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Abstract

This thesis investigates properties and applicatwinHoley Fibre (HF), a recent innovation in
the field of optical waveguiding. HF is an all-sdi optical fibre with a solid core surrounded by
an array of air holes that provide a low-index diad. The strong guidance of HF and the
numerous degrees of freedom available in desige gse to novel properties, including the
capability of single mode behaviour over an unpieotéed range of wavelengths, and anomalous
dispersion below 1.2{dm.

Numerical analysis of any fibre type is important providing a better understanding and
predicting properties more cheaply and quickly theanufacturing larger quantities for testing. It
is of crucial importance to HF because manufacturemains at a prototyping stage and cannot
provide the variety of HF required for experimeitatover a broad range of parameters. In order
to investigate longitudinally varying HF structurasd nonlinear processes the finite difference
time domain (FDTD) method was used to develop a mewlel for the study of HF's. Results
obtained from this model correlated well with exigtexperimental and analytic results.

The model was applied to provide the first investimn of splice loss between standard fibre and
HF, and to optimise HF design to minimise such .IoBse model also provided the first
demonstration of HF for low-loss spot size conv@rsiA modified version of the model was

used to analyse coupling effects in HF. Theoretacallysis is presented for each investigation.
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1 Introduction

Optical fibre technology revolutionised telecommuation in the late twentieth century, and
holey fibre (HF) now stands to revolutionise ogpitidare technology itself. Firstly in this chapter,
standard optical fibore (SOF) technology is outlinedprovide a point of reference for the
subsequent description of HF. HF is an all-silitaef consisting of a solid core surrounded by an
array of air holes running along its length as fi@céive cladding. The strong guidance provided
by HF and the degrees of freedom in its design Hadeto a number of novel properties,
including unprecedented single mode operation,raliyuailorable dispersion and a high degree
of nonlinearity. These properties will prove quadvantageous for both communications and
other purposes.

Due to present manufacturing limitations, the miaiglof HF is vital to its development as a
technology. Published models are reviewed and ssdesnd the need for a new model for
longitudinally varying structures or nonlinear beioair (analysis of which were desired here) is
established. The subsequent content of the thediserefore the development of a new model,
and the application of the model to investigatecsploss, spot size conversion and coupling in
HF.

1.1 Standard optical fibre technology

The use of optical fibore waveguides for telecommation using lightwave carriers has
progressed much since its promise was seen a feadds ago. In partnership with advances in
laser technology, optical fibre is currently theferred medium for high-speed communications
and will continue to be so for the foreseeable riturhe advantages of fibre include their
extraordinarily large bandwidths compared to otinensmission technologies (with up to Th’s
having been demonstrated), security from infornmatioterception, relative immunity to
electromagnetic interference due to being eledlyiceeutral, and the capability of delivering bit
rate independent (easily upgradable) networks. étsliscussion on the properties of standard

optical fibre technology follows.

1.1.1 Step index fibre

The simplest type of optical fibre is the step idéibre, which has a structure shown in Figure 1.
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n Tetil wteral reflecton
J"“J T L"} Conventional Fibre

Figure 1 - Step Index Fibre (from [15])

Guidance in a step index may be understood in tefrtital internal reflection. A more complete
analysis required solution of Maxwell's equatiomgjich yield several guidednodes or
independent solutions. The number of modes depamdie core radius a, the refractive indices
of the media (core p and cladding &) and the input wavelength. All of this information
regarding the fibre and the input excitation isagsulated in the normalised frequency parameter

[4]:
v=2afi-ni ()

The term(ne, - Ny)™ is known as the numerical aperture (NA) of theefib

For a given normalised frequency, each mode isacerised by its propagation constgnand
has a unique field pattern.

Single mode guidance is desirable for modern braadldelecommunications systems as modal
dispersion (i.e. differences in the speed of infation for each mode) severely limits the
bandwidth of the channel. One approach to the prolik to design a parabolic core refractive
index profile, which leads to equalisation of graiglay for all modes (to a good approximation)
[3]. From a ray perspective, paths which drift fient from the core centre have a larger distance
to travel, so a gradual reduction of the refracitivdex away from the core centre increases the
propagation speed for such rays and so equaligesl time for all rays. However, the technique

is not very effective in practise due to bends disdontinuities in the fibre.
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1.1.2 Single mode step index fibre

A better solution to the problem of modal dispemsi® to design the step index fibre to possess
only a single propagating mode at the wavelengihtefest.

Solution of Maxwell's equations in step index fibesults in an eigenvalue equation for the
propagation constarfd involving the Bessel functions (described furtlersection 3.2). The
number of solutions fof8 (for valid propagating solutions) is the numbermpobpagating modes
for the given wavelength. The normalised frequepasameter V is easily used to determine the
number of modes for that wavelength. For a giveucsire, as input frequency is increased from
0 Hz, V increases from 0 and from the eigenvalugaggn it can be shown that a new mode
begins to propagate as each of the zeraly\¢j are found (wherg, are the Bessel J functions of
orderl = 0) [4]. The smallest of these zeros is for V anil§ J;) indicating that the lowest order
propagating mode (HE) is available to all input frequencies. The nelkthese zeros occurs at
J(2.405) - indicating that for V < 2.405 a givenrghwill operate in the single mode regime. This
allows one to (a) find the maximum frequency farge mode behaviour for a given fibre, or (b)
to design a fibre to be single mode below a givesgudency. For example, given core and
cladding refractive indices of 1.455 and 1.45, tlesign of a cut-off wavelength of 1.3
(above which single mode behaviour occurs) requresre radius of 4.18m. Note the inherent
limitation that for very short wavelengths singl@ade behaviour will require a very small core
and/or refractive index difference (i.e. a small)NAhis combination results in weak guidance of

such modes.

1.1.3 Group velocity dispersion

While single mode fibres avoid multimode dispersaffects, they may still exhibit material and
waveguide dispersion. The lowest and most sigmifieader of this total dispersion is termed
group velocity dispersion (GVD). Dispersion is defil in terms of change in propagation
constant (and thus information speed through threYiwith respect to wavelength. Finite length
optical pulses contain a non-zero range of freque&otponents, and hence non-zero dispersion
results in pulse spreading and limits bandwidthveégaiide dispersion refers to variation in the
propagation constarft with wavelength (as solved from Maxwell's equasiomhile neglecting

material dispersion), and can be thought of astdube variation of energy content in the high



Applications of Holey Fibre: Joseph Lizier

index core and low index cladding with wavelendtfaterial dispersion refers to the variation of
material refractive index with wavelength resultingzariation in the speed of travel.

The refractive index profile can be altered, aswshon Figure 2, to change the dispersion
properties of the fibre. A solution to the dispersproblem involves the use of frequencies at
which the material and waveguide dispersions caresh other out. Alternatively, more
complicated fibre structures can be designed wiyetebzero dispersion wavelength is shifted to
a more convenient value (normally where fibre lgsae small, i.e. 1550 nm), and where the

dispersion is flattened over a large range of wavgths.

L4

s ooge oo®

Figure 2 - Dispersion Shifted Fibre Profile

Note that material dispersion is anomalous (pasjti@bove 1.274um, and normal (negative)
below this wavelength [5]. When operating in thegé mode regime, waveguide dispersion in

SOF can only be normal, and so zero (or anomalB\f§) can only occur above 1.2im.

1.2 Holey Fibre

Holey fibre was first proposed [12] and develop#&€][by a research group at the University of
Bath. It was a by-product of the application of fgmic crystal concepts to optical fibre
waveguides [1]. The development of HF is descriimechore detail in Appendix C. It is due to
this development process that some authors (€9§. [A1]) refer to hexagonally symmetric HF
(defined shortly) aphotonic crystal fibre Furthermore, as explained in Appendix C, the term
holey fibreis acknowledged as an umbrella term for all ofdfbusing air holes for guidance. The
term holey fibrewill only be used in the body of this thesis téereto such structures that guide
by total internal reflection, and will not refer &amy photonic bandgap type guidance.

As shown in Figure 3, HF is an all-silica fibre ewsting of a solid core surrounded by an array of
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air holes. The array of air holes forms a mediurthvaneffectiverefractive index below that of
the core region. This results in a refractive ingexfile that is quite similar to that of step ixde
fibre, with the array of air holes becoming an efifee cladding to the high index core region. It
is for this reason that such fibre guides by tatdérnal reflection [16]. Although Figure 3
displays a periodic array of air holes, it is itize that such periodicity is not required to proeu
this total internal reflection type guidance [1&hd this fact has subsequently been proven for
HF's with random cladding distributions [18]. Not®wever, that most work (including this
thesis) concentrates on periodic or at least regaladding structures because only such
structures can provide repeatability in manufaomof HF with known, consistent properties,
and ensure the existence of only a single guidarg o the fibre [19].

Hexagonally symmetric HF (as shown in Figure 3) rhaydescribed by two parameters: pifch
(or periodic length between the holes) and fillifegtor dA (ratio of hole size to pitch).
Variations of these parameters provide a largeesegf controllability in tailoring the properties
of the holey fibre.

It must be noted that the air holes lower the éffecrefractive index of the cladding region to
levels much lower than would ever be seen in stah@lbre. This results in a large numerical
aperture for the structure, i.e. a very strong gua effect. This strong guidance, and the degrees
of freedom available in designing pitch and fillifector, underpin a number of very interesting
properties of HF. These properties are so novelHkaactually has the potential to revolutionise
optical fibre technology, as we know it.

In this section, the effective index model for Hieagation is outlined followed by a description

of the novel properties of HF.
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T P

Total internal reflection by
sveraqe refractive index of
the cladding region.

Figure 3 - Scanning electron microscope (SEM) imagef HF produced by the University of
Bath (top) and diagram of HF structure (below) (noe that PCF in this diagram stands for

photonic crystal fibre, as described earlier). Botiimages are from [15].
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1.2.1 The Effective Index Model

The effective index model was the first and thepast model proposed for HF [21, 19], and
provides a very good qualitative and often goodntjtetive understanding of their behaviour.
Such insight is fundamental to comprehension optioperties of HF.

The effective index model relates guidance in HEumance in SOF, and is thus straightforward
to understand. Basically, the HF is approximated asep index fibre, with the core index of
silica and the cladding index calculated as a fonobf wavelength. In SOF, the cladding index
(and core index for that matter) varies slightlfhmvavelength, only to material dispersion. In
HF however, the cladding index actually varies gigantly as a function of wavelength.

For each wavelength, the model calculates the f(iotdigal) propagation constanBesw
(fundamental space filling mode) of radiative emnetigrough the cladding. This involves the
assumption of a hexagonally symmetric claddingcstme, and is performed by solving the scalar
wave equation in a unit cell centred on an air holee effective index is then given byr=
Beswk, wherek is the free space wavevector.

The effective index model predicts thaf will be quite close to n for silica at small wasegths,
but as the wavelength becomes larggritwill drop and become closer to the weightedrage
refractive index of the cladding [21]. Intuitive daexperimental analysis confirm this result [19].
For small wavelengths, the field is mostly concatetd on the silica regions and avoids the air
holes, resulting in a very small refractive indaKedence between the core and the cladding
regions. For larger wavelengths the fine structfrthe cladding cannot be resolved and instead
an average index between those of silica and ate(ohined by the filling factor) is seen as the
cladding, resulting in a large refractive indexXetiénce.

The model is applied to predict the properties &f by using the core and calculated cladding
index and an approximated core radius in estaldigshemulae for step index fibre [22]. The
model has had some success in predicting the nuaib@odes in HF [19] and to an extent in
predicting field patterns of these modes [25]. Hosve it is somewhat limited in that it cannot
predict modal properties such as propagation cotsstagroup velocity dispersion and
birefringence that require the full complexity betstructure to be taken into account [23].
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1.2.2 Single Mode Behaviour

The most promising feature of holey fibres is theability to design a fibre that is single mode
for all wavelengths [21] - a property that does exist for any conventional optical waveguide,
including of course SOF [2]. This feature is wedplined by the Effective Index model. Using
the effective refractive index#of the cladding calculated by the model, an eifechormalised
frequency \ is calculated for input excitation as an adaptatid the classic equation for

normalised frequency for standard fibre (1) [19]:

Vo =2 @
The parametep replaces the core radius in the classical V foapahd the correct choice of its
holey fibre analog is not immediately obvious. Eawork intuitively used the value of the pitch
(p = A) [21], however it has since been established tisatg p [0 0.64 A provides a more
accurate correspondence to standard step indesf(fi24], [25]).
Figure 4 displays the relationship ofsMo Aand dN\ (adapted from [19]). In the long wavelength
(low frequency) limit, \{ rises proportionally with frequency, astns almost constant as an
average of the holes and silica. As the frequermyticues to rise however, the behaviour of
holey fibre becomes quite different to that of gtaml fibre. The shorter wavelength fields are
able to avoid the holes more easily, and the eWectndex approaches that of silica.
Numerically, the increasing wavelength and decrepgffective index difference cancel and
hence \{ approaches a limiting value. The limiting value\af; increases with the filling factor
d/A.

Veff versus pitch/wavelength for various filling factors
351

— dip=06
— dp=05 [
3t — dp=04
— dp=03
— dp=02
250 — dp=01

Figure 4 — Representation of W as a
function of A/A and d/A. Note that Veff

Veff

15F

I increases with the filling factor.

