CHAPTER 2. LITERATURE SURVEY

2.1 POLARIZATION IN SINGLE-MODE FIBERS

Shortly after the introduction obingle-mode fiber, it became evident thiatear
polarizationstates were ngireserved in longber lengths. Thisvas recognized dseing
due to perturbingdpirefringences resulting from either internal defects su¢heasonideal
geometry of the corand cladding or externally applied bentsists, squeezeslamps,
etc. to the fiber. This effect causes difficulties in fiber pigtailing of integrated optic devices
and to polarization fading in interferometef83]. These problems motivated the
development of fibers that maintained linear polarizasitaites bybuilding in the fiber a
high uniform birefringence, texceed by far the randobirefringences in ordinary single-
mode fibers.

Active researchioward such fibersstarted in late 1970s afteome of the opticdiiber
specialistswho originally came from microwaveesearch aredelieved thataxially
nonsymmetrical single-mode fiberuld become common ithe future, asarly as the
mid 1980s. In thdollowing, the polarization of wave ibriefly reviewed, then various
polarization-maintaining schemes, as classified in [4], and [8], and shown in TaMél2.1,

be reviewed and discussed.

The polarization of wave describtge time-varying direction othe electridield vector at

a fixed point in space. Polarization is observed along the direction of propagation by
tracing out the tip of the instantaneous electric field. There are three types
polarization: linear, circular, and elliptical. In genethg tip of the electridield vector
tracesout anellipseand the wave isaid to beelliptically polarized. Theother twotypes

of polarization, linear and circulaayespecial cases d@lliptical polarization. Thdinearly
polarized wave is characterized by the property that the orientation of the dieldric

vector is the same everywhere in space and is independent of time. In linear polarization,



Table 2.1 Classification of Polarization-Maintaining Fibers

Gepmetry Type Stress Type
Circularly Birefringent Helical Core Twisted Round-
Fibers Spun Fiber
Bow Tie
Linear Single Polarization -Side Pit -Flatenned Depresse
(Differential Attenuation Cladding
Fibers) Side Tunnel -Stress Guiding
-Elliptical Cladding
Linearly Birefringent Elliptical Core -Elliptical Jacket

Fibers

-Dumbell Core
-Side Pit

-Side Tunnel

-PANDA
-Four-Sector Co

-Bow Tie
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the field vector is directed along a line. The circularly polarized wave is characterized by a
constantamplitude field vector, and the field vector orientation in spacehanges
continuously with time so thahe tip of thefield vector traceut acircular locus in a

plane transverse to the direction of propagation.

The polarization ofight propagating in a single-moduer is initially determined by the
polarization of theoutput light from the laser source. Often the polarization of light
generated by a laser diode is linear and $loeigolarization ofight in the excited mode.
However, at some distanesvay fromthe light source, the polarization éght in regular
non-polarization-preserving fibers becomes random due to various perturbing effects.
Using appropriate techniques, it is possiblgeoerate andhaintain any othe threetypes

of polarization in a fiber.

2.2 POLARIZATION-MAINTAINING FIBERS

2.2.1 Circular Polarization-Maintaining Fibers

It is possible to introduce circular-birefringence irier so thatthe two orthogonally
polarized modes of th@ber are clockwise and counter-clockwisgrcularly polarized.
The most commomvay to achieve circular birefringence imr@nd (axially symmetrical)
fiber is totwist it [24]-[25] to produce d@ifference betweethe propagation constants of
the clockwise and counterclockwisg#rcularly polarized fundamentahodes. Thus, these
two circular polarization modes, i.e., HEand HE;; are decoupled. Also, it jgossible
to conceive externally appliestress whose directiovaries azimuthallyalong thefiber
length causing circular birefringence time fiber [26]. If a fiber is twisted, a torsional
stress is introduced and leads to optical-activityriaportion to the twist [26]. It is
shown theoretically that ip represents the twist rate per ulehgth thenthe plane of
polarization of dinearly polarized light isrotated in thesame direction with sate of gp
where g= 0.07 forsilica [25]. The birefringence of such a fiber is vesmall (as g is

small) and it is difficult taobtain beat lengths less than 10 cm, bechbeebreaks ahigh
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twist rates and sudhber is difficult to handle. It ishown that the twistaterequired to

provide immunity from external effects such as pressure and bends is excessively large.

