CHAPTER 1. INTRODUCTION

Optical fiber isthe backbone component in long-distance é&mgh bit-rate optical
communication and networking systems. The choidéef depends on where and how

it is applied and Wwat onekind of fiber can offerover the other. Optical fibersfind
important applications in a variety of sensors, communications systems, and
telecommunicationsetworks. In particularPolarization-Maintaining(PM) fibers are
desirable for use in optical fiber sensamyd coherent long-distance opticammunication
systems [1].

Optical fibers are making ever increasing demand into areas traditionally satisfied by older,
more established technologies [2]nterest in theutilization of polarization effects in
fibers is continuing to grow. In ordinary single-mode fibarglely used in present optical
communication system#)e polarizatiorstates of the input and tleaitputlight beams do

not match, since the polarization of the output light beam is unstable [3jorBrast, PM

fibers maintairthe state opolarization of a light beam passitittyough them. PMibers

are imperativefor obtaining a stableutput ininterferometric fiberoptical sensors. In
optical communication deviceéle use of PMiber becomesnandatory when performing

any polarized waves operations;g., for polarization combining [3]. There aremany
applications wher¢he polarization of théight is required to be stable amell defined,

such as coupling to the integrated optical circuits, interferometric sensors, coherent optical
communication systems, and certain in-line fiber optic components [4].

Nowadays, one of thissues of concern the kind of fiber touse inall optical networks

and the advantagethey can offer regarding polarization-mode dispersion, chromatic

dispersion, and optical fiber nonlinearities.



1.1 PRESENTATION OF THE PROBLEMS AND SOLUTIONS

In ordinary circularlycylindrical fibers,there aretwo types ofhybrid modes, HE, and
EH,, modes. Thdabelv refers to theazimuthal variation othe field while the label p
accounts for modes dfifferent radial variation. The dominant mode of an ordinary
optical fiber is designated as the HEMode. However, undaeveakly guiding condition,
an approximate moddield description can be obtained by solvitige scalarwave
equation instead of thell set of Maxwell's equations. This dominant mode solution is
designated as lgP mode forwhich the electricfield is linearly polarized [5]. In the
framework of Cartesian coordinates, the eledigtd of the dominant mode has three
components, Ex, Ey an&z. One of thetwo transverse components, Ex or Ey
predominateswhile the Ez component, considered in the direction offither axis, is
much smallethan the transverse. If Ex is the dominge&id component in an isotropic
circularly symmetric fiberthe LR; mode is said to be polarizedtime x-direction, ile
for if Ey is the donmant componentthe mode is y-polarized. Thusingle-mode fibers
can, in factsimultaneouslysupport twoidentical modesvhich are mutually orthogonally
polarized. In andeal dielectric waveguide of circulaross section, these/o modes are
degenerate; that ishere is nodifference between thepropagation constants, and thus
propagatewith same phase-velocity. In practical situations, an actual ofibealis not
absolutely perfect. It is neither completelyially-symmetricnor perfectly straight. In
addition, thefiber material isoften assumed to beominally isotropic, inwhich the
refractive index ighe same regardless te direction of the polarization of thedectric
field. This is alsonot drictly true in practical fibers. Small departtes from perfect
circularity and fluctuations ahe anisotropy of théber material,couple the x-polarized
mode to they-polarized mode sincéoth modes arerery nearlydegenerate. These
conditions lead to a completaixing of the two polarizationstates so that thmitially
linearly polarized light field quickly reaches a state of arbitrary polarization [6].
Furthermoreenvironmentafactors such as twists, bends, anisotropic stressaanient

conditions also cause unstable fluctuationghim polarizationstate of the propagating



light. In multimode fibers, sucmstability usuallycauses littletrouble except for its
possible effect on modal noise [7].

The following problems arise in a single-mode fibdue to the factoramentioned
previously:

1- The two polarization states travel at different phase veloacitl@sh causes the state of
polarization of theutputlight to change randomly with time. Fluctuationghe received
signal levelare notdesirable wherthe receiver issensitive to polarization. Imany
applications, theoutput state ofpolarization should be strictly maintained, such as
interferometric sensors, coheremansmission systems aridr coupling to integrated
optical circuits, i.e., when the heterodyne-type or homodyne-type optical polarigiaion

is required between the received signal and the local oscillator [8].

2- The polarization instability deteriorates measurements accuracy in magnetooptic current
sensors and in laser gyroscope [7], and [9]. In coherent systems, polaiizstability
adversely affects the bit-error rate.

3- A slight geometrical deformation exists in single-mode circular fibers. This residual
deformation breaks the degeneracy oftthe orthogonal dominant modes. These modes
propagatewith differentgroupvelocities, causing polarization-mode dispersion which can

limit the ultimate bandwidth of a single-mode optical communication system.