0.5F

. . . . . . . . . )
0 2 4 6 8 10 12 14 16 18 20
wavelength/pitch
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Recalling that standard single mode fibre exhilsitsgle mode behaviour when V < 2.405,
intuitive expectation is that photonic crystal &bwill exhibit single mode behaviour wheng/
lies below a certain value. There is no reasorxpeet this value to be the same here as the fibre
geometry is very different [21]. In fact, it hasepeestablished experimentally that for single
mode behaviour a photonic crystal fibre requirgs below 4.1 when using = A, or below 2.55
for p = 0.625\ [24]. Thus, since M reaches a limiting value in the high frequencyimeg it is
possible to design photonic crystal fibres whichiséa the single mode condition for all
frequencies. The requirement for endless singleertaehaviour is approximately/d/< 0.35
(from [1], and analysis of [19] in hindsight of tdts in [24]).

An important implication of this is that a fibre yngheoretically be designed to simultaneously
be single mode and have an arbitrarily large caddus [26]. Such designs are limited by bend
loss however (see section 1.2.4). This propertyitng®rtant applications in the transmission of
high power signals so as to avoid undesirable meat effects.

Finally it is worth noting a recent claim [27] thalhotonic crystal fibres can appear to be single
moded because higher order modes are too difficidouple into.

1.2.3 Dispersion

Initial studies of dispersion in photonic crystddrés were conducted using the effective index
model [22], however the application of this modelnbodal properties such as dispersion has
since been criticised [23], [17] as they have natahed experiment. The effective index model
does not take the complexities of the HF structate account and thus cannot be expect to
predict the values of propagation constant or dspe.

Further studies [23], [17], using localised basiadtion techniques (described in section 1.3)
have proven to match experimental data very wdl],[R29]. These studies have independently
found that HF, unlike SOF, can have anomalous wadeggroup velocity dispersion (GVD)
below a wavelength of 1.2jdm, while the HF remains strictly single moded. Thasvery
important as anomalous total GVD can then be aelidor wavelengths where material GVD is
normal (i.e. below 1.2am). This property has led to the observation oitsoleffects at visible
wavelengths, which is not possible in SOF [32], atitt generation of wavelength

supercontinuum over visible and infra-red wavelangtgions [33]. It is worth noting here that
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these effects were aided by the high nonlineahigy ts achievable with HF. The strong guidance
mechanism leads to quite small spot sizes in HFsmall spot size achieves a larger
concentration of power, and thus less overall gneygequired to observe nonlinear effects (or
greater nonlinear effects are observed for the sam# energy) with respect to SOF [34].

Other parameter combinations can lead to ultradivaad flattened zero dispersion (comparable
to dispersion flattened standard fibre) - appliealtb wavelength division multiplexing
applications [17], [30]. Also reported is unusudflyge normal (negative) dispersion - such fibres
could be used to compensate the dispersion of b@@rtimes their length at 1.66 without

ordinarily associated losses [31].

1.2.4 Bend Loss

Although photonic crystal fibre displays useful peaties such as single mode behaviour and
anomalous dispersion over a wide range of wavetsnghis range is ultimately limited by bend
loss. For a given bend radius, standard fibre displa large wavelength loss edge, i.e. a
maximum wavelength exists above which massive bessks are observed. However, photonic
crystal fibre displays both a large wavelength bkrs$ edge and a short wavelength bend loss
edge, below which similar losses are observed [Pis short wavelength loss edge is explained
by the Effective Index model: as wavelength is omdl) the effective index of the cladding
approaches that of silica (the core) and it isexaf@ir the light to leak through the cladding,
particularly under bend conditions. Experiment slagwn that the short wavelength loss edge is
inversely proportional to wavelength (squared) prmportional to pitch (cubed) [21]. Note that
this proportionality also causes a limit to theecasize of PCF. Numerical application of the
Effective Index model reinforced this and also iraglthat by use of appropriately large filling
factor. On a positive note however, simulation destiated that for large filling factors bend

loss could be designed to be less than that for I¥$DiFeen the loss edges [22].

1.2.5 Applications of HF

As well as obvious applications in telecommuniagagioseveral device applications of HF have

been proposed. [35] describes investigations imeause of multi-core HF for application to bend

10
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and shape sensing. Another possible sensing apphiceould involve filling the air holes with
the material under observation. Large core singdelenstructures would be important in the
transmission of high power optical signals with ligggle nonlinear effects [26]. Also, several
groups are investigating the application of wavgtersupercontinuum generation in HF [33] to
broadband imaging, for example optical coherenoetpaphy (OCT). Other device applications
for HF, spot size converters and optical switclaes,discussed later in this thesis.

1.2.6 Manufacturing

The manufacturing process for HF is described i6].[3t involves stacking macroscopic
(diameter of order mm's) silica capillaries intbexagonal shape, then drawing into (microscopic
diameter) fibre from a standard optical fibre dnagvtower at high temperature. The solid core is
placed using a solid silica rod instead of a hollapillary. The pitch size is controlled by the
drawing speed, and the filling factor by the haesn the capillaries.

One issue with the structure is the presence oérstitial holes” - small holes that may remain
between the silica capillaries after drawing. Expent and simulation have proven that the
presence of such holes make a significant diffexdincthe behaviour of the holey fibre [20],
[37]. The presence of such holes may be removetthdyise of sufficiently high temperature at
the drawing stage [36], or avoided by using hexajpshaped macroscopic capillaries [16].

It must be noted that the technique remains largetyprototyping stage. Only a small number of
groups around the world have reported successfulufaature of HF samples. However, the
lengths of such samples are limited to tens of @setwhich is still much too short to be viable.
Even for these groups, several experimental resdte not corresponded to original theory
because of manufacturing defects in the holey filerg. squashing of inner holes [24]. The
difficulties in manufacturing regular HF are liketp have been a factor, along with natural
curiosity, in prompting investigations into guidimgHF with random cladding distributions, e.g.
[18].

1.3 Review of Holey Fibre Modelling

Numerical analysis of any fibre type is important providing a better understanding and
predicting properties more cheaply and quickly themufacturing larger quantities for testing. It

is of crucial importance to HF because manufacturemains at a prototyping stage and cannot
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provide the variety of HF required for experimematover a broad range of parameters.

The first model used to analyse photonic crystaiefivas the Effective Index model [21], [19].
As described earlier, use of the model involvesudating an effective index of refraction using
an effective core radius of 0840 approximate the HF to a step index fibre. Them@ameters
and the resulting & are used with established formulae for step inflese to predict the
properties of HF. However, the model cannot be usatkbtermine properties such as dispersion
that require the complex nature of the HF structarge taken into account.

The next stage of modelling involved localised bdsnctions. This work, done similarly by two
groups [23], [17], involves describing the two dims@nal cross-section of the holey fibre as a
sum of orthogonal basis functions centred at thre.cbhe scalar wave equation (involving field
amplitudes but not directions) was solved on thigcsure. The propagation constant is returned
along with the resulting field patterns as a sunthefbasis functions. The dispersion properties
of the fibre may be studied in this way.

The scalar approximation is only justified for shfdling factors however, and so both groups
upgraded their technique to a full vector field mb{B8], [20]. It is worth noting that both
techniques were validated against experiment.

A finite element method (FEM) analysis of the phatocrystal fibre cross section has also been
used to calculate dispersion and field patternd, rmatched previous results [25]. This method
involves representing a HF cross section on ae@lisenesh and applying Maxwell’s equations to
it. This results in a set of matrices from whick ffropagation constant is numerically solved and
the field patterns consequently obtained.

The beam propagation method (BPM) has also beeartegpto have been used to calculate the
propagation constants and field patterns [27} kworth noting here that, while not used for this
purpose here, the BPM is the most widely used igdenfor the study of longitudinally varying
waveguide structures [39]. A drawback for such ppliaation however is that the BPM assumes
only forward propagating waves (i.e. ignoring amghkward reflecting waves) [39].

It is worth noting that all of the above methodsdaited structures that were linear and uniform
in the direction of propagation, and hence onlyumegl analysis of a cross section of the

structure.
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1.4 Conclusion and outline of the thesis

Holey Fibre is a recent innovation in the field agtical waveguiding that displays very novel
properties. These novel properties are due to ttung guidance provided by the effective
cladding. The hole separation, or pitch, and the bize offer a designer a large degree of control
in tailoring desired properties.

The current state of manufacturing of HF rendersuste numerical simulation vital in analysis
of properties and investigations into applicatioRseviously published HF simulations have
somewhat limited applicability. Most require approation in some form, and all are limited to
longitudinally invariant, linearly behaved HF. Toudy HF outside this scope requires the
development of a new model.

HF has thus been described, and the need for aneel to incorporate longitudinally variant
structures or nonlinear analysis stated. Chaptdis@usses the finite difference time domain
(FDTD) method, which was utilised for the modelnteet these requirements. The development
of the FDTD model for HF analysis is subsequendgatibed. Chapter 3 outlines the application
of the model to provide the first analysis of splioss from SOF to HF, and proposes a quick and
simple method to optimise the design of HF to misersuch loss. Chapter 4 then describes the
application of the model to investigate tapered dtiictures for spot size conversion, and the
first evidence of such conversion as a viable appbn for HF is given here. Extension of the
model to analyse coupling and nonlinear switchingmulticore HF structures is explored in
chapter 5. The value of this work is summarisedtha conclusion in chapter 6. Several

appendices, including the general code for the FIDiddel, are also included in this thesis.
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2 FDTD model for HF analysis

This chapter describes the application of the Eibiifference Time Domain (FDTD) method to
create a new model for the analysis of Holey Filbmgplementation of the algorithm is quite
challenging, and this is the first application b&tFDTD technique to study HF (known to the
author). The FDTD method and extensions to it aesented and assessed. The motivation
behind the application of FDTD to HF simulatiordiscussed. The original software from which
the model was developed is presented, followed bgisgussion of the corrections and
modifications necessary to it, and the resultingrapon of the model. Finally, example results
from the model are presented and are shown to canveaty well to published experimental and

computational results.

2.1 FDTD algorithm

The FDTD method involves the application of Maxvge#quations to a discrete mesh of spatial
points, in discrete time steps, given boundaryiaitl field conditions. The FDTD method was
first published by Yee in 1966 [40], and progresbgdthers including Taflov and Brodwin [41
in 42].
The derivation of the standard technique beging Wie definition of th&e andH components
for a given discrete point,jk) in the orthogonally defined spatial mesh. Figbrérom [43]),
called the Yee cell, shows that the componentslefieed in positions that are half a spatial step
from their given mesh point: Ex att{2,j,k), Ey at (,j+%2,k), Ez (,j,k+%2), HX (,j+%2,k+%2), Hy
(i+%2,),k+%2) and Hz (+%,j+%,k). This staggered interpretation of the componéntased to
provide second order accuracy to the approximatdispatial derivatives (as described below).
Following notation used by Taflov [44], the derieat begins by considering Maxwell's
equations (sans current terms as they are notreghjfar this work):

0B

— +[xE=0 B=uH
ot - 2THE
%—?D-DXH=0 D=¢E (@)
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Figure 5 - Standard Yee cell

Using only theE andH variables, each of the two curl equations in €&dl to three component

equations. For example the x component equation the first curl equation gives:

oH, 0E, OE,
H == +
ot dy 0z

(4)

Each of these six component equations may therrdmsformed into discrete form and re-
arranged to solve for a component value basedasetht previous time steps. Using notation for
discrete functions of space and timeFdidx,jdy, kax,nat) = F(i,j,k), equation (4) for example
may be rearranged to solve for the value phHtime step n+% in terms of values from previous

time steps only:
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HI2(G, j+/2,k+1/2) = HI2 G, j +1/2,k +1/2)
At o o
_Ay’u(i,j +1/2,k +1/2) [Ez (i,j+1k+1/2) - E; (I,J,k+]/2)] (5)
At
AZ.U(I j+1/2,k+1/2)

[EnG,j+y2.k+D)-ED(G, | +1/2,K)]

Notice that the temporal derivative of any compdngmpproximated by taking the difference in
the component across the previous update cycle, diwiding by the update time. Spatial
derivatives are approximated at a given point Binathe difference of the required components
at either side and dividing by the relevant spatifference. In evaluating a component Hbf
spatial differences dE components only are required, and vice-versa.igsré 5 shows, any of
these differences will be centred at the compoteig evaluated. Such approximations are
known ascentral differencesand render the technique correct to second g42gr Note also
that the time points at which E and H are evaluaiffdr by half of the update periast. This is
because the E and H components are updated inp&dgafashion, deriving the value of H
components using the values for E compul¢@ units beforehand and the previousvdlue
computedAt units beforehand; and so on to compute the Ebkes
A generic FDTD simulation program may be descriagduch:
* Define the physical medium by assigningséilj,k) andp(i,j,k).
» Define the initial value of all electromagnetic qgooments Eand H.
» While the current simulation time\hhas not reached the final time:

. Update the value of & from E"* and H™ values, for each component i at each mesh

point.
. Update the value of ff* from H"* and E™* values, for each component i at each mesh
point.

- Apply boundary conditions to each point on the edligdne mesh.

- Perform any iterative processing or storage reduateesach time step
« Perform any post-processing operations requirethemlata gained during the time-stepping.
The selection of appropriate spatial quanta shbaldhade considering attainment of appropriate
sampling of the spatial structure in definingndp as well as appropriate sampling with respect

to the wavelength of the input excitation. TafléM] recommends the use of spatial quanta less
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thanA/10. A limit on the time step size is then set g following criteria for numerical stability
of the algorithm [44]:

-1
slc |-S+ L+ L1 (g
Ax®  Ay® Az

where @axis the maximum velocity of light in the regionabplication.

2.2 Assessment of the FDTD method

From the above description, the FDTD method appearonly relatively straightforward, and
one may expect a wide proliferation of the methiodesits suggestion over 30 years ago. While
the method has received applications from microwphamar circuits [45] to radiation from
mobile phones [46], widespread use remained on fmidsome years due to the inherent
computational resources (time and memory) it deredrahd several limitations in the classical
Yee algorithm [44]. These limitations include spus reflection of waves due to ill defined
boundary conditions, over-meshing particularly véhene attempts to represent fine features in
the material [42], and a similar over-computing@égions of the mesh with little energy of the
wave present.