Circular birefringence can also be obtainedviakingthe core of diber follows ahelical
path inside thecladding as shown in Figure 2.1. This makles propagatindight,
constrained to move alonghelical path, experience an opticabtation [27]-[28]. The
birefringence achieved is onflue to geometrical effects and a labgefringence value B
= 2x10* has beemeported [29]. Such fibersanoperate as a single mode up toesy
large value ofthe normalized frequency (\# 25), and sufferhigh losses at highrder
modes. One practicéiber design has beaeported inwhich beat lengths ashort as 8
mm have been obtained [2]. This type of fiber finds applications in sensing atectant
through Faraday effectHelical-core fibers have been fabricated from compasiteand
tube preforms, where thelix isformed byspinningthe preform during théber drawing

process.

2.2.2 Linear Polarization-Maintaining Fibers

As seen in Table 2.1he linearpolarization-maintaining fiberare oftwo types. The
linear single polarizatiortype is characterized by a large transmission tiifference
between the two polarizations of the fundamental mode. The linearly birefrifigemt
type is such that the propagation constants betweertwtbepolarizations of the
fundamental modere significantly different [8]. Lineapolarizationmay be maintained

using various fiber designs which are reviewed next.

2.2.2.1 Polarization-Maintaining Fibers With Side Pits and Side Tunnels

Side-pit fibers, as shown in Figure 2.2, incorpotate pits of refractive indexgless than
thecladding index , on each sidetbk centratore. This type of single-polarizatiofiber

was first propsed by Roshi and Oyamadg0]. This type offiber has aWN-type index

profile along the x-axis and a step-index profile along the y-axis. A side-tunnel fiber is
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Figure 2.1 The structure of a helical or spiral fiber{23].
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a special case of side-mtructurewhenthe two pits arehollow with n,= 1. In these
fibers, a geometrical anisotropy is introducedhia core toobtain a birefringent fibers.
Different methods have been usedat@lyzethese fibers. Thénite elementmethod was
used by Okoshi et. gl31]-[32] anH-field finite-elemenmethod was used by Hayata and
co-workers [33] and the effective-index method was used in [34¢latively simple and
approximate method for tr@de-tunnel fibers is presented[Bb], where a rectangular-
corewaveguide model is used as an approximdiorside-tunnektructure toobtain the

polarization characteristics.

A single-mode fiber with asymmetrical refractive ingets on bothsides ofthe core was
fabricated by théviodified ChemicalVapor Deposition (MCVD) methof86]. Thefiber
consists of a SiPcladding, BOs;-doped asymmetrical sidats and a FOs-doped core.
From the measurement, the blesigth was found to babout 23 mnand a birefringence
B = 5x10° was obtained. Stresmalysis of a fiber byhe finite elementmethod [37]
shows that the contribution of the stress-induicieefringence to modal birefringence is
much larger than that dhe geometrical anisotropj80]. The strain birefringence is
caused by the presence of #m®ymmetrical refractive indepits consisting of BO; and
SiO; [38]. A fiber consisting of Gefdoped coreandtwo layersseparatedrom the
coreand placed in the pure Si@ladding has also been fabrica{88]. The magnitude
of strain birefringence is pportional to thenolar concentration of f; and isinversely
proportional to the distance between $ige pits andhe core. Minimum losses of 0.62
dB/Km atl.5pum wavelength and 1 dB/Km at3 um wavelength have beeaported for
manufactured side pit fibers. At wavelength 1ot5um, the modal birefringence is
8.5x10° and the beat length is 13.5 mm.

2.2.2.2 Polarization-Maintaining Fibers With Stress Induced Parts
An effective method of introducindnigh birefringence inoptical fibers is through

introducing an asymmetric stress, with two-fold geometrical symmetry, in the core of
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Figure 2.2 Side-pitfiber (a) cross section(b) refractive index distribution versus x-

axis [4].
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thefiber. Thestress changes the refractimelex ofthe core due to photoelastdfect,
seen by the modes polarized along grincipal axes ofthe fiber, and results in
birefringence. The requirestress is obtained by introducitgyo identical and isolated
stress-applyingparts, SAPs, positioned in tletadding region oroppositesides of the
core. Therefore, no spuriousode is propagated through the SAPs|ag as the
refractive index othe SAPs is less than or equal to that ofdlaglding. The SAPBave
different thermal expansion coefficient than thathef cladding materialue towhich an
asymmetricalstress isapplied onthe fiber core after it is drawrirom the preform and
cooled down. The mosbmmon shapes used filve SAPs are: bow-tie shaf#9], and
circular shapg38], and [40]-[41]. These fibers are referred to as Bowz3f@], and
PANDA fibers [41], respectively. Theross sections of theseo types of fibers are
shown in Figure 2.3. The modal birefringemtgoduced by these fibers represents both
geometrical and stress-induced birefringences.théncase of a circular-coréer, the
geometrical birefringence igegligibly small. Two methods have been used to calculate
the stress distribution due to SAPs in théigers, a finite elemenmethod [37],and an
analyticalmethod [42],and[43]. It has been shown that placitige SAPs close to the
core improves the birefringence of these fibers, but they must be pldfieidntly close

