters and cutoff wavelengths were measured in both lengths. In some cases severe
deviations occurred from one end to the other due to variations in the fiber fabrication
process. The fiber parameters were averaged from one end to the other by assuming
that their variation was linear. As seen from this figure, the worst case deviation
between the measured and the calculated values is approximately 1 nm. We also observe
no bias results and the slope of the line is one. Considering the measurement
inaccuracies, being of the order of one nm, and the parameter variation along the fiber
length, the agreement is better than expected. The deviations between calculated and
experimental results are due to measurement discrepancies and not to inaccuracies of the

model.

During the fabrication of optical fibers, parameters such as the mode field diameter and
the cutoff wavelength are always measured in standard qualification testing. It would be
of great interest to calculate rather than measure the chromatic dispersion of each

fabricated fiber from the routinely measured parameters of MFD and cutoff wavelength.
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In order to generalize the model, a step index fiber was assumed. The cladding is made
of pure silica, while the core is doped with GeO,. The calculations were completed by a
simple modification of the original program. An iterative method was used, where the
mode field diameter was calculated for known values of zero dispersion wavelength and
cutoff wavelength. A set of values was generated for cutoff wavelength intervals of 10

nm and zero dispersion wavelength intervals of 5 nm.

As seen from the diagram, the shaded box indicates the area of allowable MFD and
cutoff operation where the dispersion properties of the fiber remain within the specified
limits. The dispersion limits are set between 1300 and 1320 nm, while the MFD limits
are set between 9 and 10 um. The cutoff wavelength limit is below 1330 nm. The
purpose of this limit will be discussed in the section of modal noise. The only line
missing from the diagram is the bend loss limitation. This limit will be set in the bend

loss section.

Mode Field Diameter ( jum)

g

1150 1200 1250 1300 1350

Cutoff Wavelength (nm)

Figure 5.4: Design diagram of a step-index matched-cladding dispersion-unshifted
fiber.
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The model was also applied to predict the dispersion slope from the zero dispersion

wavelength value. It was observed experimentally that in general the dispersion slope

decreases as the zero dispersion wavelength increases. This dependence was calculated

by using the earlier model. The dispersion slope and zero dispersion wavelength were

calculated for fibers with different MFDs and cutoff wavelengths.

The calculated

dispersion slope was plotted as a function of the zero dispersion wavelength while the

cutoff wavelength was kept constant. A linear relationship between the dispersion slope

and the zero dispersion wavelength was obtained. By changing the cutoff wavelength

another linear relationship is generated. These results are shown in Figure 5.5, for several

cutoff wavelengths.
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Figure 5.5: Dependence of dispersion slope on the zero dispersion wavelength.

This relationship was then determined experimentally by measuring the dispersion slope

and the zero dispersion wavelength of several fibers.
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Since the cutoff wavelength




measurement is not as accurate, it was considered as a random variable and was omitted

in this study. The results are shown in Figure 5.6. The error bars indicate the one-

standard deviation measurement error of the dispersion slope. A clear dependence of the

dispersion slope on the zero dispersion wavelength is observed. These results indicate

that fibers ‘with a zero dispersion wavelength higher than the nominal value of 1310 nm

are preferable to fibers with zero dispersion wavelength lower than 1310 nm.
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Figure 5.6:  Experimentally determined dependence of the dispersion slope on the

zero dispersion wavelength. The lower and upper limits are based on

calculated values by using the most commonly adopted upper and lower

cutoff wavelength values of 1330 nm and 1200 nm respectively.
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53 Chromatic Dispersion of a Dispersion-Shifted Fiber

Even though this work is meant to define the design limits of step-index dispersion-
unshifted fibers, it was felt that defining the chromatic dispersion characteristic of a
dispersion-shifted fiber is the most demanding test to determine the capabilities of a
model. In this section, a new design for a dispersion-shifted fiber was chosen, and the

dispersion parameters were determined by properly adjusting the profile parameters.

The fiber design is shown in Figure 5.7. The fiber is a step index with an index
depression at its center. In its two-dimensional form the fiber refractive index will have

the shape of a ring. The fiber is characterized by the following parameters:

e The core size, b.
e The size of the central depression, a.

e The index difference between the core and the cladding.

This fiber type has the following advantages over conventional dispersion-shifted

designs:

» The effective area of the field, Aeff; is large due to the dip in the core’s center. Large
effective areas are desirable since they can reduce the nonlinear properties of the

fiber, a great concern in long-wavelength transmission.

o The scattering coefficient can be reduced. GeO, particles act as scattering centers and

increase the Rayleigh scattering of silica. The contribution of each fiber section to the
scattering coefficient depends on the field intensity in the section and its GeO,
concentration. In conventional dispersion-shifted fibers the higher field intensity
coincides with the high GeO, concentration. These two parameters are opposite in
this fiber design. Therefore, low attenuation can be achieved even for high refractive

index differences.
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These characteristics do not come without penalties, however. This fiber design has
lower bend loss performance. The bend loss is a function of the mode field diameter,
which in turn is proportional to the effective area of the fiber. A careful choice of all the
parameters is necessary in order to optimize the performance of the fiber. The bend loss
characteristics of this fiber type are outside the scope of this work, and will not be

evaluated.

4 n(r)

An

-b -a 0 a b r

Figure 5.7:  Refractive index profile of the dispersion-shifted fiber under study.

The dispersion properties of this fiber type were determined as a function of the cutoff

wavelength, the numerical aperture, NA, and the ratio of the depression to the core size,
b/a.

The numerical aperture is calculated using the following equation:

NA = +2nAn

where n is the refractive index of the cladding.
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It was also assumed that the cladding was composed of pure Silica, while the core was
doped with GeO, only. Several variations of this structure can be fabricated, increasing
the complexity of the design and the required calculations. These fiber designs are

outside the scope of this work.
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Figure 5.8:  Zero dispersion wavelength as a function of cutoff wavelength for fibers
with their numerical apertures varying from 0.16 to 0.22. These

parameters were calculated for an a/b value of 0.375.

The zero dispersion wavelength as a function of the cutoff wavelength is shown in Figure
5.8. This parameter was determined for different values of numerical aperture. The
figure demonstrates that the zero dispersion wavelength reduces as the cutoff wavelength
increases and as the numerical aperture reduces. Cutoff wavelength and NA reductions
result in higher bend loss, while higher NA results in higher attenuation due to an
increased level of GeOz‘concentration yielding higher Rayleigh scattering. These plots

demonstrate that the proper zero dispersion wavelength of 1550 nm is obtained for NA
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variations between 0.18 and 0.20 and cutoff wavelength variations of 1000 to 1150 nm.
Under these conditions the bend loss has an acceptable value, i.e. without high

attenuation increases.
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Figure5.9: Zero dispersion wavelength as a function of cutoff wavelength for fibers

with varying a/b values and NA of 0.2.

In Figure 5.9 the zero dispersion wavelength was calculated as a function of the a/b ratio
by keeping the numerical aperture constant at 0.2. The zero dispersion wavelength has
the proper value if the cutoff wavelength varies between 1000 and 1150 nm and the a/b
ratio is less than 0.5. As the a/b ratio increases, the zero dispersion wavelength

decreases. Higher effective areas and lower scattering coefficients result in lower zero

dispersion wavelengths. From Figures 5.8 and 5.9 we can say that the optimun{ fiber

i parameters for the above design are:

SO
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e Cutoff wavelength of 1050 to 1150 nm
o /b ratio of 0.3 to 0.4
e NA 0f0.18 to 0.20
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Figure 5.10: Dispersion slope as a function of cutoff wavelength for fibers with varying

a/b value and NA of 0.2.

The other important dispersion parameter that was calculated is.the dispersion slope. The
results are presented in Figure 5.10, where the slope is plotted as a function of the cutoff
wavelength for several a/b ratios. This figure demonstrates that the slope reaches a
minimum value with the cutoff wavelength. This value varies between 1050 and 1100
nm, which are in the desired range. As the a/b values decrease, the dispersion slope
decreases. A dispersion slope between 0.05 and 0.6 ps/nm/km is obtained for a/b ratio of
0.375. The low dispersion slope of this fiber type makes it an even more attractive
alternative to the higher slopes of 0.07 to 0.08 ps/nm’/km of the conventional dispersion-
shifted fibers since they will result in lower chromatic dispersions over a wider operating

wavelength range.
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6. BENDING AND MICROBENDING LOSSES OF OPTICAL FIBERS

6.1 Introduction

The bending performance of an optical fiber is a significant parameter in optimizing the
fiber's design criteria. This parameter becomes even more significant for fibers that
operate at much longer wavelengths than their cutoff wavelength. During installation of a
fiber optic link, tight bends are applied to the fibers in the splice organizer trays. In
addition, accidental tight bends imposed on the fiber can result in very high bending

losses, and, ultimately, system failures.

Many of the current optical cable designs impose a curvature of 5 to 6 cm radius on the

fiber, by oscillating the fiber around the central strength member in a helical stranding

process[52]. Since there can be thousands of these curvatures per kilometer of fiber, their
effect on the overall fiber attenuation can be significant, especially at loyng operating
wavelengths. Most of the current cable structures are affected by this macrobending loss
rather than microbending loss. In this section we will define a curve where a constant
bend loss is determined from the cutoff wavelength and the mode field diameter of the

fiber.

The loss due to curvature can be explained by observing the plane wavefronts of the bent
fiber. These wavefronts are pivoted at the center of curvature of the bent fiber, and their
longitudinal velocity increases with the distance from the center of the fiber axis.
Therefore, there is a distance at which the fiber's phase velocity is higher than that of a

plane wave in the cladding. At this distance the electromagnetic field resists radiates

away from the guide, causing the "bend-induced" loss[331.
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The bending loss is represented graphically by a confocal transformation, where the bent

fiber is transformed to a straight one and the refractive index changes according to the

relationship[54]:

n, (r) = n(r)[l + -% cos ¢} (6.1)

where R is the radius of curvature and r is the distance from the center of the core. Figure
6.1 demonstrates this relationship graphically, for a matched-cladding single-mode fiber

with a step-index profile. In the same diagram the fiber's effective refractive index is
presented as f/k. The refractive index of equation (6.1), nb(r), is called the "equivalent

refractive index".

Unbent
Fiber

-
-
”
-

-
-
f”

- Fiber

-

Figure 6.1:  Refractive index profile of a matched-cladding single-mode fiber, and its
equivalent index when the fiber is bent. The shaded area above the

effective refractive index indicates the region where the mode is radiated.
This refractive index can be introduced into the scalar wave equation, and a complex

propagation constant can be found, with the imaginary part contributing to the bending

loss of the optical fiber.
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There are two ways that the loss of the curved fiber can be approximated:

(i) By using a perturbation approach, the solution of the wave equation is found by
using the scalar wave equation and assuming a straight fiber. Afterwards, the equivalent
refractive index of the fiber due to bending replaces the actual refractive index and is
integrated over a distance » where the calculation takes place. The loss due to bending is
calculated by computing the power radiated from the fiber, and dividing it by the power

carried by the mode. Of course, this is accomplished by using the Poynting Theorem.

(i) By using a similar perturbation approximation, the field in the fiber is separated
into two parts: The field due to the fundamental mode, and the one due to the radiated
mode. The fiber curvature results in the coupling of the two modes. By calculating the

coupling coefficient, the bending loss is derived. The coupling coefficient between the |

two modes is a strong function of the radius of curvature.
These methods are complicated and the resulting calculations have similar accuracies to

the values assuming a step index approximation [55,56]. The bend loss obtained from

these references is given below:
a, =A,R™"* exp(-UR) (6.3)

with the parameters 4, and U given by the following equations:

gtz v
* "2\ ay VK ()

4Any’

T oaVin®

where
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Figure 6.2: (a) By decreasing the bend radius of the fiber, the loss due to radiation
increases as shown by the shaded area. (b) The effect of wavelength on
the bending loss of single-mode fibers. As the wavelength increases from
A, to A, the fiber’s effective index decreases, resulting to higher radiation

losses.

This relationship is valid for matched-cladding fibers only. If the normalized propagation

constant is calculated as a function of the normalized frequency for the case of the
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straight fiber, the bend performance of the matched-cladding fiber is known from the
above expressions. In 6 6.2, the effect of the wavelength on the bending loss is shown,

together with the effect of the bend radius.

For a depressed-cladding fiber a more complicated expression must be developed with

which the fiber's bend performance can be analyzed only numericallyl37]. In this case,
the boundary between the inner and outer cladding plays a fundamental role in the excess
bending.loss. Graphically, this is shown in Figure 6.3 where the equivalent refractive
index of a depressed-cladding fiber is plotted as a function of the distance from the fiber
core. The effect of the ratio between the core and the inner cladding diameter as well as
the curvature and wavelength effects on the bending loss can also be presented

graphically as before.

Analytically, the bend loss is calculated by assuming that part of the field in the inner
cladding region is is transmitted and part of it is reflected at the innér-outer cladding
interface[57]. The bending loss is calculated from the ratio of the field amplitude

transmitted in the outer cladding to the field amplitude in the core region.

In addition to the relationships given in equation (6.4), the following relationship is

required:

o’ =nik* - ' (6.5)
where n,, is the refractive index of the outer cladding.

The bend loss coefficient is calculated as the ratio of the power radiated to the power
carried in the LP,, mode when the fiber is straight. The radiated power is found from the
amplitude of the wave transmitted at the inner/outer cladding interface to the power
carried by the fundamental mode. After several calculations, the following equation is

derived [57]:
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4by’ ”J' G (b)r*(b)

20(R) = Bk Gy S UG () + 2 B)]

exp(—=2U)d¢ (6.6)

where
oi(r) = nﬁc[l +2%cos ¢j]k2 -5
7i(r) = B —nf,[l +2%c03(p}k2 6.7)
T
U= _[f(r)dr
0

The above calculations are performed only numerically. A program where the bend loss
of a depressed-cladding fiber is calculated is shown in Appendix 3. The results of these

calculations are shown in the following section.

A>A A

-

”oo #ﬂl/k V v

Figure 6.3:  Bend loss effect on depressed-cladding single-mode fibers. Depending on
the bend radius and the wavelength of operation, radiation may occur in

the outer cladding, inner/outer cladding boundary, or inner cladding.

Up to now all the bend loss calculations performed on optical fibers have assumed a step-

index approximation, and for the case of the index profiles deviating significantly from

the step approximation, an equivalent step profile has been assumed[58]. Even though
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this assumption seems to be crude, it has provided excellent guidelines in the prediction

of the fiber’s bend loss.

An effect that can result in disagreements between theory and experiment, is the

refractive index change due to tension and compression caused by bending[59]. The
tension points will reduce the refractive index, while the compression points will increase
it. These changes are opposite to change in the phase velocity, and will result in
decreasing the effective radius of curvature of the fiber. This effect is shown in 6 6.4. If
the refractive index change due to tension or compression is predicted accurately, the
agreement between experiment and calculation should improve. Even though the change
of the refractive index with curvature has been well documented in the literature, it has

not been used previously in the prediction of the bending loss.

Tension

Compression

Figure 6.4: Tension and compression applied to the fiber during bending.

As mentioned previously, the bend characteristics of the fiber are significant in
calculating losses caused due to installation. However, they cannot predict cabling losses
and losses caused by low temperatures. In this case a microbending model needs to be
developed. Microbends are defined as deviations of the fiber axis of the order of a few
microns in amplitude. A microbending model is based on the second approach given
previously. The loss that occurs between the fundamental and the second order mode is a

function of the "profile of the microbends", or the curvature power spectrum. An
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example of the microbends is shown in 6 6.5, where the equivalent refractive index
distribution is shown by using the confocal transformation presented earlier. The fiber
loss due to microbending can be calculated from equations (6.3) and (6.4), if the spectrum

of the microbends is known:

DO (Q) = }im

L
i— | 1 exp(-jQz)dz (6.8)
® 0

R(z)

With the recent trends towards larger repeater spacings and, subsequently, longer
wavelengths, the fiber bending and microbending performance becomes even more
significant than before. It has been found experimentally that fibers with good bend
performance will have superior microbend performance. It is easier to determine the
fiber’s bend loss rather than relying on the more complicated microbend calculations and |
testing in order to determine the attenuation characteristics of the fiber at various

environmental and layout conditions.

Figure 6.5:  Fiber microbends and their transformation to equivalent refractive indices.
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6.2  Bending Loss of Matched Cladding Fibers

The bend loss of the matched-cladding fiber is calculated from equation (6.4) above. This

loss was calculated for the worst case of the following layout conditions:

e 100 bends of 2.5 cm constant bend radius. As explained below, this bend limit was set
as the minimum diameter that a fiber can be bent without long term mechanical
degradation due to fatigue

e 1 bend of 1.25 cm radius. This bend limit was set as a safety value for temporary

tight bends imposed in the fiber without a significant power penalty.
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Figure 6.6: Bending loss of a step-index matched-cladding fiber as a function of the
mode field diameter and the cutoff wavelength for 100 bends of 2.5 cm

radius.




These calculations were performed using a spreadsheet program. The results of the
calculations are shown in figures 6.6, 6.7 and 6.8. In all these calculations the bend

diameter was corrected for the tension effects on the refractive index.

Figure 6.6 shows the bend dependence of cutoff on both the mode field diameter and the
cutoff wavelength of the fiber. As seen, the bend loss increases as the mode field
diameter increases or as the cutoff wavelength decreases. These trends can be predicted
by using the graphical evaluation shown in Section 6.1. The case of varying cutoff
wavelength with the same mode field diameter was explained in Figure 6.2b, by
comparing the effective indices of the two cases. A similar explanation can be obtained

by comparing fibers with identical cutoff wavelengths and varying MFDs.