Thus, there argoodreasonavhy it is often desirable to use fibers thatl ypermit light to
pass through withouthanging itsstate of polarization; i.e.,polarization-maintaining
fibers. Various polarization-maintaining fibease discussed in Chapter 2. The most
successfulstructures inpreserving the polarizatiostate are theé®?ANDA fiber and
modulated refractive index fiberThe analysisand design of single-polarizati@ingle-

mode fibers are discussed and carried out in Chapter 3.



As important as this issue is,fiaer with zero polarization-mode dispersion is great
need in today’s expanding angstly growing telecommunications applications. The

design of a single-mode optical fiber should consider the following conditions:

1- Small transmission loss
2- Large modal birefringence for high-birefringence fibers
3- Wide single-polarization and/or single-mode bandwidth

4- Zero or small total dispersion with large effective area.

New fiber designspptical components and devicase emerging to meethe 1550 nm
networkdesign requirements that usigh output powerErbium-Doped FibeAmplifiers
(EDFAs) and multi-channel Dense Wavelengtiivision Multiplexing (DWDM)
technology. A range of optoelectromievices have been develoded high-speed, long-
haul transmission and CATV applicatiansluding 10 Gbits/¢asers, uncooled lasers, and
analog CATV modulator. Théber’s role as amediumfor information transport is to
carry mutiple high-bit-rate channels ithe 1550 nm window over long lengths. Other
uses include medium-to-long distarsiegle-channel550 nmsystemdor interoffice and
long-distance applications.

The push to expandetwork capacity withthe latestTime Division Multiplexing(TDM)

and DWDM technologies continues to persist. The migraticadl taptical networks has
started in recenyears, where some components necessattyeiall optical network are
being deployed in todayisetwork. Some of these componentslaser transmitters used

at the 1550 nanometer band, EDFA’s, Ultra (U)DWDM and TDM technology platforms,
and single mode fibers.

Prior to theinvention of the opticalamplifier, the primary opticalfiber parameters of
importance were optical attenuation and chromatic dispersion. Installed fibers were
optimized for use at 1/8m and 1.55um (dispersion-shifted fiber) with low dispersion and

losses approaching theoretical itsnset by Rayleigh scattering. The widespread



introduction of erbium-dopediber amplifiers and the large transmissiodistance
attainable before regeneration have shiffeel focus on thdiber properties to optical
nonlinearity and polarization-mode dispersion. Multiple wavelength chaproglagating
with the same velocity in zero-dispersion fiber are seriaistyraded by four-wawveixing

of nearby channelsNew fiber designs whiclncorporate amallamount of dispersion at
the signalwavelength eliminate this problem, allowing long-haul transmissiomudfiple
wavelength channels. At high frequenci€s;-192 (optical carrier at 10 Gbit/s) and
above, and long distances, dispersion compensation is neceBsatgnger distances or
high bit rates,dispersion compensation can be accomplishedppyopriatecable design
(dispersion managed cables) or by dispersion compensaticampiifier modules.
Dispersion shifted fibersupport high-bit-rate transmissiorbut are notsuitable for
DWDM. Polarization-mode dispersion @arly installed fibersnay hinder upgrading to
OC 192. Conventional unshifted fiber which can bgsed for DWDM requiresoo much
dispersion compensation at 1 }5%.

The limitations and requirementsr high-bit-ratetransmission anthe implementation of
all optical networkringsthe question of whaind of fiber isbest for use in futurleng
haul andhigh capacity systems. Thauestion Wil be addressed in Chapter 4 and a
solution is proposed by introducing fber that provides zero polarization-mode

dispersion, small chromatic dispersion, and large effective area.

Another structureinvestigated in this dissertation is a dielectric waveguide with
conducting boundaries. Theyay beused as elements of integrated circuit devices,
polarizers, mode analyzers, and mode filters. An important class of these wavegghides
planar geometry, such as microstiiiges, H-guides,image lines, andin lines, have been
studied exhaustively for microwave and millimeter wave applications [10]-[11]. At optical
frequencies, botlplanar andcylindrical geometries are of interest for integrated-optic
devices andn-line all-fiber components, respectively.Propagation characteristics of

planar optical waveguides with metal boundaries have been studredryyresearchers



[12]-[15]. The investigation of waveguides/olving both planar and curved boundaries

is more complicated and has been carr@mat using experimental anchumerical
techniques. Howevelnvestigation of a wedge-shape waveguide consisting of two
conducting plane boundaries wttie interior of the wedgpartially filled with a dielectric
materialfor use as polarization and mofileering, and elements ohtegrated circuits, has

not been done before. This structure is thoroughly studied in Chapter 5. A special case of
this waveguide corresponding to a wedgegle of 180 that is asemi-circularod backed

by a conducting plane, has beeraminedbefore [16]. Optical fiber polarizers are
examples of suctmixed boundary waveguides whicfind applications in fiberoptic

communication systems and sensors [17]-[18].