to the core so that tH@er loss isnot increased especially tha&8APs are dopedith
materialsother tharsilica. The PANDAfiber has been improvedrther to achievéiigh
modal birefringence, very low-loss and lawoss-talk. PANDAfiber with optimum
design parameters have been fabricated and measured. The measured result8.Eflicate
dB/Km loss with birefringence B = 320" and cross talk of -27dB in 5 Khangth at a
wavelength of1.56 um [44]. Sasaki has alseeported alow-loss dispersion shifted
PANDA fiber [45]. A minimum loss 0f0.27 dB/Km, zeradispersion at wavelength of
1.56um, a modal birefringence B = &4D0*, and a crosstalk 622 dB over 4.1 Knhave
been achieved.

With the purpose ofdesigning an optimum waveguidéructure to providenaximum

modal birefringence, theoretical and experimental investigations on polarization
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Figure 2.3 Cross sections of Bow-tie and PANDA fibers [4].
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characteristics of PANDAber with flat claddingwere presented [46]. Thiependence
of birefringence onthe thickness ofthe flat cladding was calculated usirthe finite
element method37]. Stressanalysisdemonstrated that whethe radius of the stress-
applyingpart issmallerthan 0.6timesthe cladding thicknesghe modal birefringence in
flat-clad PANDA fiber islarger than that of a circular-clad PANDA fiber. Timodel

birefringence measured at 1 was B = 5.910*.

Based on research and development work performed on side pit and PANDA fibers, a new
single-polarization opticafiber was proposednd investigated in [1]. Two structures

were investigated, one with one hollow circular pit acrbes core-clad interface, and
another withtwo hollow circular pits acrosthe core-clad interface. ny the geometrical
birefringence resulting from noncirculaore or angularly nonuniform refractive-index
distributions was considered. The modal birefringenceceagputedusingthe improved

point matching method [1]. It was realized that the largest modal birefringence is obtained
whentwo hollow circular pitsare used, with By = 4.4%10* for core-clad refractive

index difference of 0.5 %.

Further investigationaere carriedut on fiberswith thetwo hollow pits to achievemall
transmission loss, large modal birefringence, wide single-polarization bandwidgmaithd
total dispersion [47]Numerical result$or a puresilica corewith fluorine dopedcladding
and hollow pits showed that modairefringence and single-polarization bandwidth
assume theimaximumvalues of1.13310° and 100.6nm, respectivelyfor core-clad
refractive index difference af.6 % at the operatingiavelength ofl1.55 um [48]. In
another work, aimilar structure was usedith two isolated stress-applyingarts [49],
instead of thehollow pits mentioned before. Thiger consists of inner anduter
claddings, andhe SAPs are located between theer andouter cladding. Thisfiber

features a depressethddingstructureformed by thecore, theinner cladding, and the
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SAPs. The refractivindexfor the SAPs is chosen between that of the aodetheouter

cladding. The measured modal birefringence for this fibex196[45].

2.2.2.3 Polarization-Maintaining Fibers With Geometrical Asymmetry

Prior to 1977, thenodal birefringence caused by an unintentiafigitical deformation of
the core was thprincipaltopic of research related to polarization-effectBbars. After
1978, varioukinds of linear polarization-maintaining fibers, sucheliptical core fibers,
dumbbell core fibers, stress-inducedelliptical cladding) fiberswere proposed and
investigated. Thearlyresearch on elliptical-core fibers dealt wikie computation of the
polarization birefringence. Irthe first stage [50], propagatiorcharacteristics of
rectangular dielectric waveguides calculated by Marcfill], were used tcestimate
birefringence of elliptical-core fibers. Computations bagpdn a rigorousanalysis by
Yeh [52], were performed by Adams et. al. [53], and Love et al. [54], and showed a better
accuracy than various approximadralysisperformed previously [9557]. The first
experiment with polarization-maintaining fiber was reported by Ramaswaraly [50], in
1978, inwhich a fiber having a dumbbebBhapedcore wadabricated. The beat length L
was about 55 mm [7], whereas it Wadieved that |, should be less thalmm tomake it
well below thetypical perturbation periods that can exist in acfilzrs. Thebeatlength
can be reduced bycreasinghe core-cladding refractivadex difference. Itvas shown
by Dyott etal. [58], that byincreasinghe core-clad refractivindex difference tat.3 %,
L, could be reduced to as low as Om&. However, theindex differencecannot be
increasedoo muchdue to practicalimitations. Increasinghe index difference increases
the transnssion loss, andplicingwould becomalifficult because theoreradius must be
reduced [59].