In this section we want to establish a relationship between the cutoff wavelength and the
MFD for constant bend loss. Up to now, elimination of fibers with poor bend loss was
guaranteed by setting a limit only on the cutoff wavelength. This limit, set at 1180 nm,
rejected fibers with good bend loss performance while it accepted fibers with poor
performance. But most importantly, this limit was not based on the bend loss of optical
fibers but rather was set arbitrarily, since it was determined empirically that lower cutoff
wavelengths result in higher bend losses. The relationship that we will establish will
define the limits on the cutoff wavelength and the mode field diameter in the design
diagram for a constant bend configuration. This limit will define a curve in the design

diagram in the vicinity of the low cutoff wavelength and large MFD below which the

fiber should not be manufactured.

The relationship between the cutoff wavelength and mode field diameter was determined
from the data of matched-cladding 6.6. The ratio between the MFD and the cutoff
wavelength was taken for all data. In Figure 6.7 the bend loss was plotted as a function

of the MFD to cutoff wavelength ratio for different cutoff wavelengths. As seen, the
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bend loss differs for different cutoff wavelengths and the relationship of MFD/A,, cannot

be used in the design diagram.

In this work the spread of the data as a function of (MFD)"/A,, was evaluated for different
values of the power n. It was found that the least amount of data spread was obtained if »
equals 0.8. The results of this relationship are shown in Figure 6.8, where the bend loss
as a function of (MFD)*%A,, is plotted. As seen, the data spread for different cutoff

wavelengths has been eliminated.
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Figure 6.7: Bend loss of the fundamental mode of a matched-cladding fiber as a

function of the MFD /A, for the same bend configuration.

In the same diagram the measured bend loss of the fiber is plotted. The experimental data
were obtained by using a spectral attenuation test station described in Section 5.5. As
seen, the theoretical results are slightly higher than the experimental ones. Even so,

these results demonstrate the best agreement to date between theory and experiment. The
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disagreement is due to the worst case scenarios that were followed to obtain the
theoretical calculations. If these theoretical results are used, though, to obtain the bend
loss limit, the actual bend performance of the fibers will always surpass the predicted
performance, even if measurement errors occur. These results also demonstrate that the

use of the index correction factor can reduce significantly differences that were

previously observed between theory and experiment.

o Cutoff= 1250 nm
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< aCutoft=1150nm |
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Figure 6.8: Bend loss of the fundamental mode of a matched-cladding fiber as a

function of the “index correction factor” (MFD)*¥/A,.

From Figure 6.8 it is observed that a value of 6.75 is required in order to achieve bend

losses lower than 0.1 dB for 100 bends of 2.5 ¢cm radius. This line is plotted in Figure 6.9

and the bend loss limit is defined.
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In order to complete the study, the second limit discussed earlier will be studied in terms
of the bend loss. By performing similar calculations as before, the results shown in
Figure 6.10 were obtained. For a loss of 0.1 dB, an (MFD)"**/A, of 6.7 is required. Since
this is a lower ratio than the one determined earlier, this bend configuration will establish
the bend limit in the design diagram. Both limits are shown in Figure 6.9, where it is
observed that thé limitations on the MFD and cutoff wavelength due to a single 1.25 cm

bend is responsible for the worst case limitations on the fiber parameters
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Figure 6.9: Design diagram of a matched-cladding single-mode fiber with the defined

bend loss limit.
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Figure 6.10: Bend loss as a function of the “index correction factor” (MFD)*¥/A,, for

the fundamental mode of a matched-cladding fiber.

configuration is one loop of 1.25 c¢m radius.
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6.3  Bending Loss of Depressed-Cladding Fibers

The bend loss of a depressed-cladding fiber is calculated from equations (6.6) and (6.7)
above. Thé same bend configurations as before were used, but it was found that in
contrast to the matched--cladding case the 100 turns of 2.5 cm bend radius configuration
was responsible for the loss contribution. The calculations are more involved than
before, and for that purpose a program was written to determine the loss of the fiber

numerically. The program is shown in Appendix 3.

The parameters of the fiber analyzed in this section had a outer-to-inner cladding ratio of

6 and a depression of 0.001. This type of fiber is used widely in telecommunications

networks. It is capable of achieving low dispersion with reduced MFD, improving its -

bending sensitivity for small bends. For the same reasons, this design results in lower

microbend sensitivity.

The design limitation of this fiber type is its bend performance at large bend diameters.
In that case, the bend loss of the fiber is higher than the matched--cladding design.
Contrary to the matched--cladding fiber case, the limiting bend sensitivity was found to

be the 100 bends of 2.5 cm radius rather than the one 1.25 cm radius bend.

The results of the calculations using the program in Appendix 3 are shown in Figure 6.11,
where, as before, the bend loss for 100 bends of 5 cm diameter loop is plotted as a
function of the MFD"/Cutoff ratio. A similar approach as in the matched--cladding
section was taken to determine the value of n. The best fit obtained was for n=1. The
calculations were corrected for the proper index changed caused by the tension and

compression of the material.

Two major telecommunications companies manufacture this fiber type: AT&T and
Northern Telecom. In this study, the bend sensitivity of actual production fibers was

measured. The results of the measurements are presented in Figure 6.11. There is good
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agreement between theory and experiment, both qualitatively and quantitatively. The
experimental results are close to the numerical ones, especially at the 0.1 dB bend loss.
The large spread between experimental and theoretical results, especially at large bend
loss values, are once again due to the conservative nature of the theoretical model. This
slight disagreement helps establish a conservative upper limit that can account for

measurement errors.
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Figure 6.11: Bend loss of a depressed-cladding fiber as a-function of the MFD/A..

Figure 6.12 presents the design diagram limitations of depressed-cladding fibers. The
bend loss limitations is determined for 0.1 dB bend loss. At this point the MFD/Cutoff
value is 7.5. It is seen that the same bend loss requirement is obtained for lower MFDs
compared to the matched--cladding fiber, as it is shown in Figure 6.9. The lower MFD
requirements of 8.3 to 9.3 um cause the design window to remain approximately the

same as before.
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As a summary, the worst case bend loss for matched and depressed-cladding fibers was
measured at several bend diameters. The fibers selected had large MFD and low cutoff.
The matched--cladding fibers had MFD of 10.2 pm and cutoff of 1180 nm, while the
depressed-cladding fibers had MFD of 9.4 um and cutoff of 1190 nm. The results of the
measurements are shown in Figure 6.13. In this diagram the bend loss of the fibers with
100 bends of the corresponding diameter loop are plotted as a function of the bend radius.
It is seen that for bend diameters approximately less than 4 cm, the depressed-cladding
fiber outperforms the matched--cladding one. The opposite is true for diameters greater
than 4 cm. By looking at figures 6.9 and 6.12 we observe that these values of MFD and
cutoff are outside the defined window. These values were chosen due to the possibility
that these fiber types can be manufactured and be implemented in the field if companies

do not impose the design limits discussed in this section.

Figure 6.13 is used to define the minimum bend that a fiber can be imposed in splice
organizers and distribution frames without any significant power penalty. For 100 bends
of 5 cm diameter the maximum loss in a depressed-cladding fiber is 0.5 dB. The loss for
matched--cladding fibers is below 0.1 dB. These losses can easily be tolerated in
installed links with a great amount of safety. These are the bend configurations proposed
in the next section, where the modal noise of the fiber is analyzed in order to define the

maximum cutoff wavelength and thereby complete the fiber design diagram.

70




| ~
Y S M=1310nm

RN o ~.
\‘\ Ao= 1315 nm ‘\\ . S

™ -,
. %= 1320 nm ™ ™
8.5 B

Mode Field Diameter (microns)
/

7.5 : |
1150 1200 1250 1300 1350

Cutoff Wavelength (nm)

Figure 6.12: Design diagram of a depressed-cladding single mode fiber.
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Figure 6.13: Worst-case bend loss comparison for matched- and depressed-cladding
fibers.
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7. MODAL NOISE OF SINGLE MODE FIBERS
7.1 Introduction

The cutoff wavelength of single mode fibers defines the minimum allowable wavelength

of the light source without any noise degradation of the system performance.

The theoretical cutoff wavelength of the LP,, mode is found from the wave equation as

the value at which the effective refractive index f, equals the refractive index of the
cladding, ngj. The effective (or actual) cutoff wavelength that the system can operate at is
always much smaller than the theoretical value. This wavelength is reduced further due
to the fiber layout conditions, i.e. the curvatures that are imposed on the fibers (most of
the time purposely) or its length. The latter can vary from a few centimeters to several
kilometers. An exact determination of the effective cutoff wavelength dependence on the

fiber curvature and length is very important for the proper deployment of the fiber in the
field. |

If systems designers use the theoretical, rather than the effective cutoff wavelength, the
penalty in the system performance will be severe. This penalty is caused by excess loss
due to the bend and microbend sensitivity at longer (i.e. 1550 nm) wavelengths. The
theoretical cutoff wavelength has very little significance to practical system performance,
while the effective cutoff wavelength is a parameter used continuously as a system

design guideline.

As fiber penetrates into the central offices, interconnection density increases significantly.
It is not unusual to find thousands of connectorized fibers in very small areas. Fiber
management systems are currently designed to accommodate these high fiber deﬂsities.
Long fiber lengths, required to reduce the modal noise effect, and large bends, that are set
by the bend loss performance of the fiber, make this high fiber density difficult to

accomplish. The reasons for these requirements are given below.
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Fibers can improve their bend performance at long wavelengths if the normalized
frequency is high. In a step index fiber, the closer the normalized frequency is to 2.4, the
better the bend performance of the LP,, mode. This dependence was discussed in the
Section 4. All commercially available fiber designs have theoretical cutoff wavelengths
well above the operating wavelength. During standard testing, the fiber layout
conditions reduce the cutoff wavelength further. These layout conditions were set
arbitrarily by the international standardization bodies and are used around the world.
They are based on one complete bend of 28 cm diameter and 2 meter length [60]. Even
under these conditions, commercially available fiber systems operate at wavelengths
below the measured cutoff wavelength. But how do we avoid noise arising from the
presence of the LP,, mode? We achieve that by imposing more drastic layout conditions,
such as a tighter bend or longer fiber lengths. There is a great desire in the industry to
reduce the fiber length and increase the density in the fiber management system without

any modal noise degradation.

The limit imposed on the fiber bend depends on two parameters: the space required by
the distribution frame on the one hand, and the bend performance at 1550 nm, together
with the fiber’s mechanical reliability on the other. For these reasons the industry
imposed an upper limit of two-meter fiber length limit and 7.5 cm bend diameter. Up to
now both manufacturers and end users adhered to these limits faithfully. Due to recent

space limitations end users and manufacturers alike question the value of these numbers.

In this section the minimum values of the bend and length configuration based on the
wave propagation of the LP, and LP, modes are determined theoretically and
experimentally. In combination with these parameters the maximum cutoff wavelength
of the fiber will be determined. By defining this parameter, the single mode fiber design

diagram will be completed.
Below an explanation of the poorly understood phenomenon of modal noise is given.

73




: SeEs

7.2  Phenomenological Explanation

The modal noise phenomenon is a special case of modal interference. It may occur when
a short fiber section is connectorized between two longer fibers in a fiber optics
transmission line. Modal interference, however, does not always cause modal noise. The
phenomenon of modal noise can be explained more easily, from a proper analysis of the

modal interference mechanism.

A diagram explaining the modal interference phenomenon is shown in Figure 7.1 where a
short fiber section is connected to two longer fibers. Since the connection at each point is
not perfect, light from the sending fiber in joint A will be partly lost from the LP,, mode.
This light will excite the higher order modes of the short fiber length, that propagate with

a different propagation constant than the light in the fundamental LP;, mode. At the |
second splice point B, part of this light is coupled back to the LP, mode, if the
connection loss is not perfect. Since the portion of the field that propagates in the LP,
mode of the short fiber section has a different propagation constant than the one
propagating in the LP,, mode of the same section, the two modes will interfere with each
other. This results in signal fluctuations at the ﬁber end, depending on the difference in
propagation constants between the two modes. As the input of the fibers is wavelength-
scanned, this propagation éonstant difference changes and causes the light intensity
exiting the fiber to fluctuate. This is the well-known observation of electromagnetic field

interference[61,62].

A complete characterization of the interference depends on the amplitude and the

periodicity of the interference pattern.

The amplitude of interference depends on the following parameters:
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e The connection loss at the two splice points. The higher this loss, the greater the
coupling from the LPy, to the LP;, mode at the first splice and from the LP,, to the

LP,, mode at the second splice.

e The loss of the LP,, mode. High LP,, mode attenuation will reduce its light intensity
at the second splice point and reduced power will couple back to the LPy, mode. The
LP,,.mode loss depends on the waveguide parameters of the optical fiber, and the

fiber length located between the two joints.

Higher Order Mode Mixing

Mode Launching

/ \

Joint A JointB

Figure 7.1:  Generation of modal interference for two closely spaced connection

points.

The first parameter can be reduced by optimizing the splice or connection loss at the two
points. This is achieved with relative ease but the results can be unreliable. This work
will focus on how to reduce the modal noise by increasing the attenuation of the LP,
mode. It is obvious that this must be achieved without increasing the loss of the
fundamental mode, which would reduce the reach of the signal and decrease the repeater

spacing.

The wavelength spacing of the interference fluctuations depends mainly on the fiber

length. As the fiber Iength increases, this wavelength spacing becomes smaller. At the
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same time, though, the LP,, mode loss increases. An example of the intensity fluctuation

after two consecutive joints of single mode fibers is shown in Figure 7.4.

The modal noise of a fiber optics system is related to the fiber characteristics mentioned
above, and to the stability of the light source spectral intensity pattern. This pattern
varies due to mode partitioning for multi-longitudinal mode lasers or mode hopping for

single mode (such as DFB) laser structures.

1305 1310 1315 1305 1310

1315
a b
Figure 7.2: a. Optical intensity output of a multi-longitudinal mode laser. - The
intensity fluctuates due to the Fabry-Perot effect of the laser structure. b.
Mode partitioning noise in this laser type results in intensity fluctuations

in specific modes, and therefore to modal noise.
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An example of the output pattern of a multi-longitudinal semiconductor laser is shown in
Figure 7.2. The intensity fluctuation of the laser with wavelength is caused by the
interference of the modes in the laser cavity. It has been observed theoretically and
experimentally that this light distribution changes randomly with time [63]. This light
intensity fluctuation at each mode occurs during the modulation of the laser from the 0 to
the 1 state. This phenomenon, called mode partition noise, has been studied in detail

[64], [65], [66]. An example of mode partitioning noise is shown in Figure 7.2b.

I ————
e e

A A J\J/‘ \ | /’\ JINN

1312 1308 1310 1312
(2) (b)

Figure 7.3:  (a). Spectral output of single longitudinal mode laser. Most of the power

is present in the first mode. (b). As the power hops from one mode to the
other, the source wavelength fluctuates. This phenomenon, called mode

hopping, also results in modal noise generation.

The output pattern of a single-mode laser structure is shown in Figure 7.3. As seen, the
output pattern is similar to the multilongitudinal mode structure, but the side modes are
suppressed[67], [68], [69]. In this case, power fluctuations from one mode to another,

will result to significant variations of the intensity distribution with wavelength. This
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phenomenon, similar to the mode partitioning noise, is frequently called mode hopping

[70], [71] or mode jumping [72].

The mode partitioning noise of the laser is characterized by the mode-partition noise
parameter k, that varies in the range 0 to 1. Each mode in sources with a mode
partitioning noise parameter of 0 varies independently, as is the case of LEDs. A mode

partitioning noise parameter of 1 denotes that each mode is a mutually exclusive event.

Typical values of mode partitioning noise vary between 0.3 to 0.7, even in the case of
single-mode lasers. The worst case is for lasers with two or three modes present, where

great power fluctuations occur.

As the intensity of the laser fluctuates with the wavelength, the output of the fiber after
the second joint changes. This change can occur abruptly or smoothly depending on the
amplitude variation and wavelength spacing between the minima and’ maxima of the
interference pattern. For large wavelength spacings, a change in the laser wavelength,
caused by mode hopping or mode partitioning, will result to small variations in the output

power and to small modal noise. This occurs for short fiber lengths.

As the length of the fiber between the two joints increases, the wavelength spacing of the
intensity fluctuations decreases. The same mode hopping or partition noise effects will
increase the modal noise sensitivity of the system. This dependence will continue until
the power fluctuation wavelength spacing at the output of the third fiber matches that of
the laser mode spacing. For greater fiber lengths, the penalty due to modal noise remains
constant in terms of wavelength and the modal noise phenomenon is completely
randomized. The next subject describes the theoretical analysis of this randomized modal

noise penalty.
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7.3 Modal Noise Theory

The modal interference can be calculated from the transmission efficiency 7 of the LPy,
mode as it propagates through two closely spaced splice joints. This is given by the

relationship[63]:

ayl ayl.

n=mmn,+(1=0)1=-7,)10 © +2nn,(1-n,)1-1,)10 * cosg (7.1)

where ¢=LAS.

The angle ¢ is given approximately by the following relationship:

27nLAn
=7
with 17 and 72 being the light transmission efficiencies at the first and second

connection points respectively

A the operating wavelength

L the length of the short fiber section

a] ] the attenuation of the LP,, mode

AfB the difference in propagation constant between the LP,, and LPy
modes.

An the index difference between the core and the cladding.

This relationship is valid at values close to the cutoff wavelength of the fiber where the
effective index of the LP,, mode is close to the refractive index of the cladding. As
explained previously, the effective index is given with respect to the propagation constant

and the wavenumber by the relationship:
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ng =plk

The only parameter that is not known in equation (7.1) is the attenuation a, of the LP,,
mode. In this work this value is found experimentally from measurements of the length
dependence of the cutoff wavelength. It can also be determined theoretically, but its
prediction becomes very unreliable due to uncertainty in the measurement of the fiber
parameters. A brief explanation of the LP,, mode for matched or depressed-cladding

fibers is given in Section 7.4.