1.2 SCOPE OF INVESTIGATION

In this dissertation, optical polarization-maintainiiitoger designsare propose@nd their
transmissiorproperties are investigated.efign and optimization of anisotropic fibers for
use as : a) high-birefringence polarization-maintaining fil§p)ssingle-polarizatiorsingle-
mode fibers are discussed in Chapter 3.

Next, attention is focused on polarization-matiepersion due ta@ore ellipticity. A
comprehensive investigation of this effect is caroed in Chapter 4. Fiber design with
zero polarization-mode dispersionsmall dispersion, and large effectivarea are
introduced.

Finally, a wedge-shape dielectric waveguide bounded by conducting planes for
applications as polarizers, and mode filters is studied in Chapter 5.

An overview of these three investigations is presented below.

1.2.1 Design of Polarization-MaintainingFibers With Zero Dispersion at 1.3 um
and 1.55um
Single-polarization single-mode fiber designs can be achieved in several ways. In this

dissertationtwo schemesare used talesign fibers with such characteristics. Tst



scheme is tancorporate an anisotropimternal stress inside thdéiber. This can be
achieved by means of heavidgpped rods located outside the coreating stress-induced
anisotropy. The presence of anisotropy fiibar results intwo different refractive-index
profiles alongthe x and y axes, and thdgdferent propagation constants for x- and y-
polarized fundamental modes. The largjee anisotropy, the larger is thifference
between the propagation constants hedcethe smallerthe coupling betweerthe two
polarizations. The design considered is a cirdilb@r consisting of aentralcoreregion
and several claddings. The desigrhigih-birefringence fibers witkero dispersionstarts
by simulatingthe effects of stress-induced anisotropytba refractivandices ofthe fiber
layers and then calculatinthe propagation constants for each polarization of the
fundamental LR, mode. In order t@achievezerodispersion athe operatingvavelength,
thefiber parameters such as refractimdex profile, material compositionthe number of
cladding layers, and layers’ radiire all investigated. These parameters h&ezn

determined for several refractive index profiles.

Increasing thefiber length in communication applicationsould cause crosstalk
degradation due to randoooupling betweerthe two polarizations of thdundamental
mode along thdiber length. Therefore, a seconstheme isised to design polarization-
maintaining fibers that can offer a better solution. phecipal design criterion is tbave
the cutoff of one polarization of tHendamental mode above atiee cutoff of the other
polarization below thevavelength of operation, so thaly one polarization exists in an
operating wavelength region.. The design of such single-polarization singlefiberyde
will also accomplish zero or low dispersion at the operating wavelength.

In both techniques, thigeld solutions and the characteristic equation for guideobes
are found byemployingthe scalar-waveanalysis, assuming weakly guiding conditions.
The propagation constants and the cutoff waveleraythsalculated. The variation of the
propagation constants and the chromalispersion as a function of wavelength are

examined.



1.2.2 Analysis and Design oFiber With Zero Polarization-Mode Dispersion And
Large Effective Area

The previous discussion indicatéioe importance ofchievingzero polarization-mode
dispersionsmallchromatic dispersion, and reducing #féects of nonlinearities in optical
fibers. The goal to bpursued in Chapter 4 is tiesign a fiber havinthe aforementioned
characteristics. A completmnalysis ofcircular fiber withsmall core ellipticity is carried
out to find the modal birefringencelue tosmall ellipticaldeformation. Theanalysis of
effective area andnode-field diameteare based omvestigation in a companiowork
[19]. Thedesignprocess begins with choosing a refractive-ingefile and performing a
systematic search faleterminingthe propeffiber’'s dimensions and material compositions
such that design requirement® met. In addition, toleranemalysis orthe polarization-
mode dispersion, chromatic dispersion, effecivea, andnode-field diametedue to
1% and+2% of radii variationsre performed to assess gensitivity ofthe design to

small parameter variations.

1.2.3 Wedge-Shape Dielectric Waveguide With Metal-Coated Boundaries

The proposedavaveguide consists ¢¥vo conducting plane boundaries withe interior of

the wedgepartially filled with a dielectric material anithe remainingportion of the wedge
interior is free space or is occupied by anottetectric material of lower dielectric
constant. Thelielectric-free space boundary is assumed toirselarly cylindrical. The
existence othe metal inthe immediate vicinity ofthe guided waveliscriminates against
TM modes and attenuates TE modes less than TM modes at optical frequencies [15], [17],
and [20]-[22],which makes thisype of waveguide very useftdr mode and polarization
filtering applications.

A comprehensive analysis wfedge-shape dielectric waveguides bounded by conducting
planes and with arbitrarwedgeangles ispresented. Propagation properties of guided
modes are studiedrield solutions, dispersion relations, cutoff conditions, aadductor

and dielectric losses are examined.