The first proposal on practical low-loss single-polarizatidrer was experimentally

studied for thrediber structureselliptical core, elliptical clad, andelliptical jacketfibers

[59]. Theelliptical core and theelliptical clad fiberswere fabricatedisingthe MCVD
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method. To makelliptical clad fibersporosilicate clad anguresilica corelayerswere
deposited in a tube. Then the tube walkapsedwhile the innerpressure (vacuuming) of
the tube was monitored. The core circularity and the clad ellipticity were controlled by the
careful selection othe softening points othe core/cladnaterials andhe inner pressure.
Then, the preforms were drawn into fibergtee HE; mode propagation. However, the
elliptical jacket fiber is formed by a circular Ge@,Os doped coreand silica clad for
constructing the low-loss waveguide, and th®Bdopedelliptical-jacket andhe silica
outer support fointroducing the largmonsymmetricstress in the core. Ge@as also
doped in the jacket tgive the same index as SO These fibers were fabricated by the
same method mentioned above. The jaeksiticity wasmainly controlled by monitoring
the pressure during thmllapsingstage [60]. The results showed tinggical values of
birefringencefor the elliptical core fiber are higher thanelliptical clad fiber. However,
losses weréhigher inthe elliptical core than leses in theelliptical clad fibers. For
instance, transmission lossestire elliptical core and elliptical clad fibers with Ge®
dopant aretypically 30dB/Km at1.5 um and 5dB/Km atl.1 um, respectively[61].
Detailed studies were carriedit for various dopanteffects onthe coupling length L of
the two orthogonalfundamental modes to preserveekr polarizatiorover longlengths.
Experimental results showed that anisotropiess increasesonlinearly with molar
concentrations of dopants and thgOBdopantyields larger birefringence than Ge@nd
P,Os. The coupling length was found to imwersely poportional to the corellipticity
for the Ge@- or P.Os dopedelliptical core fibersand decreases considerably vifie clad
ellipticity for the BOs-dopedelliptical clad fibers. Minimum value of L for theelliptical
core fibers lies in the wavelength window 1.141rh, while it isconstant foelliptical clad
fibers in thesingle-mode regime. The experimental #mel theoretical study on the low-
loss ellipticaljacketfiber was carriecbut in [62]. Itwas reported that the ratio of core to
clad radius must be belo@:5 toallow a transmission loss of less than 1 dB/Kni.&6

pm wavelength.
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Research effort devoted to tdesign and fabrication of birefringent fibers tpabpagate
one andnly one polarizatiorstate of thédundamental mode has continued. Variébsr
structureshave beerproposed and experimented with. A flatiptical side-pit fiber
having two pits on botkides ofthe core was proposeshd analyzef63]. This analytical
study gave guideline to achieve an optimustructure byadjusting values athe optical
fiber parameters. This type of fiber was proposed toobtain betterbirefringent
characteristics than those oflat elliptical corefiber treated by thesameauthors before.
The AT&T rectangular polarization-maintainifiger [64], wasconsidered for a study on
its polarization properties anelkperimental resultsvere presented [65]-[66]. It was
demonstrated that the extinction ratio of a f#idér obeysrandom coupling theorgtue to
its rectangular geometnyhich facilitates winding and packaging faber with minimum
external perturbations. Thaata obtainedrom the measurement showed axtinction
ratio of -27dB/Km and a modeoupling parameter h 2.0810%m. At a wavelength of

1320 mm, a beat length of 6.78 mm was measured.

2.2.2.4 Polarization-Maintaining Fibers With Refractive Index Modulation

One way to increasie bandwidth of single-polarization fiber, whigeparates the cutoff
wavelength ofthe two orthogonalfundamental modes, is by selecting a refractive-index
profile which allows onlyone polarizatiorstate to be in cutoff [67]. A case study was
performed on diber having a circulacoreand inner claddingsurrounded by aalliptical
stress applying region. The index profile of the fiber considered was-frefile with all
portions of theprofile interior tothe stresdayer being identicaéxcept for thesplitting
caused by theirefringence betweetie minor and major axes olie elliptical stresdayer.

It was found that both polarizaticstates of LI mode had cutoff wavelength with a
broadsingle-polarization band atbout 110 nm centered at 84t. The bandwidth for
the single polarization igefined asthe wavelength rang®ver which the fundamental

mode of one polarizatiostate is attenuated by least 25dB. At 84@im, the attenuation
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of the guidedstate is 5.5 dB/Kmand at 633 nm thbirefringence was measured to be
6.9x10*.