In spite of these difficulties, the FDTD method imised much. It is a full vector technique, and
the direct solution of Maxwell's equations makesapproximations about the electromagnetic
wave polarisation or of the material structure [4@F particular interest is the fact that as the
structure being studied grows, the computationaimexity of the FDTD method grows linearly
with it, i.e. O(N) complexity unlike the O@)l complexity of frequency domain matrix inversion
methods including the FEM [48]. Also, nonlinear lyses is applied quite simply in the time
domain [42].

While the difficulties with FDTD rendered the methtm the domain of supercomputing for most
realistic applications into the 1990's, computaiopower began to catch up the number of
papers published on the method rose into the hdredper year [44]. The limitations of the
classical Yee algorithm were dealt with too. Seletasses of absorbing boundary conditions
(ABC's) have been developed, which enable the sitiounl of leakage of waves to beyond the
computational domain without spurious reflectiome$e include the Mur ABC [49] and more
recently the very effective and widely used Peledilatched Layer by Berenger [50].
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Furthermore, advanced algorithms have been dewtlofech, for example use variable mesh
sizes in different regions so as to reduce wastpare globally to accommodate a fine structure
in a small region [51], and windowing the compuwiasl region over only the mesh area where
the majority of wave energy is present [52].

In spite of these advances and applications oigradful of all-encompassing books have been
published on the method, including those by Taflesveral editions including [44]), and Kunz
and Luebbers [53]. Several commercial software agek using the FDTD method are available,
for example from the Remcom company [54]. Samplieds very important to provide working
examples for a developer, but very few open soaotke examples utilising the method can be
found on the web. Those found include [55,56], Wwhicas used as the platform for our model.
Also, [57] was a site for information and code shgramong FDTD developers, but contains

only a few simple examples. Developing FDTD codeasriously difficult due to these factors.

2.3 Applicability to HF analysis

The FDTD method is quite applicable to HF simulatibhe complex nature of the HF structure
does not intuitively lend itself to simplificatioor approximation, although in the limit of small

hole size (with no longitudinal variation), the lErawave approximation has proven valid [17].
Accurate results would be produced for all HF dtries due to the full vector, without

approximation nature of the FDTD method.

Furthermore, the simulations planned for this thesivolved around the use of longitudinally
varying HF structures. Although even the FDTD medthwuld require a very large amount of
memory resources, the linear scaling of the methdd structure size made it essential for
application here.

Finally, the inclusion of nonlinear behaviour waesiled as an extension to the coupling
simulations. This provided further impetus for tR®TD method, due to the necessity of

performing nonlinear simulations in the time domig].

2.4 Original software for FDTD-HF model

Commercial software packages could not have beésedt for the HF modelling we required,
due to the enormous computational requirementdvedo This is not to say that the author could

develop a better product than those commercialbilavie, but that the generality inherent in
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commercial tools ensures that they will always ev&s resources for specialised tasks. The HF
structure sizes requiring analysis in this thesias vséeen as likely to push the available
computational resources to their limit. For thisgen, it was wiser to purpose-build an FDTD
model where a greater amount of control could belded over computational resources.
However, it is likely that the complete developmehan original FDTD simulator would require
the time dedication of a full thesis. To this etick FDTD model for HF analysis was developed
from existing open-source FDTD software. The omgjieoftware, written in Fortran 90, was
published by Ward and Pendry as [55] and was obfdaifrom the Computer Physics
Communicationgrogram library [56]. The license for use andraltien of the software requires
this acknowledgment of the original authors andlipabon.

As previously stated, there are very few availaiggen source examples of FDTD analysis. This
software was selected primarily due to the associabf its previous versions with photonic
crystal work related to the development of HF'prsors. Also, the code is directed towards the
application of broadband transmission and reflecinalysis of the structure under investigation
[55]. To achieve this, a broadband pulse is appleedhe structure and field components on
incident and transmission cross-sections storednsimission and reflection coefficients are
computed for each desired frequency by correlatnegstored field components against a basis
set of plane waves through the cross-sectionsdon &requency. The approach seemed ideal for
analysis of HF splicing and transmission through tdpered structures, using the broadband
capability to quickly produce large amounts of issuFurthermore, the code provides flexibility
in allowing a non-orthogonal co-ordinate systemg aapplies utilities such as FFT, metal or
bloch (periodic) boundary condition enforcement, implementation of Berenger's perfectly
matched layer, and functions to correctly calculahtgsical quantities such as divergences and
Poynting vectors on the discrete mesh.

However, the code was fairly well focussed on phimtdand structure type applications and was
found to be much less general than anticipated.td$ieof converting the code into a tool for HF
analysis was much more substantial than originaliyyned. A very significant amount of time
was spent attempting to use the broadband capabilihe code. This functionality could not be

achieved, and the need to rewrite large portionth@tode became apparent.
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2.5 Operation of the FDTD model for HF analysis

The original software was changed in two major eesp in developing into the model for HF
analysis: single frequency analysis was introduaad changes were made to improve the
performance of the code.
The major change to the software was the removahefbroadband analysis as the major
analytical tool due the difficulties in operatirng Instead, the model constructs a Gaussian pulse
(of the order of 0.1 ps) at a given frequency angliss the response of the system to that
frequency. As the width of the pulse is finite, anfzero range of frequency components is
actually introduced. This range is small enough éwmv to attribute the system response
essentially to the central frequency. This is magalistic than a broadband approach for HF
analysis because the input pulse may be designée wf a radial shape characteristic of the
required frequency, rather than using the sameestuaall frequencies.
The results delivered by the model take a new farmccommodate this change. Using incident
and transmission cross sections as before, an yeflesgis computed for each (x,y) point on
these cross sections. The power flux for each pisirgvaluated at each time step using the
calc_currentfunction in the original software to deliver therect value for the Poynting vector
(derivation given in [55]). The power flux is sumdhever all time steps (integrated) so as to
produce the total flux of energy through the poirtie cross-sections are positioned far enough
from the HF structure such that forward and backivmapbpagating energy may be separated into
incident and reflected energies at the incidensssection. Adding the energy for a given
number of points returns the energy flux for theegi area the points represent. The flux for each
point may be plotted to display the concentratiberergy flow through the structure, giving an
indication of the field pattern at the cross settio
Several changes were also made to improve therpeaface of the code (in both space and time
requirements). In general, these changes imprpeeidrmance at the expense of generality of
the software. Such removals of generality were idened to ensure they did not impact on the
required HF analysis. The changes included:
* Removal of conductivity terms (electricand magnetion,), as these will be zero in fibre (as
used in the derivation of the FDTD update equatiorsection 2.1);

* Replacement of the relative magnetic permeabjljtyith the constant value of 1, as is the
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case in fibre;

* Removal of the non-orthogonal mesh capability ef¢bde. Orthogonal meshes were deemed
best for HF analysis as to sample the structureratBe would lead to under-sampling in
several directions;

» Conversion of the field quantities from complex rners to real numbers. This change
appears quite drastic, but when considering treatity of the FDTD equations (5) with real
K ande the real and complex components in each equatewy e decoupled into separate
equations. Theoretically, this makes no changd¢oflux calculations as both incident and
transmitted fluxes will be reduced by a factor ofvihen integrated over a whole wave
period) - this expectation has been upheld byrtgsti

Each of the above changes reduces the space meguite of the code by a factor of two to three,

resulting in an overall reduction in memory requments by a factor of around 20. The

performance of the code was further enhanced byifioaiions to loops aimed at exploiting
cache usage.

The above enhancements were made in conjunctidnavarge increase in the memory of the

PC for the simulations from 64 to 512 MB. With thaftware modifications, typical simulations

require between 150 and 600 MB of memory, and wharon a Pentium Il 666 MHz processor

(with the aforementioned 512 MB RAM) under the Wamad 2000 operating system required 3

to 40 hours of running time. Using only one or heitof the hardware or software modifications,

HF simulations of worthwhile size could not be farreasonable time due a very large amount

of page swapping with virtual memory leading thegasssor to a consistently thrashing state. It

was estimated that a single simulation under tleeséitions would have required over 3 weeks
running time to complete.

Other changes included:

» Defining the structure under investigation as @ stelex fibre (used as a launch fibre for the
input) spliced to a HF. This approach was necesdayydefinition for the splice
investigations. For spot size conversion, it alldwihe use of well known analytic
expressions to set up the initial field and allbwoievolve into an appropriate form in the HF.
Cross sections of the structure were stored totdilallow for display and checking of the

structure used. Input file parameters were usealltov specification of the structure at run
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time; this also allowed batch processing of theusatons. For the HF structure, the cross-
section includes only the first few arrays of hofte=ar the core. This is primarily due to
limitations in the memory available for simulatiobhis constraint did not cause a problem
however as for most intended simulations, guidamae observed with the available cladding
size. It is worth noting that simulations reportad27] demonstrated that only the first few
arrays of holes are required for guidance, whieedbtual depth of holes required varied with
the HF parameters andl. In fact, experimental results published in [3Znnstrated
guidance for the particular parameters under stistlyg only a single ring of holes.

The E field at the centre of the incident and traitted field were stored to file for post-
processing. This post processing included Fouraamsforms to confirm that the frequency
distribution of the excitation was set up as dekir€éhe phase results from the Fourier
Transform were interpreted to produce a measurghef group delay with respect to
frequency. The derivative of the group delay wittspgect to wavelength indicates the
dispersion of the HF. However, the input referespectra were often corrupted due to the
standing wave patterns at the SOF-HF boundary IdigeHF length required after the decay
of the standing waves prevents meaningful resalitsgoobtained.

"Metal" boundary conditions were used for the tia@mse boundaries. These involved the
setting of all components to zero at the boundaayphysical metal boundary would have
zeroperpendicularE components and zenmrmal H components only. Ideally, the boundary
condition represents the expected condition aswense distance approaches infinity. The
exact behaviour of the boundary is unknown, alttnoegme reflection was expected and
observed where fields came into contact with it. réetify this, the application of Mur
absorbing boundary conditions at the transversendemies was attempted. The Berenger
perfectly matched layer technique (already in ugbelongitudinal boundaries) requires too
great a memory overhead to be used at the tramsbersdaries. While the Mur technique is
more primitive, it requires fewer overheads andpigsformance would have been adequate
for the incident amplitudes used here. A substheffart was made to incorporate the Mur
technique, as described in [49] and [44], withawdcess. The problem of reflections from the
boundary conditions was largely avoided by definiihg computational area such that they

were not encountered. Guided energy should notugnep the transverse boundary in an
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adequate simulation. Simulation showed (as destrilme section 3.2) that radiative
(unguided) energy rarely encountered the transvdysandary before reaching the
longitudinal boundary, and when it did radiate teclhs a large extent it could easily be
windowed out of any transmission calculations.
A general version of the code was created from wk@&veral specialist versions were derived for
investigations such as adding a radial displacenbetéveen the launch fibre and the HF.
Appendix D contains a flow chart of the major fuaos used in the code followed by the general
version of the code.
Matlab scripts were used for post processing ofdimput files. Such post-processing included
producing surface and contour plots of the HF s$tmaéc under investigation, and incident,
reflected and transmitted fluxes; calculation aikfthrough particular areas; plots of field values
at the incident and transmitted cross sections,'§Bffthese and an estimate of the time delay

from input to output for each present frequencyeséhscripts are supplied in Appendix E.

2.6 Example results from the model

The diagrams in Figure 6 demonstrate the generghubwf the model. These diagrams,
generated by post-processing with Matlab, provigi#ase and contour plots for the transmitted
flux in a HF for short and lond/A ratios respectively. Note that the intensity s¢atethese and

all plots shown in the thesis is a relative intgnscale, valid for comparison only within the one
simulation unless the same input pulse was us#teisimulations being compared. For the short
wavelength to pitch ratio, the qualitative reshhttshort wavelengths have field patterns bearing
much of the symmetry of the HF structure is obsgridote that this wavelength is not too small
to have resulted in poor bend loss or leakage paence. For a longer wavelength to pitch ratio,
the qualitative result that the wave sees morermobeerage cladding and bears little of the
symmetry of the HF structure in its field patteiagdisplayed. These qualitative results match
similar numerical and experimental observationsgi@mple in [19] and [21].
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Figure 6 - Sample results from the FDTD model: FluxXhrough HF structures with A/A =
0.2 and dA = 0.23 (top) and withA/A = 2 and dA = 0.4 (bottom)

In fact, a more complete verification of the motefained by direct comparison to previously

published experimental data. This was performedilmylating a splice to a HF with = 2.3um

and dA = 0.23 withA = 458 nm input. The contour plot for the transmoisdlux (equivalent to a

plot of intensity) in the HF is displayed in theptoight hand corner of Figure 6, giving an

indication of the field pattern. This contour pistactually very accurate representation of the

experimental measurement in [19]. This correspocel@novides solid verification of the model.

The power of the model is also demonstrated imhitity to model multimoded HF structures.