Experimentally it is shown in Section 7.5 that a,, is given by the empirical relationship:

A=,

a,L=193X 1 (7.2)

In the above relationship X is determined experimentally by measuring the length

dependence of the cutoff wavelength.

By taking the logarithm of equation (7.1), we can calculate the splice loss. If this loss is
plotted as a function of wavelength, an interference pattern will be observed. This pattern
will reduce in amplitude as the wavelength increases since the attenuation of the LP),
mode increases and there is less light interfering with the LPy mode at the second splice
point. An example of the transmission efficiency variation as a function of the
wavelength is given in Figure 7.4. In this figure the following assumptions are made:
The fiber is a matched-cladding fiber design with a cutoff wavelength of 1250 nm. The
fiber length is 50 cm. The splice loss at the first splice point is the identical to the second
and is equal to 0.5 dB. A more detailed analysis of the splice loss will be presented later

in this section.
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Figure 7.5 shows the splice loss fluctuations for three different fiber stub lengths: 5 cm,
50 cm and 100 cm. As the fiber stub length increases, the power fluctuations for the
same wavelength intervals increase. These fluctuations result in increased system
sensitivity to modal noise. At the same time the amplitude of the oscillations decreases
significantly due to the increased loss of the LP,, mode in the short fiber section. This

will result in reduced modal noise.

The efficiency by which wavelength noise of the lasers is converted to modal noise is
proportional to the derivative of equation (7.1) [73]. This derivative is given by the

equation:

dn TLPIY:)

LU/ N ey ppe v g S S TAC )

= Jrn A=) =1,) =
_ d4alan aul

S (-n)(A-7,)10 ¥ (7.3)

A plot of this equation as a function of wavelength is shown in Figure 7.6. We can
observe that there are two areas of small modal noise sensitivity. One of them occurs at
long fiber lengths where the fiber attenuation of the LP,, mode is large. In this case, the
amplitude oscillations are small causing no power fluctuations for laser wavelength
instabilities. For short fiber lengths, the wavelength separations between minima and
maxima is large. In this case large wavelength changes are needed to cause amplitude

fluctuations at the receiver..

Laser hopping or laser partitioning cause only small wavelength changes of the iaser
source. These changes will result in small modal noise contributions. The most
dangerous case in terms of modal noise is between the two extremes. For this case,

significant modal noise is generated for small changes in the laser wavelength.
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A program that calculates all the above results is presented in Appendix A. This program

is written in MathCad. The results in the next chapter are used to calculate the

attenuation of the LP,, mode at different wavelengths.

Noise Sensitivity

Figure 7.6:

-

P 5\,3=1260 nm
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& e,

/ e - T
. A=1240 nm
L [y ~~. )
/ s .
/ B
|— /’ o -
a e A=1230nm
’ l Ty T l
0 50 100 150 200 250
Stub Length (cm)

Modal noise sensitivity as a function of the fiber stub length. The three

curves are generated for a fiber stub with thle‘LPlI mode cutoff wavelength

of 1240 nm and system operating wavelengths of 1230, 1240 and 1260

nm.
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7.4  Theoretical investigation of the LP,, mode attenuation
7.4.1 Matched cladding fibers

The cutoff wavelength point of an optical waveguide is defined as the value at which the
effective refractive index of that mode equals the refractive index of the cladding. For a
perfect fiber, the LP,, or any other mode does not attenuate before it reaches the cutoff
wavelength value. When the wavelength is higher than the cutoff wavelength of the
mode, light in the mode continues to propagate. The difference between a dielectric and a
metallic waveguide is that above the cutoff wavelength the power in the first case is being
radiated while in the second it is being reflected. In metallic waveguides, due to the
reflection phenomenon, the light in the mode attenuates exponentially above A, while in
dielectric waveguides the attenuation of the light of the mode is less drastic. Even abovev
cutoff the mode continues to be a traveling wave in the longitudinal direction. The
difference is in the radial direction where the light attenuates exponentially below cutoff
and becomes a traveling wave above cutoff. We call this mode “leaky mode” since light

does not escape abruptly but leaks out of the core at a steady pace.

Even though the waveguide can support light above the cutoff wavelength, it attenuates
the light rapidly. As shown in [74], the mode attenuates extremely quickly above the
cutoff wavelength. Figure 7.7 shows the attenuation of the mode as the normalized
frequency, given by equation (2.18), increases beyond the normalized frequency at the
cutoff wavelength, V.. Theoretical calculations on depressed-cladding fibers have shown
a more gradual increase. These calculations have been performed in cylindrical optical

waveguides with the cladding extending to infinity.

In reality, however, a different phenomenon occurs. The cladding material in optical
fibers extends to 125 pm, which corresponds to a cladding to core ratio of 15. The
cladding is surrounded by a coating material that increases the size of the fiber to 250 um.

The fiber dimensions are shown in Figure 7.8.
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Figure 7.7:  Attenuation of the LP,, mode for matched-cladding fiber with infinitely
extended cladding |
Coating
Core
Cladding
Figure 7.8:  The actual structure of a matched-cladding single-mode optical fiber. The

actual diameters are: Core = 8.5 um, Cladding = 125 pm, Coating = 250

pm.
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All currently available single-mode fibers are coated with material that has a refractive
index greater than the index of pure silica. The material is usually UV cured epoxy
applied to. the fiber during the drawing process. UV radiation alters the molecular
structure of the material and causes it to cure. This transformation affects the refractive
index of the coating. Due to variations in the UV radiation, the refractive index of the
material is not accurately known. It has been calculated that the refractive index of the
coating_material is approximately 1.55 to 1.6, compared with 1.447 for the refractive

index of pure silica at a wavelength of 1310 nm.

Differences in the propagation properties of optical fibers are caused by the presence of

the coating material. The field in the higher order mode hits the cladding/coating

boundary at grazing angles. Part of the light will be transmitted inside the coating, and
will be absorbed by the coating’s high attenuation coefficient. The remaining light will
be reflected back into the cladding and eventually recaptured by the core. The mode loss

is caused by the light that escapes into the coating.

A

n(r) Care, n,

X

Jacket, n;

Cladding, n, X

T Radiation point
-

a b r

Figure 7.9: The actual refractive index profile of a matched-cladding single-mode

fiber.
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The LP,, mode loss can be calculated by solving the scalar wave equation and applying
the proper boundary conditions. The refractive index structure of the optical fiber is

shown in Figure 7.9.

The solution of the scalar wave equation of the LP,, mode for the three regions of the

fiber is given by the following equations [4]:

w = AJ,(yr)cos pexp(—ifiz) r<a (7.4a)

v = [BKl (m)+Cl, (n')]cosqﬁexp(—iﬂz) a<r<b (7.4b)

w = DH® (pr)cosgexp(—if) b<r (7.4¢)
where

2=k 2

= - k2nc)?

72
PP = k2nj2 -2
are the propagation parameters of the core, cladding and coating.

This problem can be solved by setting the field y at point b equal to zero. This
approximation is correct, since the field is far away from the core and the refractive index

of the coating is large enough and close to that of the core. We therefore obtain:

_K0b)
1,(h)

The boundary conditions at » = a dictate the continuity of the field and its derivative at

C= B (7.5)

this point, i.e. that:
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AJy(xa) = BK,(ya) + CI,(ya)

6
2AJ\(xa) = oBK|(ya) + oClI{(ya) (7.6)

By combining the above equations, the following eigenvalue equation is generated:

() K, (ya) ], (y0) — K (ab) ]\ (ya)] 2.7

= o/i(xa)[ K{(y) 1, () — K, (D)1 (ya)] '
By solving this eigenvalue equation the propagation constant of the LP,; mode is found.
The attenuation of the LP,, mode is calculated from the ratio of the radiated power, P to

the transmitted power, P,. The radiated and transmitted powers are found to be:

2

P =ibﬂw' %‘?——w—ﬁa‘”—,}w

0

o (7.8)
, Loy oy’
P,= d = = dr
=i o | v Ly 2L
0
0

The solution to the above problem can be found numerically. First, the eigenvalue

equation is solved and the propagation constant S is calculated. Afterwards, the
eigenfunctions are found in the core, cladding and coating. The radiated powers are
calculated and finally the attenuation of the LP,, mode is found. The results of these
calculations for a fiber with core radius of 5 um are shown in Figure 7.10. As seen, the
attenuation of the mode as compared to the approximation where the cladding material
extends to infinity is significantly smaller for wavelengths above the cutoff wavelength.
At wavelengths below the cutoff wavelength, the attenuation becomes larger.” The
singularity that appears at the cutoff wavelength for an infinite cladding fiber disappears

when dealing with a finite cladding fiber.
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0.01 0.02 0‘63 0.64 0.05 0.06 0.07
VeV

LP,, mode attenuation for one meter length of a matched-cladding fiber

with finite cladding dimensions as a function of the difference between the

normalized frequencies at cutoff wavelength and at the operating

wavelength.
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7.4.2 Depressed Cladding Fibers

The attenuation mechanism of a depressed-cladding fiber is very different from that of a
matched-cladding fiber. Even though the fiber coatings are identical to the matched-
cladding fibers, the coating/cladding interface contribution to the LP,, mode attenuation
is negligible compared to the contribution of the inner and outer cladding interface. The
refractive index profile of a depressed-cladding fiber is shown in Figure 7.11. In this
graph the refractive index of the jacket is ignored due to its insignificant contribution to

the attenuation of the LP,, mode.

n(r) Care, n,

Outer Cladding,ncg,,
Inner Cladding, ng

"/ Y~ Radiation point

-

a b r

Figure 7.11: Refractive Index profile of depressed-cladding fiber.

Previously, Marcuse [75] used a perturbation method to calculate the leaky loss of the
LP,, mode of depressed-cladding fibers. In this approximation he considered the outer
cladding to be a perturbation of a matched-cladding fiber with the cladding refractive
index being equal to the inner cladding one. The solution of this matched-cladding fiber
structure is used to calculate the light reflection and transmission at the inner/outer
cladding interface. The power loss coefficient is calculated by the ratio of the radiated (or

transmitted) power per unit length compared to the power present in the LPy, mode.

In this work the same approach is used to determine the leakage loss of the LP,,, rather
than the LP,, mode. The equations that are used to calculate the fields at the interfaces
are similar to the ones given above with the major change being the refractive index

designation.
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v = AJ, () cos pexp(~ifk) rea (7.92)
w =[BK, () + CI,(y)|cos gexp(~ifz) a<r<b (7.9b)
w = DH® (or)cos gexp(~ifi) b<r (7.9¢)

with 32 = k2n2 - B2
7= P2 - k2ngp?
0'2 kz”cout -ﬂz

and ng, nej and nggyy are the refractive indices of the core, inner cladding and outer

cladding respectively.

By applying the proper boundary conditions at the inner/outer cladding interface, the

attenuation of the LP,, mode is calculated to be:

80y’ y’a

20 = ——— 2
BV (y* + 0" )Ky(ya)K, (ya)

exp[—2y(b - a)] (7.10)

The plot of the above equation is shown in Figure 7.12. In this plot the attenuation of the
LP,, mode is graphed as a function of the normalized frequency, V. Compared to the
matched-cladding calculations, the attenuation of the LP,, mode is significantly higher for
the same V values. For a normalized frequency of 2.405 and b/a of 6, the attenuation of
the LP,, mode is 100 dB/meter. For matched-cladding fiber with the difference between
the jacketing and the cladding refractive index being 0.1, the LP,, mode attenuation is 2.5
dB/meter. As the normalized frequency increases above this value, the LP; mode
attenuates very little in the matched-cladding fiber, but significantly more 'in the

depressed-cladding one.
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Figure 7.12: LP,, mode attenuation as a function of the V value for inner cladding to

core ratios of 5, 6, and 7. The inner cladding depression‘ is 20%.
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1.5 Experimental Investigations
7.5.1 Measurement Apparatus

The theoretical analysis presented in Section 7.3 is an indication of the LP,, attenuation.
Variations between the experimental and theoretical results are expected due to

uncertainties in the fiber parameters.

In this section an experimental investigation on the attenuation of the LP,; mode for both
the matched and depressed fiber cladding is presented. Two different experimental

techniques are used and their results are compared.

Chopper
Cladding
MF
Monochromator 3 [—-1 : | Detector
and launch optics & 1 {
Over-filled
launch

Lock-in Amplifier

—=

Figure 7.13: Measurement apparatus of the LP,; mode attenuation.

The measurement apparatus, shown in Figure 7.13, is composed of a launch optics

apparatus with angular and spatial intensity distributions significantly larger than the

93




numerical aperture and core of the fiber. This launch optics configuration overfills the
optical fiber under test. An InGaAs detector senses the power level at the output of the
fiber. Signals from the detector and the chopper are fed into a lock-in amplifier, whose

output is connected to the computer

A more detailed description of the launch optics is shown in Figure 7.14. White light
from a tungsten-halogen light source is coupled into a Jobin-Yvon monochromator.
After several reflections in mirrors placed inside the monochromator, the white light is
dispersed into the different colors by a grating. The number of mirrors increase the
length of travel of the light beam which in return disperses the light further, while the
grating’s grooves per mm spacing is selected to optimize the output at the near infrared
spectrum. A 1 mm slit is placed in both ends of the monochromator in order to select the
proper spectral width at its output. The spectral width selected depends on twd
parameters: the width of the slit and the light dispersion of the monochromator’s grating.

The selected slit width corresponds to approximately 10 nm spectral width at the output

of the monochrometor.

» To computer

» To Lock-in
Amplifier

Grating

Driver Overfilling Lens

White Light
Source

Grating Slit Chopper Optical Fiber

Figure 7.14: Light launching system of the measurement apparatus shown in Figure

7.13.
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The wavelength of the monochromator is controlled by the computer which drives the
grating. The output of the monochromator is chopped by either a rotating or a fork-type
chopper. . The chopped output is required in order to achieve synchronous detection, due

to the low power of the output signal.

6.0
5.0
Overfilled fiber
4.0 /
Underfilled fiber

Change in Attenuation (dB)
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Figure 7.15: Changes of the cutoff wavelength measurement depending on whether the

fiber is over-or underfilled.

The output of the monochromator is focused into the optical fiber with the use of a
microscope lens. The magnification and the NA of the lens are selected to overfill the
fiber input. This is of great importance in the measurements of the LP,; mode properties.
Underfilled fibers result in excitation of only part of the LP,; mode, yielding incorrect
measurement of the cutoff wavelength and of its attenuation as a function of wavelength.

A 10x, 0.3 NA lens was used to launch the monochromatic light into the fiber and overfill

it both spatially and angularly.
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An example of measurement discrepancies resulting from the overfilled and underfilled
conditions is shown in Figure 7.15. For the case of overfilled fibers, the maximum
attenuation difference between the wavelengths where two rather than one mode
propagates, is approximately 4.7 dB [76]. For underfilled fibers, this difference is
smaller. As shown in Figure 7.15, underfilled fibers result in lower cutoff wavelength
measurements. The difference in the cutoff wavelength is caused by the amount of
excitation of the LP,, mode. As we will see later, the attenuation difference before and

after the fiber cutoff can be used to measure the actual excitation of the LP,, mode.
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7.5.2 LP,, Mode Attenuation Measurements

Measurements of the LP,, mode attenuation require a careful configuration of the fiber’s
layout conditions. Changes in the layout conditions will result to additional loss of the

LP,, mode due to bending or microbending phenomena and smaller measurement values.

A direct way of measuring the LP,, mode attenuation was developed based on the three-
measurement method. This measurement scheme is shown in Figure 7.16 [77]. The
power output as a function of wavelength is measured for a length of fiber approximately
7 meters long with a 3 cm bend imposed on it. The fiber is kept in a spool of bend
diameter greater than 30 cm. The second power measurement is acquired in the same
fiber length with the bend removed from the fiber. Finally, the fiber is cut to a length of 2
meters. The power output as a function of wavelength is measured once again. Frorﬁ
these three measurements, the attenuation of the LP,, mode is obtained. The last two
measurements determine the relative power output. The first one subtracts the power
level of the LP,, mode, since the 3 cm bend will eliminate completely the presence of the

LP,, mode.

If we symbolize as P,,(A) the power output of the first measurement and P (A,L,) and

P,,(A\,L,) the second and third measurements, we find that they are given by the

relationships:
Py(4,L) = R (A) + R (A)exp[-a () L] (7.11)
Pi(4, L) = By(A) + B (A)exp[-a,, (1) L] (7.12)

In the above equation Pg,(A) and P,(A) are the launching powers of the LPy, and LP),
modes. Since the loss of the LP, mode is very small compared with the LP;, at
wavelengths close to the cutoff wavelength, the power in the LPy, mode is assumed to be

constant.
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Figure 7.16: Measurement of the LP,, mode attenuation

;1 mode attenuation is obtained:

L] (7.13)

Using this method, the LP,, mode attenuation for the matched as well as depressed-
cladding fiber types was measured. A plot of the LP,, mode attenuation as a function of
wavelength for matched and depressed-cladding fiber designs are shown in Figure 7.17.
As seen, the LP,, mode attenuation before and after the cutoff wavelength for matched

and depressed-cladding fibers are different even if the cutoff wavelength of the two fiber

ths shorter than cutoff the attenuations of the LP;; mode

arger. For wavelengths above the cutoff wavelengths,
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however, the LP,, mode attenuation of the matched-cladding fiber type are higher than
that of the depressed fiber. Even though the above method gives a direct measurement of
the LP,, mode attenuation as a function of wavelength, it lacks the accuracy required to
establish -.the modal noise penalty. The measurement is very sensitive to the layout

conditions, since it is difficult to keep it consistent during all three data acquisitions.
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Figure 7.17: LP,, mode attenuation as a function of wavelength for matched and

depressed-cladding fibers.