A class of polarization-maintaining fiber having an azimuthallyomogeneousndex
profile with a circularcoreand cladding has also beeroposed [68]. Numerical results
showed that themodal birefringence induced kthe geometry ismuch largerwhen
perturbation is in theladding region than wheperturbation is in the core region. The
propagation constants of ttwo orthogonalfundamental modewere calculatedising a
variational formulaor propagation constants and treating #aenuthal variations of the
refractive index as perturbations [69].

In another designhigh birefringencewas achieved by introducing, in a three-layer
elliptical fiber, an azimuthal modulation tfe refractiveindex ofthe inner cladding70].

A perturbation approach wasnployed to analyzine three-layeelliptical fiber, assuming

a rectangular-core waveguide as the referestugcture [71]. The method adopted is
described ir{72], which takes into consideration the presence of corners in a rectangular
structure. Examination of birefringence in three-laydliptical fibersdemonstrated that a
proper azimuthal modulation of the inner cladding index can inctea&grefringence and

extend the wavelength range for single-polarization operation [73].

A refractive index profile, called Butterfly profileyas reported in [74]. Theefractive
index profile is an asymmetric W profile, consisting of a unif@ane, surrounded by a
cladding in whichthe profile has amaximumvalue of R, and variesboth radially and
azimuthally, withmaximumdepression along theaxis. This profile hasvo attributes to
realize a single-mode single-polarizatioperation. First, th@rofile is not symmetric,
which makesthe propagation constants of theo orthogonal fundamental modes
dissimilar,and secondlythe depressiowithin the cladding ensures that each mode has a
cutoff wavelength. The butterflyiber is weakly guiding,thus modal fields and

propagation constants can be determined from solutiottecfcalar wave equation. The
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solutions involve trigonometric and Mathieu functions describirthe transverse
coordinates dependence in tbere and cladding othe fiber. These functiongre not
orthogonal to one anotherhich requires aninfinite set ofeach to describéhe modal
fields in the different regions and satisfhe boundary conditions. Thgeometrical
birefringenceplots generated vs. theormalized frequency V showelat increasing the
asymmetnthrough the depth of the refractiirelex depression alorthe x-axis increases
the maximum value of the birefringence and the value of V at whicbc¢higs. The peak
value of birefringence is a characteristic of noncircular fibers. The modal birefringence can
be increased by introducing anisotropy in fiber which can be described lytributing
different refractive-index profiles tthe two polarizations of a mode. Tlamalysis of the
anisotropicfiber showed that the geometirefringence is smallethan the anisptropic
birefringence. However, the depression in tbladding ofthe butterfly profile gives the
two polarizations of fundamental mode cutoff wavelengthikich are separated by a

wavelength window in which single-polarization single-mode operation is possible.

2.3 FIBERS / WAVEGUIDES WITH METAL BOUNDARIES

Another method of controlling polarizations is imgans of metal-clad optical waveguides
which are of interest in integrated optics and optidadr devices. Interest inmetal-clad
planar optical waveguides mainly due to their large TMo-TE mode loss ratiavhich

can be used to produce a polarizer or maaigyzerfor integrated optics circuit/5]-

[77]. A metal-clad waveguide is also attractive in providing electrodes for electrooptical

devices.

2.3.1 Planar Waveguide Polarizers

In 1969, Marcatilli [51], and Goel[78], analyzed planar metal-dielectric waveguides by
combining dielectric slab waveguid®lutions intwo transversal directions.Marcatilli
suggested that the degeneracytafo modes of different polarizations could be split by

using a lossy metaheet at thenterfaces betweethe coreand cladding. Thanalysis
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methods for metal-clad optical waveguides/e been summarized by Reising&]. In

[79], boundary conditions for dielectric thfilm waveguides with metal boundaries have
beentreated ingeneral. Losses in the conducting regions are accounted for by letting the
corresponding refractiveadices become complex. In genetlk transverse propagation
vector of guided modes in tlgriding regionthe decay constants of evanescéelds in

the cladding regions, anthe propagation constant aa# complex. Inthe microwave
frequency range, an approximatidor losses due to conducting boundaries can be
obtained usinghe well known perturbatiomnalysis. Thigperturbation approach is based

on the assumption that tffield distribution is thesame as that whiclould exist if netal
boundaries were perfeconductor. Animplicit assumption of this approach is that the
displacementcurrent isnegligible compared to the counduction current in thetah
region. This condition isisually well satisfied at frequencies time microwave range.
However, at optical frequencies, metals do not behave as nearly perfect conductors and do
not satisfy this condition. Conducting boundaries at optical frequencies havbeaiso
treated. Although, exact solutions of thieelds are available, aset of approximatéeld
distributions are obtained bgeglectingthe imaginary part in thedecay constant of
evanesceriield in the cladding region, anthe imaginarypart of the propagation constant

to simplify the problem. As a resulgnly the decay constant ithe conductorregion
remains complex, giving rise to a complex evanedggdtin the conductorywhich inturn

leads to complex wavefunctions in the dielectric regions.