An example is displayed in Figure 7, where lafgk and dA ratios lead to multimode guidance.
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2nd Tranamitted Flux (T2

Figure 7 - Multimoded flux pattern for A = 1.0pm in HF: A =5.6pum, d/A = 0.4

Figure 8 displays an example of the temporal viarabf the electric field obtained in the centre
of the incident and transmission cross sectionenHF. This plot is for a wavelength of 1.55

pum, with a pulse width of the order of 0.1 ps.
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Figure 8 - Example of the optical

pulses used in the model

As described earlier, the data for these plots mwended to be used to give an indication of

group delay and hence dispersion. An example ofjitbep delay is shown for HF with = 6.56
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um, d/A = 0.2 with for a wavelength of 1.%Bn over 30um.
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The model also confirms various reports regardireggolarisation effects in HF guidance. [35]
and [20] report separate experiments that revedledo accommodate two linearly polarisation
modes that guide very strongly, i.e. no couplinfpat between them were observed between
them. These polarisation modes are referred tbisthesis as “x” for the E field vector directed
towards a hole, and “y” for the E field directedveen two holes, following notation in [20].
Simulations using the model here revealed that enveler dramatic tapering of the HF, where
one may expect disturbances to the fields to prediame coupling between the polarisation
modes, less than a few percent of the field angisuvere observed to have done so.

Aside from some difference in field pattern for teg order modes and in lack of coupling
between the polarisations, no differences in tlop@rties of each polarised mode were observed.
This is as expected by most publications, and @a@xed well by [1]. The “two” modes are
actually degenerate versions of each other. Théidgatpn of one mode with E pointing towards
a hole and another with E pointing between two $i@keeady implies a degeneracy of three in
each of these “two” modes. It must be realised ,thleat the mode with E pointing to a gap
between two holes is actually a superposition of tegeneracies of the first mode with E
pointing towards the holes neighbouring the gapusThhere is actually only one mode, with a
three-fold degeneracy, and this is why no diffeesnn properties are observed between the

“two” polarisations.
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A distinct difference was found in the higher orderdes to which the “x” and “y” modes couple
to when required, but was quite consistent with ahe polarisation mode explanation. When
coupling to only the lowest higher order mode ooedy the model showed a tendency for the x
mode to place the two peaks of this mode along/ttigection (as shown in Figure 10), and for
the y mode to place the peaks of the along theecton.
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Figure 10 - Second order mode flux pattern for théEx polarisation. Peaks are aligned along

the y axis

This tendency can be explained with reference émntodes in a slab waveguide. TE modes
(those with E tangential to the boundary) spread tpeater extent over the boundary than TM
modes (those with E normal to the boundary), dusotdinuity of the normal E vector forcing its
faster decay. The “x” mode in HF contains a noriaab the boundary of the holes it points to,
but a tangential E to the opposite holes. The skootler mode will thus spread in the y direction
as the growth in energy density away from the eepofrthe core forces it to choose such a
direction of alignment to minimise energy. This kxmtion is consistent with that given by [1] to
explain mode field patterns in HF’s with elliptidadles.

The results are also consistent with the supeipasigxplanation of the polarisation modes.
Consider the y polarisation whose second order nhadepeaks spread to the holes along the x
axis. This mode is actually a superposition of mwodes with E fields pointing to the holes
adjacent to the y axis. Each of these modes wailkltheir second order peaks spread towards the

mid-hole gaps on either side of the x axis. Theegoupsition of these patterns results in two peaks
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aligned along the x axis.

2.7 Conclusion

An FDTD model for Holey Fibre analysis was succelbgfdeveloped here. The development
was lengthy due to inherent difficulties in the alithm and unsuitability of the original code
used for the model. Nonetheless, the model is dapkanalysing HF structures of the required
dimensions in reasonable time. It is quite flexibled powerful, and has been verified against
experimental data and theoretical principles.
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3 Splice Loss Analysis

Realistic applications of holey fibre will requimrgerfacing with existing optical components, for
example standard optical fibre. It is worth notitingit loss for a particular SOF to HF splice
(directly fused junction) has been experimentallgasured at 1.5 dB [29] but no broad
investigation has been published on the subjecs. ilhperative to understand the splice losses
when using HF and to develop techniques to desigrtddminimise such losses. It is asserted
here that the effective index model could be usét astablished SOF splice loss formulae to
predict HF parameters to optimise splice loss.his énd, the FDTD model has been applied to
calculate the loss incurred in splicing Corning SRE8; a single mode fibre in wide industrial
use, to HF. For a fixed input mode and perfectcephlignment, the optimum splice loss is
investigated as a function of HF pitch and holesis a further investigation of the effect of
mode mismatch, the loss as a function of wavelefatlixed HF parameters is calculated. The
loss is also investigated as a function of axisaiffoetween the SOF and HF. The results
compare reasonably to expectations from use oéffieetive index model with established splice
loss formulae; in particular the model predicts péfameters that minimising splice loss. Thus, a

quick and simple criterion for optimising HF desigm minimum splice loss is established here.

3.1 Theoretical Analysis

Splice loss theory for step index fibre is welladdished, with a detailed study published in [58]
in 1977 (content reported in [5]). The analysissidars the Gaussian approximation for the;LP
mode, with results derived from overlap integralsrieasure of correlation) of the modes in each
spliced fibre. The results thus depend only onmntiogle field radii and not on the refractive index
profile of the fibres [5]. This is particularly sigicant, as the field patterns in HF are similar
enough to those in SOF for comparison even thonghefractive index profiles are substantially
different. Note further that while the field patie are similar enough for comparison for the
theory here to give a guide as to the mismatch libgsinherently different symmetries of the
mode patterns are likely to increase the actual é®ve expectations from such theory.

Figure 11 displays the two sources of splice losgstigated here: mode mismatch and axis
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offset. The mode field radius of a Gaussian beadefsed as the radial distance at which the
field amplitudes are at 1/e of their peak [4]. Givaode field radii of wand w in the respective
fibres, the splice loss for perfect splice alignment is given by [5]:
2w, W,
a(dB) = -20log ——= (7)

2 2
W, +Ww,

Note that this splice loss is the same for eaafction of light propagation, and applies for single
mode fibres only.
For a splice with axis offset d (considering pettiematched mode field radii w), the splice loss

a is given by [5]:

a(dB) = 4.34(% (8)
W

ﬂ

Figure 11 - Splice loss sources: mode mismatch aagis offset
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It is worth noting that [29] found mode mismatchtie observed SOF and HF field patterns to
numerically account for the 1.5 dB loss found. Rertore, the effective index model has been
used previously to relate the field pattern in leRHhe effective V number (¢) using a scale
factor of around 0.64 [25]. Thus, it is expecteattisplice loss from SOF to HF will be
approximately described by equations (7) and (8grwkhe mode field radius in the HF is
approximated using § for the HF (computed with the 0.64 factor). Estiesaof \. for these
purposes were approximated (using piecewise |dgarit and polynomial functions) from
graphs published in [21] and [19], taking the sgjosmtly published 0.64 factor into account.
The piecewise approximation of)used here is plotted in Figure 4.

Thus, for the given SOF and variations of the HE #re field patterns (by varyingy, A and
d/\), low losses are expected where the mode fieldisaid HF (approximated from &) is a
good match to the mode field radius in the SOF. uoele field radius in the SOF and HF is
approximated by (from [5]):

w=px(065+1.619v ¥ 2 +287%°) (9)

which is valid for 1.2 <V < 2.4. As per the reudseffective index model, for HF ¢/ is used for

V and 0.64A is used fop. The loss is subsequently found by substitutiothete mode field
radii into equation (7). Note however that this m@eh will contain some error due to
approximation of W and approximation of the mode field radii (in (Qarticularly when V and
Ve are outside the range of validity of (9). Matlabde has been used to implement this
approach, and the code used to predict the spig® ds a function of wavelength, for a given
pitch and hole size, is given in Appendix G, andceaample plot of the results shown in section
3.3.1.

When using well matched HF and SOF mode field raghilice loss due to offset is expected to
follow equation (8). To quantify this expected loise mode field radii are approximated as

above, and substituted into equation (8).

3.2 Method of Computation

The basic code for the FDTD model is used here tmithmain alterations.

The SOF in the simulation takes its parameters filomse of Corning SMF-28 fibre, which are
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displayed in data sheets in Appendix F. Corning S¥8Fhas a core radius of 4uin and is
designed for operation at wavelengths of both waland 1.55um, with 1.31um just above the
single mode cut-off wavelength.
Also, the input field pattern in the SOF is complutssing its proper analytic form rather than a
Gaussian approximation. This is done in an atteampgbmpute the splice losses as accurately as
possible. The input field pattern for the hPnode (the lowest order mode) with E polarised in
the x direction is given by the following equatiqifi®om [4]):

E,(r)=E,J,(Ur/a) forar=0

K, (Wr/a)

E () =EJo(U)— w)

forr=a(10)

where:Jo andKy are the zero order Bessel and modified Besselifurg; a is the fibre radius; {4
follows by proportionality; théJ andW parameters are functions of the input wavelengthae

obtained from the propagation constgnising:
U?=a*(nk*-p%), W?=a*(g*>-njk*) (11)

The value off is obtained from the eigenvalue equation (from)[60

W) K W)

(12)
JoU)  K,W)

which is derived by continuity of the first deriixa of the tangential fields at the boundary.

The solution forf3 in (13) is obtained using graphical and numerieahniques in Matlab. The
Matlab code for this purpose is included as Appei@li

The Fortran 90 implementation of the Bessel fumgtiased for the FDTD model was obtained
from [61].

So as to dynamically set up the input field, thevel@angth and propagation const@bf the
input, and the HF parameters for simulation ared rgdo the program from théput.dat
parameter file.

The second alteration involves the use of two csesgions for measurement of transmission
flux. This allows the user to observe the evolutibrthe flux pattern along the HF, and can be a

good check that a long enough evolution distand¢rns provided.
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Determination of figures of merit from the resuttsthe simulations is somewhat difficult. In
general, any field mismatch at the fibre boundailylve reflected or radiated away. This implies
that numerical examination of the energy flux a taflection cross section and the transmission
cross section will give a good indication of thetamaof the splice. There are several problems
with such an approach here however. Simulationsalehat very little of the mismatched energy
appears to be reflected back into the SOF. Whdalte from this approach do give an indication
of the trends occurring, they are much too smakqIthan 0.02 dB) to be free from numerical
error and draw valid conclusion from. It appeai® thost losses are radiation losses, and as such
a transmission energy flux would give a solid iradiicn of the match of the splice if all radiated
fields had left the computational area by this polmansverse radiative losses could be removed
from the computational area by application of absw boundary conditions at the transverse
boundaries - however an attempt to implement sociditons was not successful, as described
in section 2.5. Nonetheless, examination of thasim@ssion fluxes reveals that in most cases
radiated energy lost from the guide appears toimoatpropagation largely in the longitudinal
direction without encountering the transverse bauied before the end of the region of
simulation. This implies that implementing such@bgg boundary conditions would not have
helped to quantify the loss calculation. In ordeallow radiative energy to separate as much as
possible from the guided energy in the core, tngtle of HF simulated is made as large as
possible. The transmitted flux is monitored at ta®parate cross sections to observe the
separation of the radiative energy from the guidedrgy. Furthermore, a windowing technique
is used in Matlab post-processing to calculate tthasmitted flux through the core region,
eliminating as much of the radiated energy as ptessihis technique can lead to some error as
defining the boundary of the region in which to damv transmission is somewhat subjective and
can lead to both elimination of a significant amoohguided energy or inclusion of a significant
amount of radiating energy. The Matlab code usedatoulate the windowed flux is shown in
Appendix G.

A further indication of expected splice loss isided from calculations of mode field widths
from the results of the FDTD simulations. The médkl widths are calculated using the discrete

integral:
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(2 +yHE(x,y)?
w2 =22 (13)

D E(xY)’

derived from the definition [5]:

(14)

by changing the variable of integration and dissied. These widths are also the RMS width of
the field, and are referred to here as such. Thoeilegion is implemented in Matlab (code give in
Appendix G), and uses the energy flux to providelae proportional to £ Note however, that
use of the whole of the cross section to calcutage mode field width tended to include a
significant amount of radiating energy at largeiirathus artificially lifting the value. To
compensate for this, the area over which the HFenfimdd width was calculated was windowed
also. The accuracy of (14) was tested by compan$ahe mode field widths for SOF modes to
the approximations given by (10), e.g. applicatain(14) returned a field width of 5.16m
compared to a value of 5.20n from (10).

Finally, note that all of the simulations performeere investigated the splice loss from SOF to
HF and not the other way around. This is becausé/n expressions are known for SOF and
can be used to set up the initial mode field pattéhis cannot be done for HF as there are no
known analytic expressions for the mode field pate A pulse excitation could be used to
evolve the HF mode, but this would require a sigaiit length for the evolution of the mode
before the SOF was encountered. This extra lengthnsi extra memory requirements, which
simply cannot be met. Furthermore, the pulse waigd lead to substantial radiative energy that
would serve to corrupt the splice loss calculatibonany case, the simulation is not required
because the general results of HF to SOF spliciag e inferred from the SOF to HF results by
reciprocity of splice losses [5].

Finally note that the [Epolarisation mode was used for all of the investan, unless otherwise

indicated. This was due to the lack of differendeseyved between the modes in the
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investigations conducted here, except where multanoeffects are occurring. The
correspondence of results for thgBode was checked for some mode mismatch caseshé-or
axis offset calculations, the effect of offset ajdoth polarisation axes was tested as a difference
could be expected here.

The method of computation was tested using paramseimiilar to those used in the splice loss
experiment reported in [29]. The HF parameters were 1.8 um and dA = 0.188, with a
wavelength of 1.5%um used. The Corning SMF-28 parameters were usddeakunch fibre,
which produced a slightly larger input mode fighd that reported in [29]. Plots of the incident
and transmitted flux patterns are shown in Figite 1

Incident Flux (\)_ e 2nd Transmitted Flux (T2)
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Figure 12 - Simulation results for incident and traasmitted flux for A = 1.55pum from

Corning SMF-28 to HF A = 1.8um, d/A = 0.188.