A less sensitive method based on the length-dependence of the cutoff wavelength was
developed. We can approximate the length dependence of the cutoff wavelength by the

following equation:

A (L) = A(L)+ Clog(%) (7.14)

where A (L,)and A(L,) are the cutoff wavelengths of L, and L, fiber lengths. The

parameter C is the length dependence constant. The constant C is obtained by fitting the
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cutoff wavelength data as a function of the fiber lengths to a logarithmic curve using
regression analysis methods. Measurements performed on three different fiber types are
shown in Figure 7.18. From this plot we see that for depressed-cladding fibers the length
dependence constant C is much greater than for matched-cladding. This is due to the
leaky mode loss in depressed-cladding fibers, compared to the loss due to the coating in
matched-cladding fibers. As was shown in the theoretical section, the attenuation of the
LP,, mode depends on the b/a ratio and on the amount of depression of the depressed-
claddipg fiber and on the fiber’s mode field diameter. Depressed cladding fiber types I
and II show the dependence on these parameters. Fiber I, which has lower depression and
larger b/a ratio, has a lower C value compared to fiber II. The matched-cladding fiber has

yet a lower C value.
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Figure 7.18: Length dependence of cutoff wavelength for three different matched and
depressed-cladding fibers. |
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7.6  Correlation between the length dependence and the LP,, mode attenuation

It has been shown that the LP,, mode attenuation is approximated by the equation[78,79]:

A-d (L)

a,L=194X 1

where X is a constant related to the fiber type and A the operating wavelength. The
parameter X is determined from the three-way measurement mentioned in the previous
chapter. For a matched-cladding fiber type, with small length dependence of cutoff, the
measurement of the X parameter is not accurate. In this case, the spectral transmission

curves of the original and the cutback length almost always overlap.

By using the above equation for fiber lengths L, and L, we obtain:

19.4 A(ly)-A.(L)

ay(L)=—X " (7.15)
194  Agrib)
a,l(.rn_)=-¥x LI (7.16)

In the above equations A (L) is the effective cutoff wavelength as measured in the factory,
i.e. in a fiber sample with a 2 meter length and a 28 cm bend diameter [60]. The cutoff
wavelength is defined as the point at which the LP,, power relative to the LP,, power has
dropped by 0.1 dB. From this determination of the cutoff wavelength, the following

relationship is found:
A(Ly) = A(Ly) - 1028 L) 7.17)

log X

and therefore,
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_ 1o
log X

(7.18)

From this 'equation we can calculate the LP,, mode attenuation if we measure the length
dependence of the cutoff wavelength. In Figure 7.19, the attenuation of the LP,, mode
for a depressed-cladding fiber, as it is calculated from the length dependence of the cutoff
wavelength, is compared to the one measured directly using the method described earlier.

Figure 7.20 shows the same comparison but for a matched-cladding fiber.
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Figure 7.19: Calculated and experimental results of the LP,, attenuation for depressed-
cladding fiber

We observe that the calculated and the measured attenuation values are in good
agreement. As was mentioned earlier, the length dependence of the cutoff wavelength
provides us with a more repeatable measurement that is not dependent to the fiber layout

conditions. This measurement is preferred, even though it is more time consuming.
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7.7  Curvature Dependence of Cutoff Wavelength
7.7.1 Minimum bend diameter - Limitations due to bend loss

As discussed earlier, the optimum bend diameter of a fiber is always set between an upper
and lower limit. The upper limit is set by the space limitations of the splice organizers,
distribution frames and fiber panels. Large bend diameters introduce design limitations
that are difﬁcult to implement without a penaity on the reduction fiber density. On the
other hand, small bend diameters cause stresses on the fiber’s surface that affect its
mechanical reliability. Small bends can attenuate the light that propagates in the LP,,
mode. The determination of the minimum bend diameter is of extreme importance on the

practical implementation of optical fibers and will be specified in the next chapter.

From the modal noise point of view, the bend configuration has a similar effect on the
LP,, mode as it has on the LP,, mode. The smaller the bend diameter, the higher the
attenuation of the LP,, mode, and the smaller the modal noise penalty. It is desirable to
induce as small bends as possible on the optical fibers. These bends will allow the
specified cutoff wavelength to increase and improve the bend sensitivity of the optical
fibers, while at the same time reduce the modal noise sensitiyity of the optical fibers and

increase the fiber density of the frames.

It was shown experimentally and theoretically in Séctign 4, that the minimum bend
diameter of matched and depressed-cladding fibers can be 5 cm. For bends larger than 4
cm in diameter the bend loss performance of the matched-cladding fiber is lower
compared to depressed-cladding fiber if their mode field diameter and cutoff wavelength
are identical. The same can be said for commercially available matched and depressed-
cladding fibers with known differences in MFDs. It is, therefore, important to determine
whether the limitation imposed on the minimum bend diameter due to permanent stresses

caused by the bend overcomes the one caused by the bend loss of the fundamental mode.
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7.7.2 Minimum bend diameter - Limitations due to Fiber Stress

The effect of fiber bend on fiber reliability has been analyzed earlier [78][79](80].
However, the analysis has not been applied to study the minimum bend requirements. In
this study it will be determined whether the imposed bend limits are established by the

mechanical reliability of the fiber or by the minimum bend loss requirement.

When the optical fiber is bent, its outer surface is under tension while the inner surface is
under compression. The maximum tension is on the outer surface of the fiber, i.e. for
angles of 180°. The maximum compression occurs in the inside part of the bend, for

angles of 0°. The tension and compression effect is shown in Figure 7.21.

Tension Fiber

t\/ ‘

Compression

Figure 7.21: Stresses applied on a bent optical fiber.

The fiber will fracture at the points that are under tension. The maximum stress,

calculated from the applied strain on the fiber’s surface, is:
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_ L-1L, _ (R+t+2r)0—(R+t+r)8

£ (7.19)
L (R+t+r)0
fg=—t =L (7.20)
R+t+r R
and therefore,
C Er

o =gf=— 7.21

max R (7.21)

We observe from this relationship that the radius of curvature is inversely proportional to
the maximum stress. We also make the following conservative approximations: rather
than assuming that the maximum tension is applied to the outer surface of the fiber, it is
assumed to be equally distributed around the whole fiber surface. The probability of a
defect occurring at the outer surface of the optical fiber is significantly smaller compared

to a fiber under uniform stress.

The current standard industry proof test level is 100 ksi. This is applied to the entire
fiber length either during drawing or off-line proof testing. The fiber is proof tested in

the factory in order to eliminate all flaws that can cause failures at stresses below 100 ksi.

Theoretical and experimental work has demonstrated that fiber can withstand stresses for
a period greater than 25 years, if the permanent stress level is less than 1/3 of the factoryA
proof test level. By applying this rule to equation (7.21) we find that the 1/3 stress level
corresponds to a bend diameter of 3.75 cm. Of course, this minimum bend diameter can

be reduced further if we assume non-uniform stress changes due to fiber bending.

From the above work we can determine that the minimum bend diameter is imposed by
the 1550 nm bend loss of the LP,, mode rather than the long-term mechanical reliability

of the optical fiber. As it was explained earlier, this minimum bend is 5 cm.
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Currently the standardized minimum bend diameter on optical fibers is 7.5 cm. This limit
was set by the inferior bend performance of 10-year-old commercially available fibers
and a 50 ksi proof test level used several years earlier. In this study the two limits will be
compared and the penalty caused by such a conservative limit on the implementation of

optical fibers in the field will be assessed.
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7.7.3 Bend Dependence of Cutoff - Theoretical Calculations

To a first order approximation, the bend dependence of cutoff can be calculated from the

following gquation [62]:

11
A(D,) = A (D) + S(—D—z - E) (7.22)

where A,(D,) and A/(D,) are the cutoff wavelengths at bend radii of D, and D,. S, the
proportionality constant, is the curvature dependence of cutoff. In this section the bend
dependence of cutoff will be calculated theoretically for matched-cladding fibers, and the

results will be compared to experimental data.

The bend effect on the higher order modes is similar, but not identical to that on the LP,,
mode. As soon as the fiber is bent, the radiation does not occur at the cladding/jacketing
interface for the case of the matched-cladding fiber or the inner cladding/outer cladding
interface of the depressed-cladding fiber, but almost always inward of these interfaces.
At the same time, light lost at each splice point is coupled not only to the LP,, mode but
also to higher-order modes. Some of these modes have low loss and the field can
propagate unaffected for relatively long distances. Bends i.n the fiber will cause these

modes to disappear more rapidly.

As with the case of the LP,, bend loss calculations, the LP;, mode attenuation can be
calculated by solving the wave equation in a toroidal coordinate system as shown in
Figure 7.22. Of course, these calculations are very difficult to perform. The preferable
method is an approximation that transforms the refractive index profile of the fiber.
Rather than assuming that the refractive index is constant along the fiber length and the
fiber is curved, we can assume that the fiber is straight while the refractive index changes.

The refractive index of the fiber is given by the relationship:
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n,(r.@)=n (r)[l +2%c056’] (7.23)

~NY

Figure 7.22: Toroidal coordinate system used in the bend analysis of optical

waveguides.

Figure 7.23: The effect of bend on the loss of the LPy, and LP,; mode.
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The above equation can be plotted as shown in Figure 7.23. A similar diagram was

presented for the bend performance of the LP,, mode.

The bend loss of the LP,, mode for matched-cladding fiber was previously calculated by
Marcuse [42]. The bend loss formula was given in Section 4.1. The same principles can

be applied to calculate the bend loss of the LP,, mode. The LP,, mode bend loss is found
to be:

x/;r—zzeXP[—%—(r’/ﬂz)R]
y W IJRK,(ya)K,(ya)

2a(R) = (7.24)

The bend loss of the LP,, mode for matched-cladding fiber has been calculated using a

Mathematica program shown in Appendix 4. Below, a brief explanation of the program

is presented.
The eigenvalue equation of the step-index matched-cladding fiber is:

LU _ pyKal?)
LY K W)

U

(7.25)

v:=Ur+w?

By solving this equation, U and W are calculated as a function of ¥. From these values

the parameters ¥, y, B are found if the core radius of the fiber is known. By using the

values in the above equation, the bend loss for a known bend radius is calculated. The
fiber core is found from the mode field diameter and the cutoff wavelength. The cutoff
wavelength for all fibers was kept constant at 1250 nm. The equations used to calculate

the core and NA of the fiber are based on the step-index approximation and are[92]:
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W 065+ 0434V +0.0149V° (7.26)
a

V.=2405= -iﬁaNA (7.27)

¢

In the above equations w is the mode field radius, a is the core radius, ¥, is the V-value at

cutoff and A is the cutoff wavelength. For a step-index profile, the V-value at cutoff is
2.405.

The bend loss of a matched-cladding fiber as a function of the V-value for several bend

radii, calculated using the above Mathematica program, is shown in Figure 7.24 for a
fiber with MFD of 8.5 microns.
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Figure 7.24: Bend loss of matched-cladding fiber as a function of the V-value for MFD

The bend loss for fibers with MFDs ranging from 8 to 10 microns was calculated using
the above Mathematica program. From the cutoff wavelength value, correspondiﬁg to a
loss of 4.77 dB, the V-value is obtained. The change in V-value is used to calculate the

cutoff wavelength change as a function of the bend radius.
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of 8.5 microns and several bend diameters.

A plot of the cutoff wavelength as a function of the bend diameter is shown in Figure
7.25. This graph shows that the cutoff wavelength does not change linearly with the
reciprocal of the bend radius. Therefore, the proportionality constant S, as defined by
equation 7.22, changes with the bend radius. It is important to specify the bend radius

where the bend dependence of cutoff is measured, in order to determine the S value

accurately.
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Figure 7.25: Calculated values of bend dependence of cutoff wavelength for fibers with

MFDs of 8, 8.5, 9, 9.5, and 10 microns.

The curvature-dependence parameter S is shown in Table II.  In this table a polynomial

fit to the bend dependence of cutoff is shown for different mode field diameters.

An empirical polynomial fit to the calculated points is given by the relationship:
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3 2
- A(L) . B(Lj + c(L] #D (7.28)
DI Dl DI

The parameter S is found from the derivative of the above equation. The parameters of
this equation, together with the previous one, are shown in Table II. In this table the
constant S is calculated at two values: at a bend radius of 2.5 cm and at a bend radius of
14 cm. The plot of the parameter S as a function of the mode field diameter is shown in

Figure 7.26.

Table I1: Polynomial fit to the curvature dependence of cutoff. The slope of the

curve is shown at two different bend radii of 2.5 and 14 cm.

Polynomial Fit Slope (S) Slope (S)
MFD A B (o] D 3A 2B C |at25cm at14cm
8 -0.410 0678 -0.514 1.204] -1.230 1.355 -0.514 169 391
8.5 -0.427 0713 -0.546 1.199] -1.280 1.427 -0.546 180 416
9 -0.478 0713 -0.546 1.199| -1.435 1.427 -0.546 205 418
9.5 -0.562 0.895 -0.649 1.190| -1.657 1.789 -0.649 199 530
10 -0.550 0.908 -0.674 1.184] -1.651 1.815 -0.674 211 552

We can observe from the above figure, that the cutoff -dependence on the radius of
curvature increases as the mode field diameter of the fiber increases. It was previously
believed that the parameter S depends only on the fiber design, i.e. whether the fiber is
matched or depressed-cladding. The above calculations show that the mode field
diameter is the only parameter that affects the bend performance of the cutoff wavelength

rather than the fiber design.
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A simple explanation of the above phenomenon is as follows: as the mode field diameter
of the fiber increases, the core diameter increases as well. For the case of constant cutoff
wavelength, the index difference between the core and the cladding will decrease in order
to keep the cutoff wavelength of the fiber constant. This change in the relative index
difference. results in a smaller effective refractive index. which will cause the radiation of
the mode to occur closer to the core. Therefore, the bend loss of the LP,, mode will

increase. A graphical explanation of the above phenomenon is shown in Figure 7.27.
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Figure 7.26: Curvature dependence of cutoff for bend radii of 2.5 and 14 cm. The lines

shown are linear fit to the calculated points.
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Figure 7.27: The effect of the mode field diameter on the bend loss of the LP,, mode.

(] 1)1 is the propagation constant of the large MFD, while (B} ;)5 is the
one for small MFD.
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7.7.4 Bend Dependence of Cutoff - Experimental Results

Due to the presence of the LP,, mode. the bend loss of the LP,, mode is difficult to
determine. The behavior of the LP,, mode under bent conditions can be understood by

studying the bend dependence of the cutoff wavelength.

In order to quantify the results mentioned above, several cutoff wavelength measurements
were made as a function of the bend radius. Afterwards, the parameter S was calculated

and compared with the theoretical results.
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Figure 7.28: Measured bend dependence of cutoff wavelength for four different types

of single-mode fibers.

In Figure 7.28, the measured cutoff wavelength as a function of the reciprocal bend
radius is presented for four different fiber types. Linear regression lines are generated for
each set of data representing the four fiber types. The four different fibers are shqwn‘in
Table II. As seen, fiber type I and II are depressed-cladding single-mode fibers, while
fiber type III is matched-cladding design and fiber type IV is a pure silica core fiber. In
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this table the parameter C is defined by equation (7.14) while the parameter S is given by

equation (7.22).

Table IIl:  Experimental determination of parameters C and S for two depressed and

one matched-cladding fiber

Fiber Type MFD b/a C S

(um) nm/dec. | nmi(cm™)
A'=0.25% 9.52 6.6 -55 -250
A=0.09%
A'=0.25% 8.95 6 -63 -160
A=0.12%
A'=0.25% 10.12 9.5 -22 -670
A=0.00%

The following conclusions can be drawn:

For matched-cladding fibers, the cutoff wavelength changes drastically with the bend
diameter. The calculated and experimentally determined parameter S have similar values,
especially for large bend diameters. For small bend diameters the calculated parameter S
is smaller than the measured one. The cutoff wavelength for matched-cladding fibers

changes by 90 nm when the bend radius changes from 14 to 2.5 cm.
This is not the case of depressed-cladding fibers. The cutoff wavelength of fiber types I

and II changes only slightly with wavelength. These results indicate that in the

depressed-cladding fiber the dominant loss mechanism of the LP,, mode is due to
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leakage. This effect causes the ‘“theoretical” cutoff wavelength in the absence of
depression to be as high as 200 nm above the measured value. At the same time the
mode field diameter is significantly smaller than the matched-cladding fiber. Both of
these pheqomena will reduce the LP,, bend loss, since the mode will be bound much

closer to the core.

From the above discussion we see that a depressed-cladding fiber has a stronger length-
dependence of cutoff wavelength, while the matched-cladding fibers have stronger bend
depeﬁd;:n.ce. In order to increase the LP,, mode attenuation and reduce the chance of
modal noise, a longer fiber length for depressed-cladding fibers and a tighter bend for
matched-cladding fibers are required. Tighter bends are easier to implement, making
these fiber types more attractive in areas where short lengths are required in order to

incorporate a large number of patchcords.

As seen in the Figure 7.28, the cutoff wavelength does not follow the curves predicted by
the theoretical estimations given in Figure 7.25, where the relationship of the cutoff
wavelength as a function of the reciprocal of the bend radius deviates slightly from being
linear. It is believed that the difference in attributed to the accuracy by which the cutoff
wavelength is being measured. In order to evaluate the theoretical predictions, an
experiment was carried out where the cutoff wavelength waé measured accurately for a

few bend radii.