Metal-clad optical waveguides can alsott@atedusingthe concept of equivalent-current
and the theory of coupled waveguidé], and [80]. Considering a system of two
coupled waveguides, the electromagngdicls can be regarded as tbembination of the
field of waveguide 1 (inthe absence of waveguid®), thefield of waveguide 2 (in the
absence of waveguidg, and thefield excited by theequivalentcurrents. According to
the theory stated here, tleéectromagnetidield of the metal-clad waveguide is equal to

the totalfield excited by theequivalentcurrent and the guided wave of tthielectricslab
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waveguide. The attenuatiaoefficient ofthe guided wave is obtainedhenthe effect of

the metal on the guided wave is weak. Since it is difficugigbthenormal-mode solution

of themetal-clad waveguide, it is assumed ttinetfield insidethe metal isthe transmitted

wave wherthe field is incidentupon themetal boundary. Athe same time, a reflected
wave is introduced for the purpose fadld matching atthe metal boundary. But, this
reflected wave is muckmallerthan the inadent wave betweethe guiding layer and
cladding , so it can be neglected. Thusfigdd solution satisfie®oth themetal boundary
condition and the dielectric boundary condition between core and cladding. The equivalent
current theory showed, in comparison with the exact solution, that the theatd ifor

the TEand TM mode except for tremallcorelayer becausthe assumption that thield

in themetal is that which exists the absence ofthe metal multiplied bythe transmission
coefficient is no longerappropriate. The behaviour of propagating modes of a
symmetrical metal-clad dielectric slab waveguide agtical wavelengths hadeen
predicted from aimplified analysis of dossless dielectric-slab waveguide with a cladding

of negative permittivity. The solution of dispersion equations for the lossless waveguide is
analyzed analytically, assuming tliaé penetration depth of tifields intothe metal clads

are very small [13]. Thanalysis madeased on theimplified model reveal$wo kinds of

cutoff phenomenathosesimilar to parallel-plate waveguide, antiose due taegative
permittivity of the cladding. The propagating modes have the attributes of the modes of a
conventional dielectric-slab waveguide as well as those of a parallel-plate waveguide. One
feature of the lower order TMnodes is aslowly propagating surface wave on the

interfaces.

The attenuation properties of planar optical waveguides mvétal boundaries dboth
symmetric and asymmetritructureshave been studiednalytically and experimentally
[14]. It has been demonstrated tlia¢ attenuation of the waveguide modes depends on
the waveguide thickness, choice of metal, and the type of modenaedses with the
mode order [15], and [20].
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The analysis ofguided modes for variousdex profiles in a slab waveguide with metal
cladding has been made. The dependenteeddittenuation constant of guided modes on
the modeorderand the width of theguiding layer,core, has been investigated. Several
authorshave studied such lo$sr waveguides withinearly [81], exponentially[82], and
arbitrary graded index profilg83] . Theanalyticaland numericatesults show that the
dependence of modattenuation on moderder is related to thieadex profile. The mode
attenuation increases with modeder inmetal-clad waveguides with exponentj@r]-
[83], Gaussion [83], and parabolic profiles [83], and [21].

Since attenuation is partly caused lymic losses athe interfaces, graded-indestab

waveguides are expected bave lower losses than step-indglab waveguides. The

dependence of thmodalattenuation on thguiding-layer widtha has been determined to
vary asa* for a linear-index profilg81], asa™®” for a paraboliéndex profile[21], and as

a” for a stefindex profile[20]. Contrary to the case ahiform metal-clad dielectrislab

waveguides, the attenuation mietal-clad diffused waveguideecreases witincreasing
the modeorder [82], due to the fact that in gradadex waveguides high@rdermodes
havedeeper penetration into the substrate, and thus thetfemtive guiding layers, and
thereby, lower losses. Electrooptic crystals, sudhMisO; and LiTaQ, are of particular
interest for use as the substrate for integrated optical circuits due texdeéent
electrooptic and acoustooptic propertieserent in these materials. Various techniques
can be used to form a waveguidilager of gradedindex profile on LiNbQ or LiTaG:s.
Thetwo maintechniques that have been emploged thein-diffusion [84-[85], andout-
diffusion techniques [82], and [86)].