Note that the small &/ and relative equality of wavelength and pitch l¢hd energy to be
somewhat spread over the cladding area in the BllEda be observed from the dimpling of the
flux). However, the mode area in the HF is clearyaller than that in the SOF, and a calculation
of the windowed flux over the clearly guided regreneals a loss of 1.7 dB, which is quite close
to the measured loss of 1.5 dB reported in [29]e Hmscrepancy is likely to be due to the
windowing technique eliminating some guided enefrgyn the transmitted flux, as well as the
use of a larger input mode field area. The reshtiwever, give some indication as to the

accuracy of the technique.
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3.3 Variation of Mode Field Patterns

The FDTD model was used, as described above, tmiarasplice loss by changing the field
patterns and hence the correlation between SOHEndodes. The pitch and filling factor of HF
are varied to examine optimum design of HF to misarsplice loss. The effect of wavelength
variation is also investigated so as to provideali@rnate perspective of the results. The results
from the pitch variations are focused on, with epth comparison to the expectations described

in section 3.1.

3.3.1 Pitch Variation

The effect of pitch variation on splice loss wasmned while keeping the filling factor and
wavelength of excitation constant. The wavelengteduwas 2.Qum, and although this is not a
standard communications wavelength, it was usedusec theory predicted it to provide a
broader range of mode field differences, and it idhus provide a better illustration of the
principles. The filling factor was designed to metaingle mode behaviour in the HF, and 0.35
was selected for the broad mode field differentgeaduced, as described for the wavelength
selection. Single mode behaviour is required asethigected loss values are calculated from
single mode field patterns in standard fibre (whiobse in HF are similar to), and because useful
HF applications will be operate largely in the $enmode regime. The pitch was varied between
2.5 um and 12.5um. Large losses are expected at these extremetheamput mode was
expected to be much larger than the mode in smaileln HF, and much smaller than the mode
was expected to be much smaller than the modegerpitch HF.

Figure 13 displays the losses calculated by the FBifnulation along with the expected losses
calculated from the effective index model (as désd in section 3.1) and from the RMS field

radii.
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Loss from Corning SMF-28 to HF splice
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Figure 13 — Simulation results and expected splidess forA = 2.0um in Corning SMF-28 to
HF (d/A = 0.35) splice

The incident flux and example transmission fluxes displayed in Figure 14 for pitches

expected to provide a smaller and larger mode inddpectively.
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Figure 14 — Incident (top) and transmitted flux forA = 2.0um to HF (d/A = 0.1)A = 4.5um
(bottom left) and 12.5um (bottom right)

Notice that a loss of around 0.2 dB is calculatesuad the pitch values (8.0 to 10uGn)
expected to provide minimum loss. As the pitcheiduced from here, the HF mode field is also
being reduced and the loss increases as expedtedaciual loss values are higher than predicted
from the effective index model. This can be atti@outo the tendency of the transmission flux
windowing method to eliminate some guided energwels as radiative energy, approximations
in Ve, and the fact that the differing symmetry of Héldi patterns will inevitably lead to larger
mode mismatch loss. The RMS field radii predictiEmoss to the effective index model in this
region. These too however do not take the complefithe field patterns into account, leading
them to be lower than observed.

The expectation of a range of small values of péido giving low splice loss is understandable
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in that one would expect the mode field to begiextpand again once the effective core radius in
HF becomes too low for strong confinement. The $atan does show a slight increase in mode
field radius, which is observed from the flux pattend the loss, however the large increase
predicted by the effective index model is not otsedr Considering the theoretical expectations,
the calculated RMS radius appears much larger dhaervations of the flux pattern indicate. It
would appear that the field symmetry prevents thSRadius giving an accurate indication of
the field radius for these parameters. Furthermmoepnly may the approximated.zMalues for
these low pitches be inaccurate, their use in {@@alculate mode field radius in unreliable for
Vet below 1.2, which occurs below a pitch of 4% for the parameters here. The results from
the model indicate that lower pitch values wouldnb@re likely to increase mode field size to a
value similar to (then larger than) the input motle.accurately sample such structures however
would incur prohibitive memory requirements.

Finally, consider the results for pitch values &rghan 10.0um. The HF modes here are
expected to be larger than the input modes, ansl sbme loss is expected. However, as Figure
14 shows, little loss was observed for these p#ichath the loss decreasing for larger pitches.
These results appear to be a limitation of the rhadd not of the theoretical interpretations.
Radiative losses from conversion of a large mode ensmaller mode are easily identified in a
short propagation distance. When a small mode esutd a larger mode, some diffraction is
required for the new mode to evolve, and much degaland in many cases some disturbance
such as a bend) is required to remove the radidihds (which are the losses) from the core
region. The transmitted flux patterns appear tacee that not enough computational distance is
provided for either the radiating fields to separfiom the guided fields, and also for the guided
modes to evolve for the larger pitches. The RM&! fieidths in the HF indicate low loss because
field widths very similar to that of the input aveing calculated. This serves as further evidence
that the model requires more distance for accuestelts here. These observations are replicated
in analysis varying other parameters. A single $aton was designed to investigate splice loss
to a larger HF mode with care taken to define themeters such that the guided mode pattern

would evolve within the simulation time. The simtida results are shown in Figure 15.
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Figure 15 - Incident and transmitted flux for A = 1.0pum in Corning to HF (A=6.56um, d/A
=0.1) splice.

These results show what appears to be a clearlyewelved pattern in HF, which is significantly

larger than the input mode - RMS field widths d gm to 3.9um are measured, with a splice

loss of 0.2 dB predicted from these. However, na@sposs is observed. The possibility that the

strong guidance of HF leads to a more efficientvession of smaller to larger modes is

acknowledged. However, given the correspondenaxitting splice loss theory concluded for

other cases in these investigations, it is morelyjikhat radiated fields fail to separate from the

guided fields due to inadequate simulation distaorckack of disturbance in the given distance.

Again, due to the symmetry difference between S@dF lAF modes it is likely that the actual

splice loss is larger than that predicted by thiective index model. More investigation is

warranted for splicing smaller modes to larger Hbdes.

In summary, it is concluded from the analysis dicgploss as a function of HF pitch that:

* For smaller HF modes, the splice loss lies betwibeh predicted by the effective index
model and that calculated by the FDTD model;

* For larger HF modes, the splice loss is likely ¢oabbove that predicted by the effective index
model;

» The effective index model can be used to predictddsign for minimum loss, although this
minimum loss is not necessarily zero due to thédifg symmetry between SOF and HF

modes.
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3.3.2 Optimal filling factor analysis

The splice loss was investigated as a functionlloig factor d/A, with A and wavelength held
constant. The wavelength used was 1uB§ as a typical communications wavelength. Thehpitc
was set to the value 6.%6n. This value gives an effective radiys £ 0.64\) equal to that of
Corning SMF-28. The correspondence is not necedsarthis analysis however, because as
outlined earlier, the loss is due to the overlaphefmodes and is not directly dependent on fibre
structure. While this pitch size was suggestedheydorrespondence, it was actually selected as
such for the broad modal comparison it was expeactgaoduce. For small filling factors, the HF
mode is expected to be larger than the input madd,for the larger filling factors the strong
confinement is expected to produce a smaller HFendthese extremes are thus expected to
produce a large splice loss, with low splice lodsedetter mode matches at intermediate filling
factors. The filling factor is varied from 0.1 ta80

Figure 16 displays the losses calculated by the -Bifmulation along with the expected losses
calculated from the effective index model (as désd in section 3.1) and from the RMS field

radii.
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Figure 16 — Simulation results and expected splidess forA = 1.55um with Corning SMF-
28 to HF A=6.56um
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The incident and example transmission fluxes asplayed in Figure 17 for filling factors of 0.3

(expected to provide a good match) and 0.8 (exddotbe a smaller mode).
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Figure 17 — Incident (top) and transmitted flux forA = 1.55um to HF (A = 6.56um) d/A =

0.3 (bottom left) and 0.8 (bottom right)

Similarly to the observations in section 3.3.1,jaloss is found to be small (around 0.2 dB)

where predicted by the effective index model.

Loss increases as the HF mode size is reduced bbwnput mode size here (i.e. ag\dsé

increased above 0.4) as predicted by the effeatis’ex model (again similar to section 3.3.1).

The slightly larger losses are due to overestimatibloss by the windowing technique and the

differing SOF and HF field symmetry (as describadier). Note that as the filling factor rises

above 0.5, Vs rises above 2.55 where both multimode tendendiesgpected and the mode
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field radii approximations lose accuracy. A goodrespondence is nonetheless maintained.
Multimode effects are observed in the flux pattdorslarger filling factors, as shown in Figure
17. Normally one would expect splicing from singt®de to a multimode fibre to display low
loss (as the fields have more guiding options atbgl), and the splice loss to drop. Here
however, the splice loss is dominated by the fa&t the input mode is larger than the HF modes,
whether the HF allows multiple modes or not. Ndiat the higher order modes for larger filling
factors tend to increase the RMS field width in Hi€, rendering the expected loss calculated
from them somewhat artificial.

And finally, little loss is observed on splicingp smaller to larger modes. While some loss is
expected, the extreme loss predicted by the efleamdex model is inaccurate due to the
unreliability of (10) as Veff drops below 1.2 fofdless than 1.2 here. The lack of observed loss

for splicing to larger HF modes was discussed it section 3.3.1.

3.3.3 Wavelength variation of splice loss

To complement the investigations of optimal HF desto optimise splice loss, the inverse
investigation of splice loss as a function of vagyiwavelength for fixed HF parameters was
performed. For reasons outlined separately in Hove sections, the HF pitch selected was 6.56
pum, and the filling factor used was 0.35. The wangth was varied from 1.Aam up to 3.5um

S0 as to properly gauge the effect in spite offéue that these limits extend beyond the normal
region of operation of Corning SMF-28.

Figure 18 displays the losses calculated by the -Bifmulation along with the expected losses
calculated from the effective index model (as désd in section 3.1) and from the RMS field
radii.
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Loss from Corning SMF-28 to HF splice
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Figure 18 — Simulation results and expected splidess for Corning SMF-28 to HFA=6.56

pm, d/A = 0.35.

Example incident and transmission fluxes are disalain for wavelengths of 1.0 (expected to

have a slightly larger mode in HF than SOF) andBn0(expected to have a significantly larger

mode in HF than in SOF) in Figure 19.
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Figure 19 - Incident (top) and transmitted (bottom)fluxes for Corning SMF-28 to HF A =
6.56um, d/A = 0.35) withA = 1.0 (left) and 3.Qum (right)

The analysis of results in Figure 18 correspondhéory in a similar manner to earlier results.
Losses increase as the HF mode becomes smalleththamput mode (as wavelength rises above
1.5um), and the radiated losses may be observed four.@n Figure 19. Note that the actual
values of loss are different from those predictgdhe effective index model due to the effect of
the windowing of transmission and the inaccuracyl®) above\ = 2.5um (as V drops below
1.2), as described earlier. Importantly, the loveslorange of wavelengths appears to be
approximately as predicted by the effective indeodel. The approximations ofgyindicate that
1.0um would have a larger mode field pattern, and thaige larger loss. The lack of observation

of this loss would be explained as in previousieast However, observation (from Figure 19)
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and the use of the RMS field widths implies that tbw loss range of wavelengths would be
more accurately centred on Jufh instead of 1.5m. The approximations used here for the value
of Ve are perhaps not as accurate as they could baehgdbw loss range is still quite well
predicted.

The mode mismatch splice loss analysis has shoaitrttie effective index model can be used to
give an indication of splice loss. Importantly, #féective index model can be used to design HF
parameters to provide a well-matched mode and goesely minimise splice loss.

Although these investigations were for SOF to Hkcsp, it is expected (as outlined earlier) that

HF to SOF splice loss performance will follow bgiggocity.

3.4 Splice offset analysis

The FDTD model was used to calculate splice losa fasiction of axis offset. Due to potential
differences in the direction of offset (along othmgonal to polarisation), investigations are
performed for offset along both axes for thg golarisation. In order to eliminate loss from
poorly matched SOF and HF modes, a 1u8b wavelength was used with HF parametirs
6.56 um and dA = 0.35. As reported in section 3.3.2, this comtiamawas found to produce a
splice loss below 0.2 dB. The mode field width loé SOF mode was approximated as v
using (10) and found to be 5.20n using the RMS field width calculation. The fluatferns of
the SOF and HF modes for a splice without axisebfifs shown in Figure 20.
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Figure 20 - SOF and HF A = 6.56um, d/A = 0.35) flux forA = 1.55um

An example of the transmitted flux due to an x affset of 5.2um is displayed in Figure 21.

2nd Transmitted Flux (T2)
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Figure 21 - Transmitted flux from a 5.2um axis offset splice

As Figure 21 shows, the separation of guided addétiag modes in making an observation of
transmission is quite difficult. Two methods werged for verification here. The first method
involved comparing the peak intensity of what isacly the guided mode to the peak intensity for
no axis offset. The second method involved usingiralowing technique, but not windowing
over the whole core region so as to include ds litidiative energy as possible. The total flux in
the window was compared to the flux through a wimdd the same size for the splice without

axis offset. The two methods returned very simiksults. Further verification for the method
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was sought in modifying the model to calculate ¢pbéce loss due to axis offset for SOF-SOF
splices. The results for SOF-HF splice loss witixis and y axis offset forEpolarisation (using
windowed results only), for SOF-SOF offset spliogd, and expected splice loss from (8) are

plotted in Figure 22.