The results of the cutoff wavelength as a function of the bend configuration is shown in
Figure 7.29 for the case of matched-cladding fiber only. In order to improve the
repeatability, the measurement of the cutoff wavelength for the each of the four bend radii
was measured 5 times. The agreement between theory and experiment is improved

significantly.
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Figure 7.29: Correlation between the measured bend dependence of cutoff and
theoretical calculations for matched-cladding fiber. The theory is in good

agreement with the experiment.
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7.8 Modal Noise Calculations

7.8.1 Noise-to-Signal ratio

The modal noise penalty is calculated from the signal-to-noise ratio that is generated after
three successive splices, as shown in Figure 7.1. The signal-to-noise ratio is calculated
by the following method.

For simplicity we assume that the splice at each point is identical. Since the light

transmission efficiency of each splice point is the same, the LP;, transmission after the

three splice points becomes:

T=n+(1-n)e ™" +2n(1-n)e " cos(ABL) (7.29)
where 7 is the transmission efficiency of each splice.
In this expression the first and second terms are equivalent to the signal, while the last

term is related to the noise due to modal interference. Therefore, the noise-to-signal ratio

due to the presence of the LP,, mode is given by the relationship:

_ Noise _ 2n(1-n)e """ cos(AAL)
Signal 7 +(1=n)te ™

(7.30)

m

In the above equations the following assumptions can be made:

e The splice loss is relatively small (usually smaller than 1 dB)

e The operating wavelength is close to the cutoff wavelength, contributing to high loss
of the LP,, mode
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e Each value of APL occurs with the same probability, which corresponds to the worst
signal-to-noise ratio (SNR). In that case, the cosine term can be replaced by its RMS

value,

cos(ABL) = 71_5

and therefore,

- ‘/—i(l -n) gmanbi?
n 77

The noise-to-signal ratio depends on two additional parameters: the mode partitioning
noise, k, which was described in Section 7.2, and the excitation efficiency, 4, of the LP;

mode. By taking these two parameters into consideration, the following is obtained:

o, = ki W/_z—(l =1) e~auli2
n

(7.31)

The modal noise penalty, AP, is calculated from the value of the noise -to-signal ratio, o,

by the relationship [81]:
AP = =5log[l - 7207 + 129607 ] - (7.32)

From the above equations, the modal noise penalty can be calculated if the laser mode
partition noise, the LP,, excitation efficiency, the splice loss at each point, the fiber
length, and the LP,; mode attenuation are known. In the next section we will determine

the LP,, mode excitation efficiency.
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7.8.2 Excitation efficiency of the LP,; mode

At each splice point, part of the lost power couples into the LP,, mode and part into the
higher-order cladding and radiation modes. We define the excitation efficiency of the

LP,, mode at a splice as follows:

A= ' (7.33)

where P is the power of the LP,, mode after the splice and 2P is the total power

coupled to all the excited modes except the LPy, and LP,; modes after the splice.

The parameter A was determined experimentally by the following technique: The test
setup described in Section 7.5.1 was utilized, with a short piece of fiber inserted between
the launch optics and the test fiber. The experimental setup is shown in Figure 7.30. As
seen, a fiber is butt-joined to the test fiber with index-matching liquid. A loop of 2 cm is
applied to the short fiber in order to avoid the presence of the LP,, or bther higher order
modes at the joint point. If there is no offset between the launch and the receive fiber and
there is no loss at the splice point, only the LP,, mode will be generated after the splice.
By increasing the transverse offset at the splice point, the splice loss will increase. This
loss will excite the LP,, and additional higher-order modes. For a short fiber length, the
power loss at the LP;, mode can be determined by comparing the output power with and

without a small loop in the second fiber. In that case we find:

By = B"+ B+ P
n= P IR

R= (B + B) B
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In the last equations //R is the fractional loss caused by the loop in the receiving fiber.

By performing separate power measurements with and without the loop in the receiving
fiber, and a third including only the transmitting fiber, the parameters R and 7 can both be
determined. R is calculated from the power ratio with and without the loop in the
receiving fiber. The efficiency 7 is calculated from the power ratio with the loop in the

receiving fiber and by removing the receiving fiber completely.
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Figure 7.30: Experimental setup to evaluate the excitation coefficient of the LP,, mode.
By combining the above equations we obtain:

A=R-1)/Q0-1/n) (7.34)
The excitation efficiency 4 is obtained as a function of the splice loss by misaligning the

transmit to the receive fiber at the splice point. By using non-linear regression analysis

we obtain an empirical relationship between the excitation efficiency 4 of the LP,, mode
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and the transmission efficiency at the splice point 7. This relationship is given by the

following equation:

A=1+logn. (7.35)
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7.8.3 Experimental verification of Modal Noise

The effect of modal noise on the system performance was evaluated in an experimental
1.2 Gb/sec system. The experimental results were compared with the calculated ones in
order to establish the validity of the foregoing calculations. The measurement system
degradation was performed using a 10-meter section of depressed-cladding fiber (similar

to type II in Table I).

For the purpose of these experiments several unconventional fibers were fabricated by the
modified chemical vapour deposition (MCVD) method. These fibers had the standard
refractive index profile shown in Table II. During the drawing process the cladding

diameter was modified in order to adjust the cutoff wavelength. Adjustments in the

cladding diameter modify the core size proportionally, which results in cutoff wavelength 4

changes as given by the relationship:

A, =2—ﬂaNA.
4

c

Four fibers with cutoff wavelengths of 1350, 1380, 1400 and 1450 nm were fabricated by
the above method. The fibers were drawn from the same preform, in order to keep the

refractive index profile constant.

The measurement of modal noise can be performed using the concept of eye closure or a
direct bit-error-rate (BER) measurement. Since the eye diagram is sensitive to the
generated noise and to the user’s interpretation, the more accurate direct measurement of

BER was used in this section.
The modal noise measurement apparatus is shown in Figure 7.31. As seen, the fiber

under test was inserted between the transmitter and the receiver pigtail. The receiver

fiber was connected to a variable optical attenuator, which was used to adjust the power
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at the receive end. The variable optical attenuator was connected to the BER tester. The
system BER was measured for different power levels in order to determine the power
differences more accurately. The power penalty was calculated at BER levels of 10°. At
this level, Fhe received power difference was calculated with and without the presence of

the fiber under test and the corresponding splice loss.

Fiber under
Test

. Transmitter Attenuator BER Tester

A1)

e
N
/

Figure 7.31: Apparatus for measuring modal noise penalty.

Initially the BER characteristic of the system was determined by connecting the
transmitter pigtail to the receiver. Care was taken to assure tﬁat the cutoff wavelength of
the pigtails was below the laser operating wavelength. The BER was measured by
adjusting the received optical power with the help of the variable optical attenuator.
Afterwards, a line was fitted to the data by using an exponential regression analysis. The

results of this measurement were found to be identical to the zero-dB curve of Figure
7.32.

After the initial evaluation of the system performance, two experiments were performed

to determine the modal noise penalty:
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In the first, the BER was measured as a function of splice loss for a fiber with cutoff

wavelength of 1350 nm. The system operating wavelength was 1300 nm. In this case no

modal noise penalty was observed even when the splice loss was increased to 5 dB at

each splice point. As a result, another fiber with cutoff wavelength of 1400 nm was

inserted between the transmit and receive fiber. The BER as a function of the receive

power P, was measured for splice losses ranging from 0 to 4 dB at each splice point. The

results of this experiment are shown in Figure 7.32 for all splice losses.
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Figure 7.32: Measured bit-error-rate (BER) as a function of received power for splice

losses ranging from 0 to 4 dB.

At a BER of 10?, the power penalty was determined by measuring the difference in the

required received power for a splice loss of zero and for the imposed splice loss.
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Figure 7.33: Measured and calculated modal noise penalty as a function of splice loss
for a constant BER of 10°.
In Figure 7.33, the theoretical values calculated from (7.31) and (7.32) are shown. From
this plot we observe that the power penalty for zero splice loss is zero. This occurs since,
at zero splice loss all the power is coupled to the LPy, mode at both splices and no modal
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noise is generated. For a splice loss of 1 dB the calculated penalty is approximately 1.1
dB while the experimental penalty is 0.4 dB. This difference between theory and

experiment increases even further for higher splice losses.

In a second experiment, all four high-cutoff-wavelength fibers were used to determine the
modal noise dependence on the fiber cutoff wavelength. For this experiment the splice
loss was kept at 1 dB. The results of this test are shown in Figure 7.34 together with the
theoretical calculations. As expected, the modal noise penalty depends strongly on the
cutoff \;vﬁvelength. Once again, the measurement results are only in qualitative
agreement with the theory. For a splice loss of 0.5 dB the difference between calculated

and measured cutoff wavelengths is approximately 40 nm.

It was explained earlier that we should expect some disagreement between theory and '
experiment. Some of the reasons for this disagreement, caused by theoretical

assumptions and experimental limitations, are given below:

e The model assumes that system operating wavelength varies randomly due to mode

partitioning.

o In the theoretical calculations a factor from the signal component was omitted for

ease of calculations.

Unintentional bends are inevitably incorporated during the measurement. These bends
result in attenuation of the LP,, mode, and they do not affect the bend loss of the LP,,
mode. Therefore, the modal interference and subsequently the modal noise of the system

will be reduced.

In this work we want to determine the upper minimum on the cutoff wavelength and the
lower length required to eliminate modal noise. The above assumptions will all

contribute to overestimating the modal noise penalty. The industry expects no penalty
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due to modal noise. By utilizing the conservative theoretical model developed above,
with the appropriate limits, no modal noise penalty will be present in any fiber optics

system.
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Figure 7.34: Measured and calculated modal noise penalty as a function of cutoff

wavelength for a BER of 10°.
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7.8.4 Setting the Modal Noise Limits on Fiber Optics Systems

Now that all the necessary background for the modal noise penalty is in place, it is
important to set the lower limits on fiber parameters that are necessary to eliminate any
presence of modal noise. These parameters are the upper and lower values of the bend

diameter, the lower limit of cutoff wavelength and the minimum fiber length.

The current lower limit of bend diameter is 7.5 cm. As discussed earlier, this limit
depehd.s on two parameters: the long-term fiber reliability and the bend loss of the LPy,
mode. As discussed earlier, a 5-cm bend diameter will exceed both the mechanical and

optical requirements of fiber optics systems.

The upper limit of the bend diameter was set to be infinite. It will be shown that the’
penalty of a straight fiber on the required length is very high. In this work it is

recommended that the bend diameter should be at least 7.5 cm.

The currently recommended lower operating wavelength limit is 1260 nm. Even though
no operating system specifies operating wavelengths below 1285 nm, standards
organizations recommend the lower value in case the cooling mechanism of the laser
package should fail, and the operating wavelength shifts to these values due to the higher
temperature. These effects cause the energy gap between the conduction and valence
bands of the semiconductor to change, affecting the wavelength of the light emitted by
the device. This argument is extremely conservative, and introduces severe limitations on
the operating system. If a system designed for operation at 1310 nm experiences such a
shift in its operating wavelength, it will fail for reasons other than modal noise such as
power limitations due to the optical fiber attenuation change of the LP,, mode or by the
noise generated due to chromatic dispersion degradation. In this work the lower limit of
the operating wavelength will coincide with the worst case specification of 1285 nm. The

same value is used in the design of fiber optics systems.
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The next parameter to be defined is the lower limit of the fiber length. It was explained
in Section 7.2 that modal interference changes into modal noise if laser wavelength
changes due to mode hopping are smaller than the periodicity of the modal interference
pattern. This fiber length. depending on the cutoff wavelength, corresponds to 1.5
meters. In.the following calculations, fiber length will be reduced to 0.5 meters. If the
system will meet the modal noise criteria for 0.5 meters, it will operate for any fiber

length.

The last remaining parameter is the mode partition noise, k. For most practical
applications this value varies between 0.3 and 0.5. In the following calculations the worst
case value of 1 will be used. This value corresponds to a double-moded laser, where the

optical power can switch from the one mode to the other arbitrarily.

Table IV summarizes the assumptions made in order to proceed with the calculations of
the modal noise penalty. As mentioned, all the assumed values are under the worst-case
scenario. This is necessary in order to eliminate any future concerns related to modal

noise.

It is also assumed that the worst-case allowable modal noise penalty is 0.5 dB. This
value is small compared to other penalties and will not affect the system performance.
Finally, the worst-case splice loss is 2 dB. Usually the splice and connectorization loss of

fiber optics systems is below 0.5 dB, and most often of the order of 0.1 dB.
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Table IV: Worst-case values used to determine modal noise limits

Parameter Worst-case Value Unit
Bend Diameter (upper Limit) © cm
Bend Diameter (Lower Limit) 8 cm
Cutoff Wavelength (Upper Limit) 1285 nm
Fiber Length 0.5 m
Mode-Partitioning Noise 1

Splicé Loss (Upper Limit) 2 dB
Modal Noise Penalty 0.5 dB
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7.9  Determining the lower cutoff wavelength limit
7.9.1 The case of unbent fiber

Up to no»\; the lower value of the cutoff wavelength was determined from a very simple
statement: the effective cutoff wavelength of a straight fiber at the desired length shall be
lower than the “worst case” wavelength of the system’s source. Since the lower
wavelength limit was set at 1260 nm, the cutoff wavelength for the desired fiber length
should .be lower than this value. Of course, this value is adjusted by the layout
configuration. As mentioned earlier, the fiber layout conditions for the factory
measurement require a 2-meter fiber length and a 28-cm diameter bend. For fibers
shorter than 2 meters, the cutoff wavelength increases, while for longer fibers, it
decreases. By knowing the length and bend dependence of cutoff wavelength and the
lower wavelength limit, we can predict the factory-measured cutoff wavelength and set

the proper industrial specifications.

In this work the factory-measured cutoff wavelength for a system with operating
wavelength of 1285 nm is estimated by using the data in Sections 7.5 and 7.7. This plot
is given in Figure 7.35. This figure was made under the assumption that the cutoff
wavelength of both fiber types is identical at a length of tW(S meters. As expected, the

allowable cutoff wavelength of the fiber increases with the fiber length.

In the above plot we notice that the allowable cutoff wavélength for depressed-cladding
fiber is higher than that of matched, for lengths greater than two meters. The opposite is
true for lengths shorter than two meters. The explanation is that the cutoff wavelength of
the depressed-cladding fiber has a stronger length dependence than does the matched-
cladding fiber. This is due to the fact that there is no leakage-loss effect in the matched-

cladding fiber, whereas there is in the depressed-cladding fiber.
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From the above observations we see that if straight fiber lengths are used in the optical
system, the matched-cladding fiber is preferable to depressed-cladding for lengths less

than two meters and vice versa for lengths greater than two meters.
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Figure 7.35: Estimated cutoff wavelength as a function of length for matched and
depressed-cladding fibers.

Similar observations can be drawn if we use the modal noise penalty approach. By using
the equaﬁons given in Section 7.8, the maximum allowable cutoff wavelength as a
function of splice loss for different levels of modal noise penalty can be calculated. The
calculations were made using MathCad, and the complete program is shown in Appendix

5.
The results of these calculations, shown in Figure 7.36, demonstrate that the maximum

allowable cutoff wavelength depends not only on the fiber type (matched or depressed)

but also on the maximum allowed modal noise penalty, the splice loss and of course the
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length of the fiber. This model is more complete and, contrary to previous arguments

within the fiber optics industry, easily understood.

From this graph we observe that the maximum allowable factory-measured cutoff
wavelengfh increases with the modal noise penalty, the rate of dependence on the modal
noise penalty is greater for depressed rather than matched-cladding fibers, and that the
depressed-cladding fiber has higher maximum cutoff wavelength values for modal noise
penalties greater than 0.6 dB and splice losses less than 0.5 dB if the fiber length is 1
meter. For short fiber lengths the matched-cladding has the advantage for any imposed
penalty and splice loss, while for long ones (of about 10 meters) the depressed-cladding

fiber can accommodate higher cutoff wavelengths.

Figure 7.37 shows the dependence of the cutoff wavelength on the splice loss for 0.05-,

0.5- and 1-dB modal noise penalties. As seen from this graph, the maximum allowable
cutoff wavelength for matched-cladding fiber is higher than that of depressed-cladding
for length of one meter. The opposite is true for lengths greater than two meters. Since
in our case we are interested for the maximum allowable wavelength in fiber management

system configurations, lengths of the order of 1 meter are investigated.
Another important observation is that the maximum allowable cutoff wavelength is

approximately 1276 nm for matched and 1266 nm for depressed-cladding, if the splice
loss at each point is 2 dB and the modal noise penalty 0.1 dB.
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Figure 7.36: Maximum cutoff wavelength of unbent single mode fibers as a function of

modal noise penalty for splice losses of 0.5, 1, 2 and 3 dB. The three
different plots correspond to fiber lengths of 0.5 meters (a), 1 meter (b)

and 10 meters (c).
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We also observe that the cutoff wavelength increases as the splice loss at the two splice
points decreases. For zero splice loss, the cutoff wavelength reaches infinity. We also
see that the cutoff wavelength of depressed-cladding fibers has a stronger dependence on
the spliceh loss than for matched-cladding fibers. As an example, for a modal noise
penalty of 1 dB and a change in splice loss between 1 and 2 dB, the maximum cutoff
wavelength of a depressed-cladding fiber changes by approximately 10 nm, while that of
a matched-cladding fiber changes by 5 nm. The same can be said for the modal noise
penalty For a 2-dB splice loss and a change in modal noise penalty from 0.1 to 1 dB, the
maximum cutoff wavelength changes by 5 nm for a matched-cladding fiber and by 15 nm
for a depressed-cladding fiber. Due to all the above observations, matched-cladding fiber

types are preferable under conditions of unbent deployment and short lengths.
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Figure 7.39: Same as Figure 7.37 but with a fiber length of 0.5 meters.