Research on propagation characteristics of metal-clad planar waveguiddsedmas
extended to multilayegeometries with a lossy layer or an active layer with negative loss
[87]-[89], and[22]. Theanalysis of metal-clad multilayer dielecti@aveguide has been
carriedout using perturbation techniques. The dependences of the attenuation constant

on corethickness, buffer layer thicknessiode number, and refractivedex difference
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between coreand buffer layers have been examirj8@]. The results show that the
attenuation constants of thveell-guided TE and TM modes in waveguides with large
buffer layer thickness increases with mode order and buffer layer thickness, and varies as 2

awhere 2 is the core thickness.

An analytical treatment of metal layer in optical waveguides has been perftonpanar
heterostructures [90], and cylindrical fib¢@d]. The study omodesinvolvesone or two
media with negative dielectrmonstant, where th@etal medium ig€onsidered to have no
losses with pure real and negattielectricconstant. Aclassification of possible optical

guided modes that are able to propagate in such structures are determined and discussed.

2.3.2 Fiber Polarizers

Fiber-optic polarizers can be constructeddaynoving aportion of thefiber cladding and
replacing it either with a birefringent crystal or metal. A fipelarizer with partial metal-
cladding is preferred for its stable polarization, but it has been reported in [76]nhsit
high insertion loss for a given extinction ratio.

Improving inthe performance of fiber-optic polarizergessible by placing a buffer layer
between thdiber surface and thmetal layer as shown in Figure 2.Zhe refractivandex
of the buffer layermay be cbsen so that the TM-plasmon wave at rtietal-buffer layer
interface haghe samepropagation constant as tfndamental mode ahe fiber [76].
Experimental results show that introducindpufer layer, separatinghe dielectric core
from the metal layer, increasdbe attenuation ratio of TM/TEand decreases the TE-

insertion loss in comparison with designs without buffer layers.

The equivalent current theory has also been appliedibergolarizer which is formed by
partially polishingout the cladding onone side of a single-mode fibemd evaporating a
metal onthe polished surface, as shown in Fig@&® [12]. Theextinction ratio of the
single-mode fibepolarizer is calculated usintpe attenuatiorcoefficient expressions in

[80] for x- and y-polarized HE modes. The calculated extinction ratio is in agreement
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Figure 2.4 Side view of a fiber optic polarizer with buffer layer [76].
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Figure 2.5 A partial metal-clad fiber (a) cross section view of fiberoptic polarizer,

(b) side view of in-line fiber optic polarizer [17].
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with experimental resultsBut, for small buffer layer thicknesgshe differences between
them are rather large, for theamereason stategreviously inthe case ofplanar

waveguide polarizers.

To solvethe problem of polarizing light within a fiber, a novegbproach was presented in
[92]. Thepolarizer is formed by partially removirtige cladding fromoneside of asingle
mode circularfiber and replacing it by a birefringence crystal witkver refractiveindex
than thecore. The result is a structuoembining a singlenode fiber and a planar
birefringent layer. This layer separatedrom thefiber core by theemainingpart of the
fiber cladding serving as a buffer layer.was showrexperimentally thaattenuation in a
single modefiber can be achieved by couplinge core-guided mode to axternal
mediumand thathigh qualitypolarizers with extinction ratios in excess of 60 dB can be
obtained for the best orientation of the crystal axes.

To achieve a better polarizer performance, an indium-coated D-sfiagredith elliptical
core andelliptical inner cladding, ashown in Figure 2.6, was proposed and fabricated
[18]. Theprinciple behind thiD-shapediber is touse the evanesceflds in the fiber
cladding to coupleut the unwanted polarizatiolmom the guide. Thdiber provides a
birefringence of 510 by an ellipticalcorewith a highcore-cladding index difference of
0.04. The best results reported was -39 dBpalarization suppression ratio and an
insertion loss 00.2 dB on golarizer length oAbout 70mm, where the suppressed mode
is theeven HE; mode with the electrifield along theminor axis ofthe elliptical guide
and normal to the flat of the D-fiber. Thaalysisshowed that a saturatedtinction ratio

is observed beyond a critical polarizer length. Variatiorth@fpropagation constant and
birefringence as a function tfie depth ofolishingfor circular andelliptical core fibers
were obtainedising arectangular-core waveguide moaelalysig93]. It wasfoundthat