Graph of loss versus input offset
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Figure 22 - FDTD and expected results for splice $8. SOF’'s are modelled on Corning
SMF-28 and HF has A = 6.56um, d/A = 0.35)

The FDTD splice loss results correspond well todakectation from the effective model. Notice
that the splice loss appears to be independentisfodfset direction. The fact that the splice loss
results are slightly lower than the expected Iadseas is likely to be due to the inclusion of some
radiative energy in the windowed transmission anthe peak value in the centre of the core.
Furthermore, it is possible that the guided mods hat completely evolved within the

transmission distance the flux is monitored at. h®wn in Figure 21, it appears that any
evolution will involve spreading of the energy #lity out from the centre (implying our peak

and windowed measurements near the centre aréenhflalhe fact that the splice loss results for
SOF-SOF are similar to for SOF-HF implies thesergigancies in the measurement. The slightly
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larger loss for SOF-HF splices, particularly atgkr offsets is explained by the differing
symmetry in SOF and HF that is most pronouncedargiel radii. Thus, a realistic interpretation
of these results is that axis offset splice logsSOF-HF is described by (8) but with the 4.34
factor replaced by a factor that grew larger witls affset.

Finally, it is worth noting that the guided field the HF appeared to evolve in a shorter distance
than that in SOF-SOF splices. This is likely todoe to the strong guidance in HF.

3.5 Conclusion

The first in-depth analysis of splice loss betwetandard optical fibre and holey fibre has been
presented. The FDTD model for HF has been useceimoodstrate that the HF parameters to
optimise splice loss can be predicted by applyimg ¢ffective index model to the established
formulae for mode mismatch splice loss in SOF-SPkess. As such, HF parameters can be
designed in a very straightforward manner to oérsplice loss where necessary. The optimum
HF parameters are not likely to produce a zerocsploss due to the differences in field
symmetry, but are still likely to be below 0.1 dBoss for poor mode matches is similarly
concluded to be higher than predictions from thaldshed formula due to the differences in
symmetry of the fields.

The FDTD model has also been used to show thatespdiss due to axis offset follows the
established formula for SOF-SOF splices with agpicn of the effective index model. Splice
loss for large offsets is likely to be larger howedue to the larger differences in SOF and HF
field patterns at larger radii. The axis offsetslasvestigations here are not so much important for
their own value, but in that the correspondencexpectation raises confidence in the more
important design investigations for mode matching.

Although the splice loss from HF to SOF was notuladted here, reciprocity implies that the
results would be the same as for SOF to HF splices.

Finally, it is worth noting that if design limitains render poor mode match unavoidable, a
tapered HF structure could be used for spot sin@arsion between the SOF and the destination
HF to reduce loss. Tapered HF structures for spet sonversions are described in the next

section.
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4 Spot Size conversion using HF structures

Spot size and numerical aperture (NA) conversi@wéal functions in the provision of efficient
interfacing for optical components of differing dimsions. Without the use of such conversion,
mode mismatch leads to significant loss to radmtamnd perhaps higher order modes. For
example, spot size expansion is required betwedh &1 bulk optics, and spot size reduction is
required between SOF and erbium doped fibre arepdif(EDFA) and integrated optics (e.g.
semiconductor optical amplifiers).

Spot size conversion by gradual change (taperih@pre dimensions in SOF is fundamentally
limited by weak guidancelVeak guidance not only means that spot size colwversust be
performed over fairly long distances (typically rsi{63]), but also imposes an inconvenient limit
on the minimum spot size which may achieved foivaerg wavelength and numerical aperture
NA. This is because propagation is a balance betweafinement and diffraction effects: as
fibre dimensions are reduced spot size continuedetwease until confinement can no longer
balance diffraction; the spot size must then ineeeaith the reducing dimensions [65]. Thus, the
minimum achievable spot size increases with stremdtguidance. Furthermore, SOF cannot
perform NA conversion due to the constant matgmiaperties of the core and cladding.

The strong guidance supplied by holey fibre prosidenew opportunity to create spot size
converters that can operate over a much smallérdis, and actually reduce spot size down to
levels not achievable with standard fibre. The po& improvement in spot size reduction is of
particular importance in interfaces to EDFA ancgrated optics where signal losses are critical
to noise figure. Note that NA conversion is inhélera part of HF spot size conversion, because
changing of HF dimensions changes the dimensionth@fcladding structure and thus the
effective index and NA experienced by each wavdlenig particular reducing HF dimensions
increases NA for all wavelengths (as the energysfiih harder to resolve the finer structure of the
cladding and sees more of an average), serving o #eam confinement.

As well as the reverse interface from integratetdcepdimensions to those of standard fibre,
beam expansion to bulk optics dimensions is alsp meportant. The greater control provided by
the strong guidance of HF promises a more effiat@ntversion to the mode field pattern required

by the bulk optics. Furthermore, the possibilitydafsigning single mode HF for unlimited core
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sizes would be quite useful for such interfaceghasapproximate Gaussian mode field patterns
provided would lead to even more efficient convamdio those required by bulk optics.

In this chapter, the first study of the applicatmintapered HF structures to spot size conversion
is performed, and the application is shown to ba&equiable. A theoretical analysis of the
performance of HF tapered structures is provid@tinmum taper shapes and minimum adiabatic
taper lengths are predicted.

Results obtained from the application of the FDTBdel to HF spot size converters are provided
and compared to theoretical expectations. Note tiatinvestigations performed here focus
mainly on spot size reduction, as the performarfcguoh converters is simple to quantify. The
focus is also on typical dimensions of standardefito integrated optics, as the dimensions of
bulk optics are too large to be simulated. The rhddmonstrates the viability of this application,
with losses as low as 0.5 dB over only| 56 (the maximum length that could be simulated here)
It is expected that the loss would become negkgibt practically attainable taper distances. The
model also confirmed minimum adiabatic lengths Emio those predicted in the theoretical
analysis, and that the optimum shape designed datped all other shapes.

Though only briefly investigated with the FDTD mobdeere, HF performance in spot size
expansion (from typical dimensions of integratediaspto SOF dimensions) is implied by
reciprocity from that of the corresponding spotesizducing structure. Larger scale beam
expanders however, e.g. fibre to bulk optics exijmm$iave dimensions too large to be simulated
by the FDTD model, but their performance can belimgoy the scalability of the findings.

Finally, an attempt at to experimentally investeytie performance of tapered HF structures is

described. However, experimental verification a fimdings here is yet to be provided.

Figure 23 — Tanh shape tapered standard fibre formot size conversion (from [62])
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4.1 Theoretical analysis

To avoid loss to radiation, or higher modes (ifytlaee available), spot size conversion must be
performed at an acceptably slow, or adiabatic,. fdiieasures of adiabaticity for SOF spot size
conversion using tapered structures (or tapersg lheen established by Love and others ([63],
[64], [65]). These measures involve attributing heracteristic angle or length to every cross
section along the taper under analysis (generaélyangle of inclination of the taper, and length
subtended by a tangent from the core-claddingfaxterto the centre of the core) and comparing
to a requirement for adiabaticity.

Love suggests two methods for calculation of thtzaticity requirement (maximum angle or
minimum length). In [64], the characteristic lengshmade larger than the beat length between
the fundamental mode and the radiative mode orenighder modes (if such modes exist). This
can be thought of as ensuring negligible loss leyptoviding the energy with sufficient distance

to allow it to couple back into the fundamental machen disturbed. This length is described by:

271
Z =

" B-B

(15)

where/ is the propagation constant of the second ordetemor that of the radiation fiekh.
The application of this criterion to HF tapers riegs knowledge of the propagation constants of
the fundamental and second mode, which cannot txeedefrom the effective index model [24].
To calculate these propagation constants wouldiregypplication of an alternative model such
as the localised basis function models reporte[8& and [20]. The development time for an
additional model would be unjustifiable, as the ination behind the theoretical analysis is to
provide an approximate explanation for results fraum existing FDTD model. Development of
another model to aid in the theoretical analysisil@ive no more an accurate indication than
use of the alternate and more simply applied adigibacriteria below.

The alternate adiabaticity criteria given in [6Byolved making the characteristic angle smaller
than the diffraction angle of the field at eachnpalong the taper. This ensures the strength of
guidance is enough to prevent radiation. Convelyigtite diffraction angle in HF was theorised
(using the effective index model) and subsequepribywen by experiment to follow the analytic

expression for the diffraction angle in SOF [66]:
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_2J/InV
\%

g, = NA  (16)

This diffraction angle applies for the fundamemabde only. Note that [66] was published
before it was revealed that the expression fgrwas more accurate when usipg 0.64\. This
raises questions regarding the inclusion of thd @a6tor in V in (16). Following the derivation
in [66], the derivation was performed again hene I{ght of this revelation), and a more
watertight definition of the diffraction angle prackd:

A/InV,
6, == @7

0

where the 0.64 factor is included ingy but not required with the external terms. Using o
approximations for W, theoretical diffraction angles were generatedf(@7) for comparison to
the experimental results published in [66]. It wiasnd (17) compared just as well to the
experimental data as the previously defined thexaediffraction angles from (16). Thus, the
definition in (17) was used for all theoretical Bisés here.

Equation (17) was first applied to analyse tapapsis. For a given wavelength, the taper angle at
every cross-section was compared to the diffractiogle. The diffraction angle was calculated
from (17), with \.g approximated from the wavelength afcand dA at the given cross-section.
An inverse adiabaticity(IA) factor, defined as the ratio of taper angdediffraction angle, was
then attributed to each cross section along thertdp is termed as such because a value less
than unity indicates that the local shape satisftiabaticity criteria, but a value larger thantyni
indicates adiabaticity is not satisfied. Figureges plots of IA (calledlelineation curvesfter
similar analysis in [63]) along the length of Hfpéas with dA = 0.8 and\ being reduced from
6.4 um to 0.8um (so as to reduce effective core) oveld® These HF dimensions are typical of
SOF to integrated optics spot size conversion,aaadised throughout the study. The delineation
curves are for both a linear variation of the piartd a tanh type variation of the pitch. Figure 23
displays the tanh taper shape, which involves gromential variation at either end of the taper.
This shape is of interest as it is quite a natshalpe to fabricate. As Figure 24 shows however,

the tanh shape has quite a high IA in the centrégchwwill impede the taper performance.
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Inverse Adiabaticity (A) versus position

Inverse Adiabaticity (A) versus position

Figure 24 - Plots of Inverse Adiabaticity for linea (left) and tanh (right) tapers with A =6.4
pm down to 0.8um, d/A = 0.8, forA = 1.0um over a length of 3Qum.

A figure of merit gleaned from the analysis is thet integral (with respect to length) of IA
greater than unity. This is termed the non-adiabiategral (NAI). If a taper structure complies
with adiabaticity requirements along its whole l#mdA will be less than unity everywhere and
NAI is zero. For tapers which do not conform toaduditicity criteria along their whole length, the
NAI will be greater than zero. The NAI is designexd be physically meaningful in that it
encapsulates both the degree by which a tapertisamopliant with adiabaticity, and the length
over which this non-compliance persists. For tipetastructures shown above, NAl is 2.87%10
for the linear taper and 3.59x1@or the tanh taper. As we shall see later, thesé\Mlues are
actually quite high and thus one could not expgheetaper to perform very well.

Such analysis naturally suggests the reverse moces inversion of the analysis criteria to
designa taper shape that exactly satisfies the adiatyatdteria along its whole length. As
reported in [67], the general shape of such a teydeout-perform any other shape for any given
length (for the same wavelength and start and eosscsection dimensions). For a given\
and d/\, the inverse design process involves using diseiength segments, and the steps are:
o For the initial cross section, approximatg: s a function ok, A and dA\ and then use (16)

to calculate the maximum taper angle for adiabtstati this point.
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o Assume the local taper angle to be this maximurd,tagonometrically project the value of
N\ at the next discrete length value.

o lIterate at the next discrete length step untiffithe pitch value has been reached.

For the wavelength, start and end dimensions usdéle delineation curves above, the inverse

taper design method yields a taper with pitch vagywith length as shown in Figure 25.

x10° An adiabatic taper: pitch versus position

O I I
0 2 4 6
x 10°

Figure 25 - Pitch variation of inverse taper desigrior A = 6.4um down to 0.8um, with d/A
= 0.8 andA = 1.0um. Note the length of this design is around 58m.

It must be noted that the shape of the inversegdasidependent on the wavelength and filling
factor for which its use is designed. However, gy\@milar shape was returned by the inverse
design for all of the wavelengths and filling fast@ttempted here.

Note that the approximation for the diffraction Bngiven in (16) cannot be used itMdrops
below unity during the analysis. For inverse tagesign purposes, this means that the design
cannot be completed. Although (16) is only an apionation, the fact that ¥ drops below unity
indicates a more weak confinement is beginningdcup (or is occurring) in the taper for the
given wavelength. This means that the design mag baought the pitch below or close to the
pitch for which minimum spot size (described ea)li®r the given wavelength and hole size
occur. For appropriate spot size reduction thea,ddsign should be re-attempted with a larger
minimum pitch.

The length of the shape of the inverse taper dedgmgives an indication of the minimum taper

length required for complete taper adiabaticity (M#ual to zero), and thus relatively low loss
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performance. Thus, for a range of wavelengths amel $izes, the minimum adiabatic lengths for

a 6.4um down to 0.8um pitch conversion is plotted in Figure 26.
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Figure 26 - Minimum adiabatic lengths as a functiorof wavelength and spot size fo\ = 6.4

pm down to 0.8um

A low wavelength loss edge is displayed in thesasplThis is due to the weak confinement of
small wavelengths being exacerbated by the tapactste, and ease of leakage increasing. The
regions where the lines on the graph are discomtinare the wavelength and holes size
combinations where (17) could not be used at soon& n the taper (as explained above). It is
expected that if the curves where continued fohé&igvavelengths, a long wavelength loss edge
would be observed as well. Also, as explained ahow likely that the wavelength and/d/
combinations near to where the plots are discoatiaware producing close to minimum spot size
for the given wavelength. Thus, going to larger @lamgths would not only require a longer
length to reach the same minimum pitch, but wowdiblikely to produce as small a spot size as
for smaller wavelengths, or that larger final pitcue would for the same wavelength. Further
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evidence for the long wavelength edge lies in #a that longer wavelengths are weakly guided
also and typically require longer distances to wgdesuch transformations. Finally, yet
significantly, plots for other final pitch valueave displayed a long wavelength loss edge.