This cutoff wavelength limit reduces even further if the required length becomes 0.5

meters. As shown in Figure 7.39, the required cutoff wavelength becomes approximately
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1250 nm for the case of depressed-cladding fiber and 1270 nm for the matched case. In

this case the modal noise penalty and the splice loss remain the same.

These cutoff wavelength limits are difficult to achieve and they introduce a significant
limitation to the design of single mode fiber since they reduce the design window
significantly. An easy way to increase the cutoff wavelength of the fiber is to introduce
intentional bends in the fiber. Another scenario is to provide several fiber types having
different cutoff wavelengths. This will increase the complexity of the fiber optics
trans;ni.ssvion systems significantly. Such an approach is not in the best interests of the

fiber supplier and end user.
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7.9.2 The case of bent fiber

As was determined theoretically and experimentally earlier, a bend in the fiber
configuration causes the cutoff wavelength to reduce. Or, in other words, the maximum
allowab‘le. factory measured cutoff wavelength will be allowed to increase as the bend
diameter on the deployed fiber decreases. This effect was utilized to obtain the maximum
allowable factory measured cutoff wavelength as a function of the bend diameter. Once
again, the experimentally determined values shown in table III were used to obtain the

calculated results.
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Figure 7.40: Maximum allowable cutoff wavelength as a function of the bend diameter

of optical fiber. The fiber length for this fiber is 0.5 meters.

In Figure 7.40, the maximum allowable cutoff wavelength increases significantly as the
bend diameter decreases. As expected, the matched-cladding fiber shows a stronger
dependence on the imposed bend to the depressed-cladding fiber. This curve was
generated by evaluating the change in cutoff wavelength due to the imposed length and

bend without considering the effect of modal noise.
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Figure 7.41: Maximum allowable cutoff wavelength as a function of the bend diameter
for 0.5, 1 and 2 meters fiber lengths. The modal noise penalty is 0.5 dB

and the loss at each splice point is 2 dB.

The higher attenuation of the LP,, mode in the matched-cladding fiber, is caused by the
larger mode field diameter and the lower difference between theoretical and effective
cutoff wavelength, as compared to the depressed-cladding fiber. Matched cladding fibers

with lower mode field diameters have lower bend dependence of cutoff wavelength.

Figure 7.41 is a plot of the maximum allowable cutoff Qavelength as a function of the
bend diameter for fiber lengths of 0.5, 1 and 2 meters. In that case, the modal noise
penalty is 0.5 dB and the system operating wavelength is 1285 nm. We observe once
again that as the bend diameter decreases the maximum cutoff wavelength increases more
rapidly for matched-cladding fiber compared to depressed-cladding fiber. From the-cutoff
wavelength changes for the three fiber lengths, the depressed-cladding fiber design shows
a greater dependence compared to the matched-cladding. Once again this is due to the

leakage loss of the LP;, mode, as described in the previous chapter.
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For a bend diameter of 8 cm, the maximum allowable cutoff wavelength of the
depressed-cladding fiber is 1270 nm, while that of the matched is 1330 nm. Since current
commercial fibers have a specified maximum cutoff wavelength 1330 nm, any
commercially available matched-cladding fiber can be used to lengths of 0.5 meters, if an
imposed bend of 8 cm is introduced. The cutoff wavelength of commercially available
depressed-cladding fibers should be selected to be below 1270 nm in order to eliminate

any concerns of modal noise.

In Figure 7.42, the cutoff wavelength is plotted as a function of splice loss for matched
and depressed-cladding fibers. In these plots we observe that the cutoff wavelength limit
has a small dependence on the splice loss as compared to other parameters such as the
imposed bend or modal noise penalty. We also observe that the fiber length increases the
upper cutoff wavelength limit only slightly in matched-cladding fibers but more
drastically in depressed-cladding fibers. As an example, in the case of matched-cladding
fibers with 2 dB splice loss, the upper limit of cutoff wavelength changes from 1330 nm
to 1335 nm and 1355 nm for fiber for fiber lengths of 0.5, 1 and 10 meters. In the case of
depressed-cladding fibers, however, the upper cutoff wavelength limit changes from 1270

nm to 1290 nm and 1330 nm for the same fiber lengths

A summary of the results is shown in Figures 7.43 and 7.44. These graphs compare the
cutoff wavelength of matched and depressed-cladding fibers for fiber lengths of 0.5, 1
and 10 meters. Figure 7.43 is a plot of the maximum cutoff wavelength as a function of
splice loss for fibers in the unbent configuration, while the one in Figure 7.44 is for the
bent configuration. We observe that the maximum cutoff wavelength for a 10 meter fiber
length, that corresponds to the minimum length used in fiber optics cable repairs, is
greater than 1330 nm for the bent configuration of matched and depressed-cladding
fibers. However, if the fiber length reduces to 0.5 meters, as is the case of connectorized
patchcords, the maximum cutoff wavelength reduces to 1330 nm and 1270 nm for

matched and depressed—cladding fibers respectively.
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10 meters. An 8 cm bend is applied in all configurations.
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7.10 Design window completion

There is a great desire within the fiber optics industry to minimize the types of optical
fibers used for telecommunications. Currently the two most widely used fiber types are
the dispersion-shifted and dispersion-unshifted fibers. Even though there are differences
between the designs of different manufacturers, every effort has been made to guarantee
their compatibility. It is preferable to use the same fiber design in different applications

by modifying the layout configuration of the optical fibers.

The work in this chapter was performed to calculate and establish the cutoff wavelength
and the physical layout limits needed for the configuration of short fiber lengths in fiber
management frames. The purpose of this work is to reduce the fiber length and the bend
diameter requirements and therefore to increase the allowable density of the fiber
connections in frames without penalizing the system with another performance
degradation. This worked established the upper cutoff wavelength limits of both matched

and depressed-cladding fibers. These limits will be used to enclose the design window of

these fiber types.

The complete design diagram for matched-cladding fiber is~ shou}n in Figure 7.45. The
shaded areas are the windows within which the fiber is allowed to operate.  Fibers
designed within the light colored area can operate at any length limit if they are bent to a
diameter of 8 cm. Fibers within the light and dark area can be used in cases where the
fiber length is greater than 10 meters. From this figure we can observe that there is very

little increase in the design window if the fiber length is raised to 10 meters.
Figure 7.46 shows the design diagram of a depressed-cladding fiber. As described-above,

fibers with no length limitation are allowed to operate in the light shaded area, while

fibers with a 10 meter length limitation can be operated into the dark area.
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From this diagram we can conclude that depressed-cladding fiber should be selected with
low cutoff wavelengths in order to be used at any length. Manufacturers are forced to
fabricate special fibers with low cutoff wavelength in order to meet the short length
needs. Tﬁe design window of the depressed-cladding fiber increases significantly if the
minimum fiber length is raised to 10 meters. Even in that case, the design window

remains smaller than the matched-cladding fiber.

The modal noise model developed in this section can increase the system flexibility
significantly. Even though it is still conservative, it allows for variations in the operating
parameters and in the fiber type being used. The conservative nature of this model was
proven experimentally in this section. Even under this conservative scenario, the
maximum cutoff wavelength is significantly higher to the one used by the internationally

established standards.
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The test is performed by measuring the time delay of each pulse at discrete wavelengths.
The time delay data are plotted as a function of wavelength, and for dispersion-unshifted
fibers they follow a Sellmeier type of equation. These data are differentiated, and the
point where the resulting curve crosses the zero axis defines the zero dispersion
wavelength. The slope at this point, calculated from the measured data, gives the slope at
the zero dispersion wavelength. The dispersion at any other wavelength is found from

these two values. The time delay equation between 1200 and 1600 nm is given as:

A2 - A3

T(A)= 7, + Sy

(8.1)

where 1, is the zero dispersion wavelength and S, the slope at this wavelength. The |

above equation can be differentiated, yielding the chromatic dispersion D as a function of

wavelength:

4
D(A)=S4—°[ -’1—°} (8.2)

(b)  Fiber spectral attenuation (used to measure the bend loss and cutoff

wavelength)

The spectral attenuation test station was used to measure the bend loss and the cutoff
wavelength of the fiber. The station is described in detail in Section 5.5.1. A brief

description is found in reference [84].
The test station used in this study was capable of achieving an accuracy of 0.01 dB, and

dynamic rage of approximately 40 dB over a wide wavelength range. Precise equipment

was necessary in order to measure bend losses of the order of 0.01 dB.
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(c) Fiber Mode Field Diameter (MFD)

The mode field diameter of the fiber defines the distribution of the field amplitude across
the fiber end face, and can provide the user with a means of specifying interfiber
compatibility since mode field diameter mismatch can result to high splice and

connectorization loss.

The value of the MFD depends on its definition. The industry has established a standard
definition in order to achieve compatibility between manufacturers and the users. These

are called the "Petermann I" and "Petermann II" definitions, and are given by the

expressions[85]:

Petermann I definition (rms width in the near field)

@«

w dv 1’
_[Wzi'Jdr { J[ﬁ} od 0

w} = =3 —— (8.3)
j.t//zrdr I\P29d0

Petermann II definition (rms width in the far field)

jt//%"dr . I‘P"Gd& ‘
le = m_w = k2 ;m (84)
2 203

In the above expressions w2 (r) is the near field intensity distribution of the fiber, P2(r) is

the far field intensity distribution, » and @ are the radial and angular coordinates and 4 is
the vacuum wavenumber. From these relationships it is possible to measure the fiber's

mode field diameters from the near or far field intensity pattern.
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The methods that are currently in use are divided into two major categories:

e The near-field techniques, where the MFD is calculated from the near-field intensity

distribution and where the "Petermann I" definition is mainly used([86].

e The far-field techniques, where the fiber field distribution is measured as a function of

angle in the far-field. In these cases, the "Petermann II" definition is used[87].

Even though the two definitions are different from each other, they usually give similar

results for fibers with a refractive index approximated by a step-index profile, and at

wavelengths of operation close to the cutoff wavelength of the second-order (LP11)

mode. In that case the mode-field-diameter of the fiber can be approximated by a
Gaussian function, simplifying greatly its definition. For fibers where the mode field

diameter is represented exactly by a Gaussian curve, the "Petermann I" and the

"Petermann 11" definitions are identical[88].

In order to define precisely the design diagram, an accurate measurement of the fiber
MFD is essential. In this work, the fiber MFD is measured from data extracted from the

far-field intensity distribution of the fiber. The two techniques used were:

e The variable-aperture method

e The far-field-scanning Method

The variable—aperture[89s 90] method is based on a measurement of the optical power as
transmitted through a set of circular apertures that are located in the far field. The optical
power through the apertures is focused onto a 300-pm diameter InGaAs PIN photodiode

with a set of two collimating lenses.
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The far-field scanning method[91] measures the far-field power that is emitted from the
fiber as a function of angle. For that purpose, a small-area detector is placed on a rotary
stage and scans angularly the optical power of the fiber in the far-field. With this method,

the power distribution in the far field is obtained directly.

With the above methods the MFD given by the "Petermann II" definition can be
evaluated with good accuracy, if conventional fiber is used. For unconventional fiber,
such as dispersion-shifted or dispersion-flattened fibers, the variable-aperture technique
may be limited due to the maximum angle that it can accept in the far field, which
depends on the maximum aperture size and the collection optics used. For these

measurements, the far-field scanning technique should be used.
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9. CONCLUSIONS

The purpose of this work was to determine of the design diagrams of the two most widely
used dispersion unshifted fiber types: the matched and the depressed-cladding fibers.
The parameters that determine the design diagram, the chromatic dispersion, the bend

loss and the modal noise of the fibers, were analyzed completely.

The ﬁrgt parameters analyzed were the propagation properties of the fiber. For that
reason, two models based on finite differences and finite elements were compared. The
finite-difference model that was proven to have the greater accuracy of the two was used
to calculate numerically the propagation characteristics of the fiber. From the fiber’s
propagation properties the chromatic dispersion characteristics for both dispersion-
unshifted fiber types were determined. The zero dispersion wavelength limits were
defined in the design diagram in terms of the MFD and cutoff wavelength of the fiber.
The models were used to determine the dependence of the dispersion slope on the zero
dispersion wavelength of the fiber. Since the chromatic dispersion depends on both of
these parameters, the dispersion slope value can influence the design parameters
significantly, especially at high zero dispersion wavelengths where the dispersion slope is

smaller.

The same models were utilized to determine the propagation characteristics of a unique
dispersion-shifted fiber with low scattering coefficient and low dispersion slope. This
model can be used to determine the dispersion properties of dispersion-shifted or even
dispersion-compensated fibers. Since this is outside the scope of this work, these fiber

types were not studied in depth.

The bend and modal noise properties of the matched and depressed-cladding fibers were
also studied in detail. These two parameters, together with the chromatic dispersion,
complete the design diagram of dispersion-unshifted single-mode fibers for all standard

applications. Even though the applications of these fiber types are exactly the same,
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completely different mechanisms influence the bend loss and modal noise properties.

Therefore, the limits dictated on the design diagram by these two parameters are different.

By using numerical and experimental results, it was found that the fundamental mode of
matched-cladding fibers has lower bend sensitivity than depressed-cladding fibers when
bends greater than 4 cm diameter are applied. This property makes the matched-cladding
fiber less sensitive to losses caused in splice organizers. This fiber type gives greater
flexibility to the cable designer, since he can use tighter helixes in the fiber tubes for a
loose tube cable design. On the contrary, depressed-cladding fibers perform better when

the cable is exposed to microbending caused by low temperatures or low-cost cables.

In this work a lot of effort was placed on studying the effect of modal noise on the system
parameters. The modal noise effect is of great importance in the field deployment of |
fiber. Scientists have studied this phenomenon very little, and standards organizations
have dictated limits based on perceptions rather than technical knowledge. These
conditions have placed severe limitations on the deployment of fiber optics systems and
on their proper management in central or remote offices. In this work we have seen that
the fiber length has a small impact on the modal noise penalty, even for depressed-
cladding fibers. On the contrary, bends strip the LP,, mode quickly and reduce the modal
noise penalty significantly. If an 8-cm bend diameter is used in every fiber, the upper
limit of cutoff wavelength will increase to 1330 nm for matched-cladding and 1310 nm
for depressed-cladding fibers. The fiber length will be reduced to 0.5 meters. This
parameter completes the design diagram and defines the window within which the fiber is

allowed to operate.

In addition to the above, the minimum bend diameter was set. A reduction of this bend
diameter improves the fiber density, design flexibility and user friendliness in the
distribution frames and splice organizers. By careful evaluation of the long-term strength
reliability and the bend loss of the fundamental mode, this bend diameter limit was

reduced from 8 to 5 cm.. This limit, together with the design window, completes the
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deployment operation of dispersion unshifted single-mode fibers and their parameter

limitations.

There is always a tendency to compare the two fiber designs. Inevitably, each fiber
design has advantages and disadvantages. We can summarize by saying that the
matched-cladding fiber is a simpler design and potentially of lower cost. Its simplicity
gives it the potential to be a robust design if it is properly fabricated. For that reason all
major ﬁbe; manufacturers, including AT&T, are switching to this fiber type. In the near
future‘ tllle fiber design will improve further by reducing the mode field diameter of the
matched-cladding fiber closer to that of the depressed-cladding type. In that case, the
matched-cladding fiber will outperform the depressed-cladding type in all the areas
described above. In order to accomplish this, the scattering loss contribution due to the
GeO, doping should be improved. Simultaneously, the refractive index profile should be -
closer to a step index in order to improve the chromatic dispersion properties of the fiber.
An in-depth study of this topic is necessary in order to improve the properties of the

commercially available single-mode fiber.
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10. SUGGESTIONS FOR FURTHER STUDY

Several workers believe that the propagation properties of optical fibers have been
studied completely. This work demonstrates that deeper understanding of several areas in
fiber propagation properties is necessary. Some suggestions for further work are

proposed below:

e Theoretical and experimental work is necessary to optimize the design parameters of
matched-cladding single-mode fiber. As mentioned above, fibers with MFDs
between 8.5 to 9.5 um will have superior bend and microbend performance. This will
be achieved by an in-depth theoretical and experimental study of the Rayleigh

scattering and dispersion properties of the fiber.

e The finite-difference model can be used to determine the design limitations of
dispersion-shifted fibers. These fiber types have complicated profiles and this model,
together with the bend sensitivity evaluation, can define the operating parameters in

terms of the mode field diameter and cutoff wavelength.
e The same model can be used to design dispersion-compensated fibers.

e A subject of great interest is the nonlinear properties of optical fibers. Nonlinear
characteristics, such as the Kerr effect, etc., the nonlinear properties of dispersion-

shifted and dispersion-unshifted fibers can be evaluated.

e A finite-element or finite-difference model can be developed to evaluate the bend
sensitivity of the optical fibers. A comparison between this model and the one used
in this work may be able to reduce the differences between theory and experiment.
This model should include the refractive index properties of the coating material and

the reflections that occur in the coating/cladding interface.