in the case otircularcore fibers oelliptical core fibergpolished parallel tehe major axis
the effect of polishing increasebe geometricabirefringence. However, if thefiber is

polished perpendicular to the major axis, the birefringence first decreases to zero and then
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Figure 2.6 D-shaped fiber polarizer with elliptical core [18].
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increases sharply ithe reverse direction. Aovel technique to improvéhe design and
implementation of a highly elliptical core fiber for use in integrated optical components has
beenreported in [94]. A matheatical model igpresented to predidiirefringence in a
highly elliptical core fiber as the cladding is removed, wheréhe elliptical core is
approximated by a rectangular dielectric waveguide. This model helps in controlling the
amount of cladding removed for a D-fiber to within ~ Ou@B for use in the production of

passive and active fiber components.

2.4 POLARIZATION-MODE DISPERSION (PMD) IN OPTICAL FIBERS

The issues of polarization-mode dispersion in optical fibersattasactedconsiderable
attention over the pastew years [95]-[100]. Different techniquesfor PMD
measurements and characterization have been reported [101]-[105].

Two main factors contribute to PMD in circuldibers: the deformation of theircular
geometry of thdiber, andthe internal stressewhich leads tostress anisotropy, both of
which could happen during manufacturin@ther factors that could contribute to PMD in

fibers are bends, twists, and cabling process.

A circular fiber with small core elliptical deformation causes a difference between the
groupvelocities inthe two orthogonal polarizations of tifeandamental LR: mode. This
difference contributes to thaverall dispersion anthe effect is referred to as polarization-
mode dispersion. The magnitude of PMD in fibers depends ondiffigsence in
propagation constants. In ordinary step-indggle-mode fibersPMD vanishes otside

the single-mode wavelength region [106]. To improve fiber performance in londpghaul
bit rate systems, aero PMD must be withinthe single-mode wavelength region. A
method for lowering intrinsic polarization-mode dispersion has been proposedrdied
experimentally[107], that lowintrinsic PMD due to form-induced and stress-induced

factors can be achieved for short-length PMD (measured in ps/km) by partcallation

32



of thetwo induced factors. Amxtensive literature search didt uncover afiber design

with zero PMD in the single-mode wavelength range.

2.5 SUMMARY

Review of polarization-maintaining/eliminating waveguisiguctures and theidesigns
have beempresented.Limiting the propagation to one polarizatietatecan be achieved
by either breakinghe degeneracy between thmitually orthogonal polarization states
throughdeformingthe circular geometry of afiber and/or introducingshape, stress
regions, certain refractivimdex profiles, or byincorporating metal boundaries into the
structure of waveguides.

Side-pit and side-tunnel PM fibers offer low birefringeegeept one structure reported in
[47] which canprovide ahigh birefringence ifthe index differencebetween core and
cladding is taken to be 1.6 %. A successful structure to maintain polarization as suggested
by manyauthors is thd®PANDA fiber. With thisstructure, ahigh birefringencecan be

achieved along with a low loss and low cross-talk [46].

In elliptical fibers,the birefringence isot ashigh as in PANDA fibersand the required
coresize becomes impractical (extremsliyall) for thefiber to operate as a singlaode
waveguide. This problem can be solved by introduatigss regions in théber or

azimuthal variations of the refractive index.

Another technique that breaks the degeneracy offihdamental mode with two
polarizations is based on using metal as an interface layer in dielectric wavegihdes.
metal-dielectric waveguide can be used as a polarizer and asfittexdéor integrated
circuits operating in the microwave and optical frequencies.

Several metal-dielectric waveguidguctureshave beersuggested andnalyzedor use in
the opticalfrequency range. The methods usedatmlyze such waveguidese: the

perturbation technique, thequivalentcurrent theory, and treatingietal as a lossless
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mediumwith negative permittivity. The first methadvolves approximations teimplify

the analysisand provides special features tllgtinguish betweethe TM and TEmodes

for a planarstructure. Thdasttwo methods provide accurate results except for certain
conditions that makes them inapplicable when the core thickness becomes small.
Planar metal-clad waveguide and mefdder polarizers producehigh attenuation
difference betweerthe TE and TM modesyhile the elliptical core D-shapediber
generates &igh attenuation between theven andbdd polarizations of thdundamental

HE; 4 mode.

Finally, the causes of PMD in optical fibers andeffects have been addressd@MD is
considered as a residual dispersioie to stress anisotropies, geometmaaicircularities,
and external effects. Polarization-mode dispersion affieetsandwidth of digital and the
linearity of analogoptical communication systems. Sometloé accomplishments and

suggestions on lowering PMD in optical fibers have also been discussed.
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