Also notice that the adiabatic length is predicteddecrease as hole size increases. This is
intuitively accurate because larger holes give@ngter guidance.

It is worth noting at this point that the theoratiexpectation of a short and long wavelength loss
edge, and decreasing loss with increasing holeisizery similar to results for bend loss in HF
[21]. This makes sense intuitively because tapss lis similar to bend loss in that only the
strongly guided wavelengths will experience lowslaa both cases. Short wavelengths leak
through between the holes too easily to be welllgti and longer wavelengths are spread too far

into the cladding to be confined strongly enoughd@batically undergo the changes.

4.2 Method of computation

Analysis of HF tapered structures using the FDTRIehovas performed using a SOF to structure
to launch the field into the HF. This is done bessaanalytic formulae and approximations are
known for the modes in SOF, but not for HF. Launghirom a known mode will allow accurate
evolution of the fields in the HF. It is also vahla to perform the simulations as such as one
intended application is to convert spot size framS®OF input for another device at the output.
The Gaussian approximation (the analytic formulsedufor the splicing investigations was not

set up at this stage) was used to set up the appabgn to the L, mode [4]:
aAr,2) = g expl-r2/wi Jexpl- i) (18)

where r and z are the radial and longitudinal atirates respectively, and the longitudinal centre
of the pulse is understood to be at z = 0. Forvargapproximateinput wavelength, the mode
field width is approximated by (9) arfidis set to kg,. The exact wavelength that is sets up can be
obtained from a Fourier transform of the storeddfebut is always very close to the intended
wavelength.@ represents the field amplitudes of both E and Hh the two distinct modes of
polarisation E/Hy or E/-Hx. As outlined in 2.6, HF has two orthogonal modépalarisation,
and we have labelled the x direction as pointingaliy into a hole from the core, with y directed
orthogonally (i.e. to the inter-hole gap°@om the hole the x direction points to).

The launch fibre used was designed with a coredife64 times the HF pitch, in order to match
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the effective radius to the radius of the inputrdibOnly the first few rings of holes were
simulated due to memory constraints, but as desgi section 2.5 they are generally all that is
necessary for guidance.

As previously outlined, the computations perforrhede concentrate on spot size reduction. The
performance of tapers for such purposes is singplguantify. Aside from significant reflection
for very short tapers, most of the losses are dtat@n in a longitudinal rather than transverse
direction (as was found to be the case for thespbiss studies). The performance of a spot size
reducing taper is thus simply quantified by a samivindowing technique to that described for
the splice loss analysis (in section 3.2). Theltegtom the windowing technique are likely to be
more accurate here as the thin width of the gurdede at the output makes it easier to identify
boundaries for a window to remove radiative modes.

It must be noted that excessive memory requiremamgent taper lengths greater than around
50 um being simulated in reasonable time here. Knowlireggeneral requirement of mm lengths
of SOF tapered structures, one may not intuitivetpect reasonable performance from such
lengths of HF tapers. However, it must be noted tihia length is on the scale of the adiabatic
lengths suggested by the theoretical analysis gurEi 26, and indeed these lengths provide
efficient spot size conversion, as is describedhi@ next section. Longer lengths could be
simulated by relying on virtual memory as well ad\NR but as previously outlined such
simulations would require running time on the ordémveeks. A version of the program was
developed which sacrificed some storage space Herstructure for computational time to
recalculate the required variables at each time gikis version was required for analysis of the
largest structures reported here (e.g. the 70 88gih length tapers with results shown in Figure
27), but used around 40 hours of computational amas such was rarely used.

Finally, several simulations were to be performeathg the taper shape obtained by inverse
design here. As the general shape (but not theéHemeas found to be very similar for a large
range of wavelengths and filling factors, a polymanapproximation was used to define this
shape in the code. An extension would be to hasetide compute the ideal shape dynamically,
however this would not work when investigation waquired for wavelength and filling factor
combinations for which the diffraction angle appmation broke down (as described
previously).
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4.3 Spot size reduction: FDTD results

In this section, the main FDTD results for spoesieduction from typical fibre dimensions down
to typical integrated optics dimensions are outlingd general investigation of adiabatic length
and taper performance as a function of wavelergygiravided. The effect of shape (in particular
that of the shape determined by inverse taper dasigection 4.1) is analysed. Optimisation of
filling factor for a particular wavelength and tapructure is performed. Finally, the effect of

polarisation is examined.

4.3.1 General adiabatic length and wavelength effect investigation

The FDTD results of a general analysis of the e¢ffeictaper length and the variation of
performance with wavelength are shown in FigureT2ié tanh taper shape was used here, with a

filling factor of 0.79 and the pitch was reduceanfr 6.4pum to 0.8um.

Loss versus Length
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Figure 27 - Spot size conversion loss as a functiohtaper length and wavelength for a tanh

taper shape, dA = 0.79, pitch reduced from 6.4um to 0.8um.
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Figure 28 shows the flux incident in the HF for Jubh, and as particular examples the
transmitted flux for taper distances of 15 um afduk. At 15 um, a large amount of radiative
energy is observable outside the taper. A 50 umgtiemay be identified as adiabatic from Figure
27, and is seen to produce larger peak transmiteddtive) intensity in the middle of the core

and less obvious radiative losses.
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Figure 28 - Incident flux to the HF taper for 1um, and transmitted flux for tanh taper (A =
6.4um down to 0.8um, d/A = 0.79) lengths of 15 (left) and 5Am (right).

Regarding Figure 27, notice that the loss for eaalelength appears to stabilise as the taper
length is increased. In particular note the appearaf the predicted low wavelength loss edge,
as the stabilisation length decreases with theseelaagths. The lengths at which stabilisation

occur appears to correspond quite well to the ptiedis of minimum adiabatic length given in
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Figure 26, even though the optimum taper shape weasused here. It is worth noting that
stabilisation occurred for each wavelength onceNA¢ had dropped below around 1.5 x™10
This confirms the fact that the lengths where $itaiion occurred were not completely adiabatic
yet (using our previous definition), which is impanmt in achieving reasonable losses if such
small taper lengths are ever required.

Note that the losses appear to have increasedtlgliffit 1.0 and 1.5um after the apparent
stabilisation, which raises concerns about perfocaaat longer taper lengths. The effect could
be due to a finite amount of radiating energy hgween included in the windowed transmission
at lower lengths, but has been removed once laager lengths are simulated. It is possible that
the effect is more dramatic than the increase ansimission with length once adiabaticity is
reached, serving to temporarily drop the transmrssthat is interpreted here. Another
explanation is that the effect is a decaying ostdh in the loss with length once adiabaticity is
reached. This effect is reported in [67] and isnedexcess losdn fact, there is nothing said in
either explanation that prevents mutual correctnéaportantly, for either interpretation we
expect loss to decrease with length on the whdtleowagh at a slower rate than before adiabatic
stability was reached. This expectation is impdrtarthe application of HF tapered structures for
efficient spot size conversion because while tha@immim loss observed here of 1.3 dB is
impressive over a 5dm length, it is not good enough in itself to sudgdicient application of
HF tapered structures.

Spot size performance for larger wavelengths (@0and upwards) was also investigated here.
However, the performance at such wavelengths apggaoor. The spot size appeared to extend
significantly into the cladding region to the extéimat it was difficult to tell if all of the eneyg
was guided or radiating, and interference fromrtbe-absorbing boundary conditions for some
wavelengths rendered the simulation unrealistie@ parformance was thus difficult to quantify,
but certainly appears to have significantly degdaale expected.

The large filling factor of 0.79 was used here iidey to achieve spot size conversion in a smaller
distance, as suggested by earlier theory. Howehisr]arge filling factor multimode effects into
the HF, as is shown in Figure 28. These multimoffieces are thought to have reduced the
efficiency of the tapers due to the fact that tlistribution of energy reduces correlation to the

fundamental mode further along the taper. If energy be retained in a distribution similar to
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that of the fundamental mode for the whole tap&gtle, efficiency will be quite likely to
improve. This argument suggests a trade-off betviesge hole size for strong guidance, and the
cost to efficiency of multimode effects. Optimigatiof the filling factor is explored in section
4.3.3.

Finally, several simulations were performed foretapreducing the pitch from 6.4 down to 0.5
um for a 1.0um wavelength. The extra resolution required foiséheimulations only allowed
taper lengths of up to 2m to be performed, even using the space/performamacke-offs
mentioned earlier. The results showed the lossshghktly above those for a final pitch of 0.8
pum at each given length, indicating that comparaleidormance could be achieved if lower spot

sizes were required.

4.3.2 Optimum Taper Shape

The performance of a linear taper shape reduciegpitch from 6.4 down to 0.m was
examined for a wavelength of 1@ over a length of 3Qm. The loss for this taper was found to
be 2.0 dB as compared to a 2.8 dB loss for the shialpe taper. There simulation results verify
the earlier observation of the NAI for the lineapér was 2.87xI0being somewhat lower than
that for the tanh taper of 3.59x1,0wvhich implied better performance of the linegrela
Furthermore, (the polynomial approximation to) taper shape that was obtained by the inverse
design process described in section 4.1 was fooquidduce a loss of only 1.5 dB for the same
parameters. The NAI for this shape was 2.51%thich is greater than zero because it does not
become completely adiabatic until a length of{/58.

Furthermore, the taper shape obtained by the iawa#sign process was found to outperform the
other shapes for all tested parameters, as expekseelxplained earlier, this performance is due
to the “evenness” that the field sees in the ditemaof the dimensions by this shape. For
example, simulations showed that for qurh wavelength with the same filling factor and start
and end pitch values, stabilisation of loss ocalatonly 20um. The stabilised loss value of 1.4
dB is the same as achieved for the tanh taper stagpéarger length. It is expected however that
as taper length is increased, the excess loss \idgcascillation of loss) will reduce more

quickly for the optimum shape, just as adiaba@bsity was reached earlier.
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4.3.3 Optimum Filling Factor

The theoretical analysis performed in section 4uinél that larger filling factors would result in
better taper performance, presumably due to thgelatrength of guidance inherent in such
structures. The analysis does not, however, takeaocount any multimode effects in the fibre.
As postulated earlier, the presence of higher omledes promotes the presence of an energy
distribution with a lower correlation to the podsibmodes or mode present further along the
tapered structure. This lower correlation will serto reduce the efficiency of the taper
performance. Where only the fundamental mode isgmiealong the taper, the correlation of
gradually changing mode field pattern will be maised. It is thus expected that the optimum
filling factor will be a trade-off between strengithguidance and higher order mode losses.

The optimum filling factor was investigated for go@rticular case where the wavelength was 1.5
um, the pitch was reduced from 6.4 to i@ (as above) and the length of the taper wagrb0
The optimum taper shape was used for these inadistigg. The results are displayed in Figure
29.

Loss versus filling factor

0 T T T T
0.8

Filling 04 Factor 06

Figure 29 - Loss as a function of filling factor fo pitch reduction from 6.4 to 0.8 um using

the optimum shape over 5um with a wavelength 1.5um
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These results show an optimum filling factor of @5 the parameters investigated here. This
filling factor does indeed appear to be a comprerbistween the guidance strength of large holes
and the non existent or less imposing multimodeléenies of smaller hole sizes. Figure 30

displays the incident flux for this case, whichclearly less multimode than for a 0.79 filling

factor, which was very similar to the flux pattéan 1.0pum shown in Figure 28.

o Transmitted Flux (T)
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Figure 30 - Incident and transmitted flux for d/A=0.5,A reduced from 6.4 to 0.8um over 50

pHm with the optimum taper shape, forA = 1.5um.

It must be noted at this point that the loss adkdewith d\ here was 0.5 dB, which was the
lowest loss observed for all of the tapering iniggdions in this thesis. This dramatic
improvement over not dissimilar parameter combaoreti gives further evidence to the
expectation of negligible loss at larger lengththvappropriate combination of shape and filling
factor for a given wavelength.

Finally, further evidence is available for the fatiat multimode propagation reduces the
efficiency of the spot size conversion. Loss waaneixed as the input mode was skewed from
the centre of the HF, and made about half as Withdike the analysis undertaken in chapter 3,
the splice loss will not increase with axis offeetre as the splice is to a multimode structure,
where energy offset from the centre will still cteipto a guided mode.

The taper loss was observed to dramatically ineréag to this offset. As all of the input energy
appeared to couple into a guided mode, it can balgoncluded that the energy content in higher
order modes is more easily lost from the taper.
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Consideration must be given to the fact that lafdieng factors are essentially converting the
spot size down to a lower value (because of thatgreonfinement they provide). A smaller spot
size is inherently more difficult to convert intand perhaps performance should be compared
with respect to final spot size instead of finathi A simulation was performed where the pitch
was reduced to 06m with a filling factor of 0.6, so as to attemptget an actual spot size more
comparable to that of a filling factor of 0.8 a8 @m. This simulation found that while similar
loss was maintained, the actual spot size increabghitly. It is thus likely that larger filling
factors will be required to reduce spot size doathe smallest achievable values. The spot size
achieved for a filling factor of 0.8 is shown ingkre 31. While having a higher overall loss than
that for a filling factor of 0.5, it is clearly siter and has a larger energy concentration in the
centre of the core. Where the smallest possiblé size is required, a trade-off will result
between loss from the transmitted guided mode as&ldue to the guided mode being larger than
required.
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Figure 31 - Transmission forA = 1.5um in HF taper A = 6.4 down to 0.§um, with d/A = 0.8

Note that the optimum filling factor found here whas the particular parameter combination in
this investigation only. It is quite likely thatetoptimum filling factor will vary with wavelength
and pitch values, and more than likely with lendthus, while larger hole sizes will be required

to achieve the smallest spot sizes (described 3pthes use of more practical taper lengths will
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result in increased adiabaticity and be likelyigm#icantly reduce their losses.