This list can be increased even further. The author believes that more work on this

subject will improve the properties of optical fibers, their deployment conditions and their
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user friendliness. A complete understanding of the propagation properties of optical
fibers will reduce their manufacturing and deployment costs and will secure their future
as the desired telecommunications media of choice for the present and the future. This

work will contribute to increase and spread the bandwidth of knowledge of the human

race.
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APPENDIX 1

A Finite Element Method Program to calculate the Propagation Properties of
Optical Fibers

dimension a(27,27),t(27,27),eival(27),eivec(27,27),t1(27)
dimension vn(27),nv1(27),nv2(27),iv(27,2),r(28)
dimension aa(2,2),st(2,2)
data vn/.9954,.8117,.5293,.2595,.0583,.0099,.1029,
c & .2724,.42,.5596,.7124,.8603/
data vn/.9954,.940,.8117,.6778,.5293,.3759,.2594,.1476,
& .0583,.0151,.0099,.0414,.1029,.1883,.2723,.3469,.42,
& .4912,.5596,.6340,.7124,.7871,.8602,.9334,.9849/
nsco = 25 seg in core, nscl = 2 seg in cladding
vn contains n(r) info
data r/12.5,0.,0.04,0.08,0.12,0.16,0.2,0.24,0.28,0.32,
& 0.36,0.40,0.44,0.48,0.52,0.56,0.60,0.64,0.68,0.72,0.76,
& 0.80,0.84,0.88,0.92,0.96,1.,2./
data nv1/2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,
& 20,21,22,23,24,25,26,27,28/
data nv2/3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,
& 21,22,23,24,25,26,27,28,1/
open(6,file="costa.out',status='new’)
ndir=1
nsco=25
noptl=28
nos=noptl-1
¢ do 300 i=1,nsco
c300 vn(i)=0.
¢ the above puts values for n(r) in the core
nscl=nos-nsco
do 301 i=1,nscl
k=nsco+i
301 wvn(k)=1.
c

[¢]

el ¢

vval=1.5
yvali=vval
do 1000 11=1,21
vval=vvali+(ll-1.)*.1
¢ vval = value of v from graph
v2=vval**2
write(6,fmt=201)noptl,nos,nsco,vval
201 format(' no of nodes,i3,' elements',i3," nscore',i3,' v="
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& ,el1.7/)
¢ Vv2isv**2intheeqn
=noptl-ndir
nn3=nn-4
do 602 i=1,nos
iv(i,1)=nvi(i)
602 iv(i,2)=nv2(i)
do 6 i=1,nn
tl(i)=0.
do 6 j=1,nn
t(i,j)=0.
6 a(i,j)=0.
do 16 is=1,nos
i1=iv(is,1)
i2=iv(is,2)
r2=r(i2)
rl=r(il)
vl=abs(r2-r1)
vi2=vl*vl
rpr=rl+12
r2=(r2*r2-r1*r1)/(2.*v12)
r3=(r2*r2*r2-r1 *r1*r1)/(3.*vi2)
rrd=(r2*r2*12*r2-r1 *r1 *r1*r1)/(4.*vI2)
¢ write(6,fmt=202)is,r1,12,vl
202 format(' seg',i3, start',e17.7,' end',e17.7,e17.7)
do23i=1,2
I=iv(is,i)-ndir
if(iv(is,i).le.ndir) go to 23
aa(1,1)=(r1+r2)/(2.*vl)
aa(1,2)=-aa(1,1)
aa(2,1)=aa(1,2)
aa(2,2)=aa(1,1)
st(1,1)=r2*r2*rr2+rr4-2.*12*rr3
st(2,2)=r1*r1*rr2+rr4-2.*r1 *rr3
st(1,2)=rpr*rr3-rr4-r1*r2*rr2
st(2,1)=st(1,2)
do 14 k=1,2
if(iv(is,k).le.ndir) go to 15
le=iv(is,k)-ndir
t(L,le)=t(l,lc)+st(i,k)*v2
a(l,lc)=a(l,lc)+aa(i,k)+vn(is)*st(i,k)*v2
goto 14
15 ti()=tl(i)
14 continue
23  continue
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16 continue
mm=nn**2
call nroot(nn,mm,a,t,eival,eivec)
do 303 i=1,nn
303 eival(i)=sqrt(eival(i))
print 2,(eival(i),i=nn3,nn)
write(6,fmt=2)(eival(i),i=nn3,nn)
2 format(' eigen',e17.7/)
1000 continue
stop
end
subroutine nroot(m,mm,a,b,x1,x)
dimension a(mm),b(mm),xl(m),x(mm)
¢ double precision a,b,xl,x,sumv,dabs,dsqrt
k=1
do 10 j=2,m
I=m*(j-1)
do 10i=1,j
I=1+1
k=k-+1
10 b(k)=b(l)
mv=0
call eigen(b,x,m,mm,mv)
1=0
do 20 j=1,m
=14
20 xI(G)=1./sqrt(abs(b(1)))
c20 xI(j)=1.0d0/dsqrt(dabs(b(1)))
=0
do 30 j=1l,m
do 30 i=1,m
k=k+1
30  bk)=x(k)*xI(j)
do 40 i=1,m
n2=0
do 40 j=1,m
nl=m*(i-1)
l=m*(j-1)+i
¢ x(1)=0.0d0
x(D)=0.0
do 40 k=1,m
nl=nl+1
n2=n2+1
40  x()=x(l)+b(nl)*a(n2)
=0
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do 50 j=1,m
do 50 i=1,j
nl=i-m
n2=m*(j-1)
I=1+1
a(1)=0.0
do 50 k=1,m
nl=nl+m
n2=n2+1
50 a(l)=a(l)+x(nl1)*b(n2)
call eigen(a,x,m,mm,mv)
=0 -
do 60 i=1,m
1=+
60 xlI(i)=a(l)
do 70 i=1,m
n2=0
do 70 j=1,m
nl=i-m
l=m*(j-1)+i
¢ a()=0.0d0
a(1)=0.0
do 70 k=1,m
nl=nl+m
n2=n2+1
70 a(D=a(l)+b(nl)*x(n2)
1=0
k=0
do 100 j=1,m
¢ sumv=0.0d0
sumv=0.0
do 80 i=1,m
|=1+1
80 sumv=sumv-ta(l)*a(l)
c90 sumv=dsqrt(sumv)
90 sumv=sqrt(sumv)
do 100 i=1,m
k=k+1
100 x(k)=a(k)/sumv
return
end
subroutine eigen(a,r,n,nn,mv)
dimension a(nn),r(nn)
¢ double precision a,r,anorm,anrmx,thr,x,y,sinx,sinx2,cosx,
¢ &cosx2,sincs,range,dabs,dsqrt
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cl0 range=1.d-12
10 range=1l.e-12
if(mv-1) 20,50,20

20 ig=-n
do 40 j=1,n
ig=iq+n
do 40 i=1,n
ij=iq+i
¢ r(ij)=0.0d0
1(ij)=0.
if(i-j) 40,30,40
c30 r(ij)=1.0d0
30 r(ij)=L1.

40 continue
c50 anorm=0.0d0
50 anorm=0.
do 70 i=1,n
do 70 j=i,n
if(i-j) 60,70,60
60 ia=i+(j*j-j)/2
anorm=anorm-+a(ia)*a(ia)
70 continue
if(anorm) 360,360,830
c80 anorm=1.414d0*dsqrt(anorm)
80 anorm=1.414*sqrt(anorm)
anrmx=anorm*range/float(n)
ind=0
thr=anorm
90 thr=thr/float(n)
100 I=1
110 m=l+1
120 mg=(m*m-m)/2
Ig=(1*1-1)/2
Im=l+mq
c130 if(dabs(a(Im))-thr) 290,140,140
130 if(abs(a(lm))-thr) 290,140,140
140 ind=1
lI=l+1q
mm=m-+mgq
x=0.5*(a(1l)-a(mm))
¢ x=0.5d0*(a(ll)-a(mm))
150 y=-a(Im)/sqrt(a(lm)*a(im)+x*x)
c150 y=-a(Im)/dsqrt(a(lm)*a(lm)+x*x)
if(x) 160,170,170 -
160 y=-y
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170 sinx=y/sqrt(2.*(1.+(sqrt(1.-y*y))))
c170 sinx=y/dsqrt(2.d0*(1.d0+(dsqrt(1.d0-y*y))))
sinx2=sinx*sinx
c180 cosx=dsqrt(1.0d0-sinx2)
180 cosx=sqrt(1.0-sinx2)
cosx2=cosx*cosx
sincs=sinx*cosx
ilg=n*(l-1)
img= n*(m-1)
do 280 i=1,n
ig=(i*i-i)/2
if(i-1) 190,260,190
190 if(i-m) 200,260,210
200 im=i+mq
go to 220
210 im=m+iq
220 if(i-1) 230,240,240
230 il=i+lq
go to 250
240 il=l+iq
250 x=a(il)*cosx-a(im)*sinx
a(im)=a(il)*sinx+a(im)*cosx
a(il)=x
260 if(mv-1) 270,280,270
270 ilr=ilg+i
imr=imqg-+i
x=r(ilr)*cosx-r(imr)*sinx
r(imr)=r(ilr) *sinx+r(imr)*cosx
r(ilr)=x
280 continue
do 400 j=i,n
jg=jqtn
mm=j+(*j-j)/2
if(a(ll)-a(mm)) 370,400,400
370 x=a(ll)
a(ll)=a(mm)
a(mm)=x
if(mv-1) 380,400,380
380 do390k=I,n
ilr=igtk
imr=jq+k
x=r(ilr)
r(ilr)=r(imr)
390 r(imr)=x
400 continue
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return
end
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APPENDIX 2

A Finite Difference Method Program to calculate the Propagation Properties and

Chromatic Dispersion of Optiéal Fibers

/*
Notation:

V: normalized freauency.

B: normalized propagation constant.
S: number of the elements used.

h: length of each element.

E: scalar field.

K: Bessel function K.

wl: wavelength.

Ge: GeO2 concetration.

F: Florin concentration.

t: group delay.

*/

#include <stdio.h>
#include <conio.h>
#include <ctype.h>
#include <math.h>
#include <stdlib.h>

double U,Vc,E_ core[800], N[800];
float h,s,S;

void step __proﬁ]e(void);
void power_profile(void);
void numerical_profile(void);

double eigen(double V);
double cutoff(double V);

double Core(int m, double V, double B);
double Clad(int m, double V, double B);

double BesselK(int n, double x);
long double factorial(int m);
long double phi(int m);
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double Ge_core_concentration(double NAO,double wl,double Ge_clad, double F_clad);
double zero_dispersion(double Ge_core, double Ge_clad, double F_clad, double wic);
void cal_dispersion(double Ge_core, double Ge_clad, double F_clad, double wlc);
double fiber_param(double wl0, double wlc, double Ge_clad, double F_clad);

double n(double Ge, double F, double wl);
double dn(double Ge, double F, double wi);
double calc_R(void);

double group_delay(double wi, double Ge_core, double Ge_clad, double F_clad, double R, double B);

int main() .

{

char cmd, name[30];

char inbuf [130];

double V,B,R,NAO,NA,NAc,n_core,n_clad;

double t,wl,wlc,wlcs,wlce,wlcst,wl0,wl0s,wl0e,wl0st,Ge_core,Ge_clad,F_clad,MFD,a;
FILE *file_prt;

prof_type: /* select type of refractive index profile */
do {
clrscr();
printf("\n");
printf("Select the type of index profile:");
printf("\n 1. Step profile.");
printf("\n 2. Power law profile.");
printf("\n 3. Numerical data from a file.");
printf("\nPress number of the type you want or press Q to quit the program...");
cmd=toupper(getch());
printf("\n");

switch(cmd)
{
case 'l": step_profile(); goto start;
case '2': power_profile(); goto start;
case '3": numerical_profile(); goto start;
default : printf("Invalid choice! Try again...\n");

} A
} while(emd !="Q");
return 0;

start: /* Start calculations */
do {
printf("\n");

printf("Operation desired:");
printf("\n1. Find the eigen value for a given V value.");
printf("\n2. Find the cutoff wavelength of the LP11 mode.");
printf("\n3. Calculate the chromatic dispersion.");
printf("\nd. Goto the previous menu.");
printf("\nPress the number of the operation you want or press Q to quit the program...");
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cmd=toupper(getch());

printf("\n");

switch(cmd)

{

case 'l
printf("Input the V value: "),
gets(inbuf);
sscanf(inbuf,"%If", &V);,
B=eigen(V);
printf("B = %f\n",B);
break;

. case 2" printf("Input the initial value of V: ");

gets(inbuf);

sscanf(inbuf, "%If", &V);

Ve=cutoff(V);

printf("V_cutoff = %fin",Vc);

break;

case '3": Ve=cutoff(2.405);
printf("Input Ge concentration in the cladding: ");
gets(inbuf);
sscanf(inbuf, "%If", &Ge_clad);
printf("Input F concentration in the cladding: ");
gets(inbuf);

sscanf(inbuf, "%lIf", &F_clad);

do {

printf("\n");
printf("Operation desired:\n");
printf("1. Given fiber parameters, calculate the group delay.\n");
printf("2. Given fiber parameters, find the zero dispersion

wavelength.\n");
printf("3. Given fiber parameters, calculate the dispersion.\n");
printf("4. Generate the data of MFD-cutoff curves for different\n");
printf(" zero dispersion wavelengths.\n");
printf("5. Goto the previous menu.\n");
printf("Press the number of the operation you want or press Q to quit
the program...");
cmd=toupper(getch());

printf("\n");

switch(cmd)
{ case'l"do {
printf("\n");
printf("\nData to input:");
printf("\n1. NA and cutoff wavelength.");
printf("\n2. MFD and cutoff wavelength.");
printf("\n3. Goto the previous menu.");
printf("\nPress the number of the operation you want... ");
cmd=toupper(getch());
printf("\n");

switch(cmd)
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{
case 'l": printf("Input the NA: ");
gets(inbuf);
sscanf(inbuf, "%If", &NAO);
printf("Input the cutoff wavelength en nm: ");
gets(inbuf);
sscanf(inbuf, "%lf", &wlc);
wi=1310;
Ge_core=Ge_core_concentration(NAO,wI,Ge_clad,F_clad);
n_clad=n(Ge_clad,F_clad,wlc);
. n_core=n(Ge_core,0,wlc);

NAc=sqrt(n_core*n_core-n_clad*n_clad);

for(wl=1290;wi<=1330;wl=wl+2)

NA=sqrt(pow(n(Ge_core,O,wl),2)-pow(n(Ge_clad,F,_clad,wI),Z));
V=Vc*wlc/wI*(NA/NACc);
B=eigen(V);
R=calc_R();
t=group_delay(wl,Ge_core,Ge_clad,F_clad,R,B);
printf("Wavelength = %.5f, Group delay = %.10f\n",wl,t);
break; .
case '2": printf("Input the MFD en micron: ");
gets(inbuf);
sscanf(inbuf, "%If", &MFD);
printf("Input the cutoff wavelength en nm: ");
gets(inbuf); .
sscanf(inbuf, "%lIf", &wlc);
a=1000*MFD/2/(0.65+0.434*pow(1310/wlc,1.5)+0.0149*pow(13 10/wlc,6));
NAO=Vc*wlc/(2*3.14*a);
Ge_core=Ge_core_concentration(NAO,wlc,Ge_clad,F_clad);
n__clad=n(Ge_clad,F__clad,wlc);
n_core=n(Ge_core,0,wlc);

NAc=§qrt(n_core*n_core-n_clad* n_clad);

for(wl=1290;wl<=1330;wl=wl+4)
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NA=sqrt(pow(n(Ge_core,0,wl),2)-pow(n(Ge_clad,F_clad,wl),2));
V=Vc*wlc/wi*(NA/NAc);

B=eigen(V);

R=calc_R();

t=group_delay(wl,Ge_core,Ge_clad,F_clad,R,B);

. printf("Wavelength = %.5f, Group delay = %.10fn",wl,t);

}

break;
fault : printf("Invalid choice! Try again...\n");
break;

}

} while(cmd !="3");

break;
case '2":do {

printf("\n");

printf("\nData to input:");

printf("\nl. NA and cutoff wavelength.");

printf("\n2. MFD and cutoff wavelength.");

printf("\n3. Goto the previous menu."); -

printf("\nPress the number of the operation you want... ");
cmd=toupper(getch());

printf("\n");

switch(cmd)
{
case '1": printf("Input the NA: ");
gets(inbuf);
sscanf(inbuf, "%lf", &NAO);
printf("Input the cutoff wavelength en nm: ");
gets(inbuf);
sscanf(inbuf, "%!f", &wlc);
wl=1310;

Ge_core=Ge_'_core_concentration(NAO,wl,Ge_clad,F__clad);

wl0=zero_dispersion(Ge_core,Ge_clad,F_clad,wlc);
break;

case '2" printf("Input the MFD en micron: ");
gets(inbuf);
sscanf(inbuf, "%If", &MFD);
printf("Input the cutoff wavelength en nm: ");
gets(inbuf);
sscanf(inbuf, "%If", &wlc);

a=1000*MFD/2/(0.65+0.434*pow(1310/wlc,1.5)+0.0149*pow( 13 10/wlc,6));
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NAO=Vc*wlc/(2*3.14*a);
Ge_core=Ge_core_concentration(NAO,wlc,Ge_clad,F_clad);

wl0=zero_dispersion(Ge_core,Ge_clad,F_clad,wlc);

break;
default : printf("Invalid choice! Try again...\n");
break;
}
} while(emd !="'3");
break;
case '3': do {

printf("\n");

printf("\nData to input:");

printf("\n1. NA and cutoff wavelength.");

printf("\n2. MFD and cutoff wavelength.");

printf("\n3. Goto the previous menu.");

printf("\nPress the number of the operation you want... ")
cmd=toupper(getch());

printf("\n");

switch(cmd)

case 'l": printf("'Input the NA: ");
gets(inbuf);
sscanf(inbuf, "%lf", &NAO);
printf("Input the cutoff wavelength en nm: ");
gets(inbuf);
sscanf(inbuf, "%lIf", &wlc);
wl=1310;

Ge_core=Ge__core_concentration(NAO,wl,Ge_clad,F_clad);

cal_dispersion(Ge_core,Ge_clad,F_clad,wic);
break;
case '2" printf("Input the MFD en micron: ");
gets(inbuf);
sscanf(inbuf, "%lf", &MFD);
printf("Input the cutoff wavelength en nm: ");
gets(inbuf);
sscanf(inbuf, "%If", &wic);

a=1000*MFD/2/(0.65+0.434*pow(1310/wlc,1.5)+0.0149*pow(1310/wlc,6));
NAO=Vc*wlic/(2*3.14*a);
Ge_core=Ge_core_concentration(NAO,wlc,Ge_clad,F_clad);
cal_dispersion(Ge_core,Ge_clad,F_clad,wlc),

break;

default : printf("Invalid choice! Try again...\n");
break; .

}
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} while(cmd !="'3");
break;
case '4": printf("Input the start zero dispersion wavelength en nm: "),
gets(inbuf);
sscanf(inbuf, "%If", &wl0s);
printf("Input the end zero dispersion wavelength en nm: ");
gets(inbuf);
sscanf(inbuf, "%lIf", &wl0e);
printf("[nput the step of zero dispersion wavelength en nm: ");
gets(inbuf);
sscan{(inbuf, "%lIf", &wl0st);
printf("Input the start cutoff wavelength en nm: ");
gets(inbuf);
sscanf(inbuf, "%lIf", &wlcs);
printf("Input the end cutoff wavelength en nm: "Y;
gets(inbuf);
sscanf(inbuf, "%lf", &wlce);
printf("Input the step of cutoff wavelength en nm: ");
gets(inbuf);
sscanf(inbuf, "%lIf", &wlcst);
printf("Input the file name: ");
gets(inbuf);
sscanf(inbuf,"%s", &name);
file_prt=fopen(name,"wt");
fprintf(file_prt,"zero disp. wavelength (nm)  MFD (micron)
cutoff wavelength (nm) \n");
for(wl0=wl0s;wl0<=w10e;wl0=wl0-+w10st)

{for(wlc=wlcs;wlc<=wlce;wlc=wlc+wlcst)

{MFD=fiber_param(wl0,wlc,Ge_clad,F_clad);
fprintf(file_prt, " %.4f %.4f
%.4f\n",wl0,wlc,MFD);

printf("Zero dispersion wavelength =.%.2f, Cutoff wavelength =
%.2f\n", wi0,wlc);

}
}
fclose(file_prt);
break; - .
case '5": goto start;
case 'Q": break;
default : printf("invalid choice. Try again\n");
}
} while(emd 1="'Q");
return 0;

case '4": goto prof_type;
case 'Q'": break;
default : printf("Invalid choice. Try again\n...");
}
} while(cmd !="Q");
return 0;
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void step_profile(void) /* Gives the step profile in the core */
{

$=200.;

h=1.0/S;

for (s=1; s<=S+1; s++) {N[s]=0;}

}

void power_profile(void)  /* Gives the power-law profile in the core */

char inbuf [130];
double g;

printf("Input the power number g: ");
gets(inbuf);

sscanf(inbuf,"%lf", &g);

$=200.;

h=1.0/S;

for (s=1; s<=S+1; s++) {N[s]=pow((s-1)*h,g);}
}

void numerical_profile(void) /* Get the proﬁlé data from a file in a disk */

{

char inbuf [130];

char name[30];

FILE *file_prt;

float i,j;

float tempo,nmax,Ntempo[800];

printf("Input the file name: ");
gets(inbuf);
sscanf(inbuf,"%s", &name);
file_prt=fopen(name,"rt");
i=0. ;
do{
fgets(inbuf,130,file_prt);
sscanf(inbuf,"%f", &tempo);
i=itl.;
Ntempo[i]=tempo;

}
while (feof(file_prt)==0);
fclose(file_prt);
*for (j=1;j<=i;j++) {printf("%l!f\n",Ntempo[j]);}*/
s=1;
do{
Ntempo[s]=(Ntempo[s]+Ntempo[i-s+1])/2;
s=s+1;
}

while (s<=i-s+1);
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for (i=1;i<=s-1;i++) {N[i]=Ntempo[s-i];}

/*for (i=1;i<=s- 1;i++) {printf("%lfin",N[i]);}*/
for (i=1;i<=s-1;i++) {N[i]=1.4465+N[i]-N[s-1];}
for (i=1;i<=s-1;i++) {printf("%If\n",N[i]);}
nmax=0;

for (i=1;i<=s-1;i++) {nmax=max(nmax,N[i]);}
printf("nmax = %lf\n",nmax);

for (i=1;i<=s-1;i++) {N[i]=(nmax*nmax-N[i]*N[i])/(nmax*nmax-1 4465*1.4465);}
[*for (i=1;i<=s-1;i++) {printf("%lf\n",N[i]);}*/
S=s-1.;

h=1.0/S;

}

double eigen(double V) /* Find the eigen value for a given V value */

{

char inbuf [130];

float m,i;

double deltaV, B, deltaB, f, fp;

/*B_input:

printf("Input the initial value of B: ");
gets(inbuf);

sscanf(inbuf, "%lf", &B);*/

if(V<2.405)
{B=0.99;}
else
{B=0.6;}
m=0; /* m=0 for the LPO1 mode, m=1 for the LP11 mode */
deltaB=1.e-12;

f=Core(m,V,B)-Clad(m,V,B);
if(fabs(f)<=1.e-12)

{return(B);}
i=0;
do{ /* Using Newton method to find the root */
/*if(1<B*B)
{printf("\nThe initial value is improper!");
printf("\n");

printf("\n");

goto B_input;}*/
fp=(Core(m,V,B+deltaB)—Clad(m.V,B+deltaB)-Core(m,V,B-deltaB)+Clad(m,V,B-deltaB))/deltaB/Z.O;
B=B-f/fp;
f=Core(m,V,B)-Clad(m,V,B);
i=i+1;

}
while(fabs(f)>1.e-12 && i<50);

return(B);

}
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double cutoff(double V) /* Find the cutoff V value of the LP11 mode */

{

char inbuf [130];
float m;

double deltaV,B,f,{p;

m=1;
B=1;
deltaV=1.e-12;

dof /* Using Newton method to find the root */
f=Core(m,V,B)+1.0;
fp=(Core(m,V+deltaV,B)-Core(m,V-de]taV,B))/deltaV/Z.O;
V=V-f/fp;

}
while(fabs(f)>1.e-12);

return(V);
}

double Ge_core_concentration(double NAO,double wl,double Ge_clad,double F_clad)
/* Calculate Ge concentration in the core for a given NA */
{

double Ge_core,deltaGe,n_clad,n_core,f1,2,f,fp;

float i;

Ge_core=3.0;
deltaGe=1.e-12;
i=0;

do{
n_clad=n(Ge_clad,F_clad,wl);
n__core=n(Ge_core,0,wl);
f=sqrt(n_core*n_core-n_clad*n_clad)-NAO;
n_core=n(Ge_core-deltaGe,0,wl);
f1=sqrt(n_core*n_core-n_clad*n_clad)-NAO;
n_core=n(Ge_core+deltaGe,0,wl);
f2=sqrt(n_core*n_core-n_clad*n_clad)-NAO;
fp=(f2-f1)/2/deltaGe;
Ge_core=Ge_core-f/fp;
i=i+1; ’

}
while(fabs(f)>1.e-12 && i<50);

return(Ge_core);

}

double zero_dispersion(double Ge_core,double Ge_clad,double F_clad,double wlc)
/* Calculate zero-dispersion wavelength */

{
char inbuf[130];
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float i;
double wl,deltawl,V,B,R,n_core,n_clad,NA ,NAc,dn;
double t,t1,t2,tp,tpp;

wl=1310;

deltawl=0.1;
n_clad=n(Ge_clad,F_clad,wlc);
n_core=n(Ge_core,0,wlc);
NAc=sqrt(n_core*n_core-n_clad*n_clad);
i=0;

do{
NA=sqn(pow(n(Ge_core,0,wl),2)-pow(n(Ge_clad,F_clad,wl),2));
. V=Vc*wlc/wl*(NA/NACc);
B=eigen(V);
R=calc_R();
t=group_delay(wl,Ge_core,Ge_clad,F_clad,R,B);
NA=sqrt(pow(n(Ge_core,O,wl-deltawI),2)—pow(n(Ge_clad,F_clad,wl-deltawl),2));
V=Vc*wlc/(wl-deltawl)*(NA/NAc);
B=eigen(V);
R=calc_R();
t]=group_de1ay(wl-deltawl,Ge_core,Ge_clad,F_clad,R,B);
NA=sqrt(pow(n(Ge_core,0,wl+deItawl),2)-pow(n(Ge_clad,F_clad,wl+deltawl),2));
V=Vc*wlc/(wi+deltawl)*(NA/NAc);
B=eigen(V);
R=calc_R();
t2=group_delay(wl+deltawl,Ge_core,Ge_clad,F_clad,R,B);
tp=(t2-t1)/deitawl/2;
tpp=(t2-2*t+t1)/deltawl/deltawl;
printf("Wavelength = %.5f, Dispersion = %.10f, Slope = %.10f\n",wl,tp,tpp);
wl=wl-tp/tpp;
i=i+1;

}
while(fabs(tp)>1.e-6 && i<10);
printf("Zero dispersion wavelength = %f\n",wl);

return(wl);

}

void cal_dispersion(double Ge_core,double Ge_clad,double F_clad,double wic)
/* Claculate dispersion in a wavelength range */

{

char inbuf[130],cmd;

float i;

double wl deltawl,V,B,R,n_core,n_clad,NA,NAc,dn;
double t,t1,t2,tp,tpp;

wl=1250;

deltawl=0.1;

n_clad=n(Ge_clad,F_clad,wlc);
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n_core=n(Ge_core,0,wlc);
NAc=sqrt(n_core*n_core-n_clad*n_clad);

for (i=0;i<=1;i++)

wl=wl+i*10;
NA‘—-sqrt(pow(n(Ge_core,O,wl-deltawl),2)~pow(n(Ge__clad,F_clad,wl-deltawl),Z));
V=Vc*wlc/(wl-deltawl)* (NA/NAc),
B=eigen(V);
R=calc_R();
tl =group_delay(wl-deltawl,Ge~core,Ge_clad,F_clad,R,B);
NA=sqrt(pow(n(Ge__core,0,wl+deltawl),2)-pow(n(Ge__clad,F_clad,wl+deltawl),2));
V=Vc*wlc/(wit+deltawl)*(NA/NAc);

. B=eigen(V);
R=calc_R();
t2=group_delay(wl+deltaw|,Ge_core,Gc_clad,F_clad,R,B);
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APPENDIX 3

A program to calculate the Bend Loss of a Depressed-Cladding
Single-Mode Fiber

DECLARE SUB Bessel (B!, y!, x!)
N = 1.447 'Refractive index of pure silica at 1310 nm
z7=1
CLS
PRINT "Enter the b/a ratio",
INPUT s
PRINT "Eriter the fraction of depression”,
INPUT x
CONST PI =3.141592
REM Lc: Cutoff Wavelength
CONST L = 1.55 'Operating Wavelength
CONST SC = .83 'Stress Correction Constant
CONST Ror = 2.5 '‘Bend Radius
V=2405*Lc/L 'Normalized Frequency
DIM A(6, 16), k(101), c2(181), S2(181), U(181), i2(181), MFD(16), A2(6, 16)
DIM Lc(6)
REM Parameter Definition
REM A : Bend Loss
REM k : Bend Radius
REM c2 : Waveguide parameter of the Core
REM s2 : Waveguide parameter of inner cladding
REM U :
REMi2:
REM MFD : Fiber mode field diameter
REM Al : fiber core
o=1
FOR Lci = 1.1 TO 1.35 STEP .05
A=0
p=1
Lc(o) = Lel
FOR mfdl =4 TO 5.5 STEP .1
MFD(p) = mfdl :
Al =mfdl/(.65+.434* (1.3/1.25)~1.5+.0149* (1.3/1.25) " 6)
NA =2.405*Lcl /(2 * Pl * Al)
D=NA~2/(2*N"2)
i=1
K2=0
REM Normalized Frequency
V=2*PI/L*AI*N*2*D)".5
REM Normalized Propagation Costant
=-0116*V 4+.1493 * VA3-.7598 * V"2 +1.9568 * V - 3546
B=U/V
REM Parameter of Inner Cladding
W=(VA2-U"r2)75
Cl=W/Al :
REM Square of parameter of outer cladding
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SI=(V/AN*2*B*2-(1-x))

REM Parameter of core

Kd4=U/Al

REM Propagation Constant
BI=N*@2*PI/L)*(1-2*B~2*D)".5
REM Inner Cladding Radius

B2=s* Al

RI = Ror * SC
k5=0
R=R1*10"4
2=0
R2=2*(1-D)A2*NA2*2*PI/L)" 2
_R2=R2*B2/Cl1"2
2=R*Cl1"2
2=j2/(@2*PI/L*N*(1-D))~2*2*B2)
j3=-R*S1/(2*B2*(2*PI/L*N)*2)

IF j2 <= | THEN
i2=j2
ELSE
2=1
END IF

IF j3 <= | THEN
i3=j3
ELSE
B=1
END IF

REM Calculate the starting angle
j22=SQR(1 -j272)/j2
phi2 = INT(ATN(j22) * 180/PL + 1)

REM calculate the finishing angle
j33=SQR(1-j3"2)/j3

phi3 = INT(ATN(j33) * 180 /PI - I)
IF phi3 <0 THEN 10

j=0

FOR j5 = phi2 TO phi3
jl = COS(5 * P1/180)
2+ 1)=(C1~2-NA2%(1-D)A2*2*B2*jI/R*(2*PI/L)"2)".5
S2(j+1)=(SI +NA2*2*B2*jl /R*(2*PI/L)"2)".5

IF j = 90 THEN
UO1)=Cl *s* Al
ELSE
UG+ 1D =R*(CI"3-c2(+1)"3)
UG+ 1)=UG+1)/3*(1-D)*2)
UG+1)=UG+ 1)/ (NA2*jI *(2*PI/L)A2)
END IF
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rz?‘; f%‘f mﬁ‘“

2(+ 1)=S2(j + 1) * c2G + 1) ~2 * EXP(-2 * UG + 1))
R=(UG+1)*(VA2*x*(1+2*B2*jl/R)/A1"2)
G+ =i2G+ 1)/ 2

j=j+1

NEXT 5

REM Perform numerical Integration
i3=0
j=1
FOR j5 = phi2 TO phi3
i3 = i3 +i2(j)
j=j*l
. NEXT j5

REM Calculate loss
A(o,p)=i3*4*B2*K4"2/(B1*V"2)
CALL Bessel(K1,y, C1 * Al)
A(o,p)=A(o,p)/ K1 "2
A(o,p)=A(o,p)*2* 1077

10 S3 =-SI
A3=(Pl/(S3N15*¥RYAS*5*1077
CALL Bessel(K1,y, S3~.5* Al)
A3=A3*(K4/(V*KI1)"2
j33=ATN((1 -j3"2)"~.5/}3)
A3=A3* (Pl-j33)* EXP(-2/3*S3~1.5*R/B1"2)/PI
A(o, p) = A(o, p) + A3

CALL Bessel(K1,y, Cl * Al)
A3=(PI/(CI1A3*R)"N.5*(K4/(V*KI)A2*.5*107-7
j22 = ATN(SQR(1 -j2"2)/j2)

A3=A3*j22 *EXP(-2/3*CI~3*R/B1"2)/PI

Ao, p) = A(o, p) + A3

GOTO 20

CALL Bessel(K1,y, Cl * Al)
A(o,p)=(PI/(C1’\3*R))".5*(K4/(V*Kl))"2*.5* 1077
A(o,p)=A(o, p) * EXP(-2/3*C1"3* R/B172)
PRINT A(o, p)

20 i=i+1

50 p=p+l

NEXT mfd]
o=o0+1

NEXT Lcl

REM Store data in file

PRINT "what is the filename that you want to store the data";
INPUT AS

OPEN A$ FOR OUTPUT AS #1

FORp=1TO6

FORi=1TO 15




PRINT #1, A(p, i), Lc(p), MFD(i)
NEXT i
'NEXTp

CLOSE
END

4 SUB Bessel (B, y, x)
CONST PI =3.141592
IF x <12.45 THEN
N=x/2
12=.5
13=x/4
10 = LOG(x * .5) +.577215664902#
14 =11
ji=1
j2=50
FORj=jl1 TOj2
N=1*x""2/@*j*(G+1))
2=12+.5/j+.5/(G+1)
B=11*12+13
14=14+1|1
NEXT
B=14*10-13+1/x
y=14
ELSE
B=(Pl/(2*x) .5*EXP(-x)*(1+3/(8*x))
y=EXP(x)/(2*PI*x)~.5%(1-3/(8 *x))
END IF
END SUB
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APPENDIX 4

A Mathematica Program that calculates the Bend Loss of the LP,; Mode

*n

a=4

lamda=1.25

k=2%*3.1416/lamda

TableForm[

Table[{V;

x=x /.

FindRoot[
x*BesselJ[2,x]/BesselJ[1,x]-
Sqrt[VA2-x"2]*BesselK[2,Sqrt[V/ 2-x"2]]
/BesselK[1,Sqrt[V/2-x2]]==0
4x,2.4}

],

W=Sqrt[VA2-x"2],

NA=V/(k*a),
chi=x/a,

gama=W/a,
index=(NA"2+1.447"2)".5,
b=((k*index)"2-chi"2)".5,
R=2.5%10"4,
loss=(3.1416)".5*chi"2*

Exp[-2/3*(gama”3/b"2)*R}/
(gaman1.5%VA2*Sqrt[R]*BesselK[0,W]*BesselK[2,W])*

2*3.1416*R,
}
{V,2.405,2.605,.005}
]
]
Ak)
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