An interesting method of reducing the loss wouldtd@encrease the filling factor as the taper

dimensions are reduced. This would serve to keepsthucture multi-mode at the input, and

therefore reduce losses through higher order mashesincrease confinement at the smaller pitch
size. However, the author cannot think how suchcsitires would be contrived, as conventional
tapering techniques will keep the filling factomstant as the taper dimensions are reduced.

4.3.4 Effect of Polarisation

Finally, the effect of input polarisation was intigated. Since, as outlined in section 2.6, the
degenerate polarisation modes can be made up rpmsgitions of rotated entities of one-
another, one would not expect any difference in peeformance of HF tapers for them.
However, the possibility of an effect on taper parfance needs to be established. In fact, no
difference in taper performance was found where tdper distance was determined to be
adiabatic. For some short tapers however, the graygiously did not completely couple to the
fundamental mode at the output of the taper. As stasvn in Figure 10 in section 2.6 it was
found for some cases than the transmitted fluxepadt were different for the x and y polarised
modes where higher order modes were significantbsgnt. This difference has already been
explained in that section, and does not actualbtedo the performance of the tapers.

Thus, as expected no difference in the actual tapgormance due to polarisation was observed.

In this section, a thorough analysis of the perfmmoe of HF tapered structures for spot size
conversion from typical fibore dimensions to typidakegrated optics dimensions has been
provided. These results have shown that adialkeiers may be achieved in less than 100 as
predicted. Importantly, taper performance is expgdb be more efficient over more realistic
distances. The applicability of HF tapered struesuio such spot size confinement has thus been

shown.
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4.4 Spot size expansion

The performance of HF tapered structures for sjzet expansion from typical integrated optics
dimensions to typical fibre dimensions is implieg deciprocity from the above investigations
into spot size confinement within such dimensiohbat is, from the previous results it is
expected that spot size expansion using similastrketures would provide efficient beam width
conversion using lengths and shapes suggesteceialtbve analysis. The uninitiated may not
expect losses in any form of beam expansion. Supbrspective however ignores the theory
discussed in chapter 3 regarding the importancearfe matching — a very thin field coupling to
a wide mode will exhibit the same losses to radrathat the wide mode has in coupling to the
very thin mode. Furthermore, although the pres@fidggher order modes serves to reduce loss
to radiation by increasing the correlation with miaput fields, the energy that couples into these
modes is normally viewed as a loss from the funddatenode. This is particularly important for
the application to interfacing to bulk optics, whetF could be designed as single mode even up
to the very large core sizes required. This is irtgpa in that such HF would provide
approximately Gaussian modes for a very efficiatdrface to the bulk optics.

Several simulations were performed here so asrity\the reciprocity of the results. The results
are difficult to quantify, but it is straightforwdirto see the improvement with taper shape and
length. The results in Figure 32 show the transdifiux at the output of several HF tapers

which convert the pitch from 0.8 up to Guh using a filling factor of 0.8 (as in the majoriy

spot size reduction investigations) for a wavelbarajtl um.
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Figure 32 — Transmitted flux for spot size expansio with HF from A = 0.8 to 6.4um, with
d/A= 0.8 for A = 1 um. (a) — (top left) tanh shape over 5@m; (b) — (top right) tanh shape

over 80um; (c) — optimum shape over 5@um.

Diagram (a) shows the results for a tanh shaper taper 50um. It is quite clear that the
multimode tendencies of the HF At = 6.4 um are exacerbated by this conversion. Even
increasing the length to 8@m for the tanh shape, as shown in (b), resultsigmificant
multimode appearance of the flux. Diagram (c) hosveshows the transmitted flux when using
the optimal taper shape design over |B0. This taper has clearly resulted in a much larger
amount of the energy being coupled into the funddadleanode at the output. The proportion of
energy coupled to the fundamental mode is expeictedcrease with the taper length. It is of
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significant importance that the shape of the outpatle would provide a very good match to the
fundamental mode of a SOF if such a fibre werecsglithere. Note that this length of gt is
below the minimum length predicted for completeabdticity for these parameters, yet a very
good result was still observed.

Also, these results give further evidence to theassss of the theoretical analysis in predicting the
optimum taper shape and minimum approximate ad@leatgths.

It is thus concluded, by reciprocity and from theeb investigation here, the HF tapered
structures can be successfully applied to incrgasipot size from typical integrated optics

dimensions to standard fibre dimensions.

4.5 Standard Fibre comparison

Although the weak guidance of SOF is not expeabelet able to achieve the small spot sizes of
the HF tapers here, a brief simulation of the pemBince of SOF tapers was carried out for
completeness. Indices of refraction similar to ¢ho$ Corning SMF-28 were used for the SOF
simulated here, with start and end radii of (0.64x%% 4.1um down to (0.64x0.8=) 0.51m so as

to match the effective core radius of the HF tapBmth a tanh shape and the optimal shape for
HF tapers were used over a distance ofusDfor a 1um input. The output of the SOF taper is
shown in Figure 33. This flux shows absolutely ngnsof guidance. It would appear that
reduction of the fibre dimensions below those tha@iduce minimum spot size, and the taper
length being well below typical adiabatic lengtles $OF taper combined to produced complete

radiation of the fields.

Transmitted Flux (T)

Figure 33 - Transmitted flux of the SOF taper
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It is worth noting that similar analysis to thatsdebed in section 4.1 was carried out SOF tapers
using the theoretical diffraction angle given bg)1For taper structures as described above, no
minimum adiabatic lengths could be produced byahalysis as the V parameter continually
dropped below 1, rendering the analysis not peréten as described earlier. The only
conclusion that may be drawn here is that minimyot size for such SOF structures is well

above the spot size that we desire to achieve here.

4.6 Experimental Analysis

Although results produced by an FDTD model are lyidecepted as being very accurate, only
experiment can provide ultimate confirmation of gmnedicted functionality. An experiment
using HF tapered structures was attempted hereg udif produced by the Optical Fibre
Technology Centre. A microscope image of a cros@eof the HF used for the experiment is

displayed in Figure 34.

Figure 34 - Cross section of the HF used for expanent here. Fibre diameter is 125um.
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As Figure 34 shows, this HF sample does not disphtey hexagonal symmetry of ideally
symmetric HF or even nearly of the quality achiewsdthe original producers (as shown in
Figure 3). This fibre was the best sample availables for experiment. Although the hole sizes
and spacings are clearly not uniform, this is eguired for guidance (as explained in chapter 1).
Several regions were identified as likely to progleore functionality. The most obvious region
is the large hole in the centre of the fibre, whigipears to have been intended as the core. This
guiding region however is approximately & in diameter. The diameter is large compared to
the intended wavelength of operation (632.8 nmg, @mbined with the large sizes of the holes
on either side of this region, this core is expgdteexhibit multimode behaviour. Other guiding
regions identified appear to be small enough tsiphsremain single mode.

Before any tapering was attempted, the guidancespad size of the HF core regions were
examined.

Using a Helium-Neon laser (operating at 632.8 nim, beam was focused onto the end of the
fibre using an objective lens. Real-time video iemfrom the microscope were fed to a PC for
display. Coiling the fibre onto itself was used strip cladding (radiating) modes away.
Furthermore, tissue paper was used as an attenteatmsure only the high intensity guided
modes were visible and did not saturate the imagetijat their intensity profile could be
determined). Micrometer type screws were used fadgpl adjustment of the region of focus of
the beam. Guidance was easily obtained in the alerdre, and a diagram of this is displayed in
Figure 35. The beam in this core was establishde tmultimode, as movement and stress on the

fibre caused significant changes in the field pattédservable.
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Figure 35 - Guidance in the
central core of the HF

Guidance in one of the smaller cores is shown guiié 36. This core appeared to be displaying
single mode guidance, as the observed intensityndicchange with movement or stress on the
fibre.

Figure 36 - Guidance in a smaller effective core ithe HF
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It is worth noting here that Matlab code was depetbto plot the intensity of the images, as both
3d plots and cross sections from the image. Avaagir low pass filtering, is used to smooth
the background radiation in the image. This coddisplayed in Appendix H, and will prove

useful for determination of beam width in later exmental investigations. An example plot

from the code is shown in Figure 37, for the im&ggire 35.

15EIM

800

Figure 37 - Matlab 3-dimensional plot of the intengy of the microscope image

Tapering of the HF structure was then attempteds WMas performed with a conventional fusion

splicer, by stretching the HF once the electricvaas applied to the region to be tapered. It was
found that lowering the temperature of the arc poed the best results. In general however, the
HF structure collapsed during the tapering attemplss could be seen from the microscope

display of the fusion splicer. The air holes cob&seen in the standard HF structure, but were
the structure collapsed, it appeared that manj@fhbles had joined together. This observation
was confirmed by observation of one of the attechpagers with the microscope and PC set-up.

As shown in Figure 38, the structure has quitertjeznllapsed.
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Figure 38 - Cross section of HF resulting

from attempted tapering

It is felt that with more time and practise, apprafe HF tapered structures could be obtained for
experiment by this method, as even the non-ideattsire used here would provide a useful
experimental guide as to the functionality of tagaeHF structures.

The difficulty of producing tapered structures e tgeneral laboratory must be noted here. As
recently as last year a paper was published ochaigue to produce tapered fibre structures in
the laboratory [68]. This technique used & G&er to heat the fibre and computer-controlled
motor-driven translation stages used to stretaiitat any desired taper shape. As a,@0urce is
available in the SUNFLOR lab, a similar method cobke harnessed here to produce HF tapers

for experimental analysis.
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4.7 Conclusion

The application of the FDTD model has provided fibs evidence of spot size conversion as a
viable application of holey fibre. HF tapers haweeib shown here to convert beam size between
typical fibre and integrated optics dimensions Vith dB loss over less than . Importantly,
the loss is expected to become negligible whenistealtaper distances are employed. SOF
simply cannot make such spot size conversionshande suffers large loss on direct interfacing
to integrated optics.

Furthermore, the theoretical analysis has been [=ietp verified by the model results.
Approximate adiabatic lengths as well as optimupetahape were correctly predicted.

By a brief analysis as well as reciprocity and albgity, the model has also shown beam size
expansion to be a valid application for HF.

Experimental analysis could not be performed hanrg it is the remains the only outstanding

task to provide ultimate verification of this apgaltion.
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5 Coupling in HF

Holey fibre lends itself quite naturally to the duztion of multi-core structures. Such structures
involving up to six cores have been reported in,[&3Bd a representation of a dual core HF is
shown in Figure 39. The degree of evanescent-waueling in such structures is likely to be
highly controllable with the pitch and filling famt of the HF, as well as the actual placement of
the cores in the HF lattice. The behaviour of soohpled structures must be established before
application of the structures is implemented.

Once such behaviour is determined however, thdyligentrollability such structures give the
designer, along with the high degree of nonlingaaithievable in HF [34] naturally suggest
application to optical switching. Optical switching a fundamental application required for
complete information processing in the optical dom&o be implemented practically however,
such switching needs to be achievable at realistidaw powers. Such switching is an
established technique in standard fibre. Howevas felt that HF has the potential to perform
such switching using far less power.

This chapter serves as a guide for future impleatemt of such studies using the FDTD model.
The optical switch structures proposed are destridgplication of the FDTD model was
attempted to examine the coupling properties oftincore HF structures, however due to lack of
time the application could not be completed. Sdvdesas on moulding the flexible FDTD model
for this analysis are described. A descriptioniieeg on the extension of the FDTD model to

incorporate nonlinear behaviour.
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5.1 Optical switching in coupled cores

Agrawal [69] defines optical switching to occur whédevice transmission is intensity
dependent”. The behaviour of optical switches psepofor HF application is based on optical
switches that have already been implemented us@§. Shese “half-beat twin core fibre
couplers” are described in [69], [70], and [71].

Consider firstly a dual core structure in SOF. Qmgp occurs between the cores due to
evanescent energy. The coupling occurs in a perimdinner - a beat length can be defined over
which the energy in one core oscillates from itximaim value to minimum, and back again. If
the cores are matched in refractive index and sadhen harmonic coupling occurs, and the
energy oscillatesompletelybetween the cores with the energy in each congngbetween zero
and the total available energy. The effect occagardless of the initial position of the energy.
However, when the cores are not matched the priopoof the energy that periodically couples
between them is reduced. The reduction increasts thee degree to which the cores are not
matched.

So, consider the dual cores as perfectly matctedpuilse is introduced into one core, then half a
beat length along the fibre, all of the energy Wwél contained in the second core.

Now, consider that the perfect match of the cosedisturbed. At the same position in the second
core, an amount lower than the total energy wilbbserved. The worse the match is made, the
less energy will couple to the second core.

Nonlinear effects are an example of a disturbanc#é match of the cores. Agrawal describes
the nonlinear effects in fibre as being mainly drivby nonlinear refraction; that is the refractive

index is dependent on the intensity by:
n(A,E)=n(A)+n, |[E]* (19)

n, is of the order of 18 m*W, which means that very large intensities areuireg for
significant effect. So if, the energy pulse is Eenough, the disturbance it causes to the system
(in altering the refractive index of the first cbre enough to prevent a significant proportion of
the energy from coupling to the second core inddébeat length.

This is the principle of the nonlinear switch irarstlard fibre: a matched dual core system,

monitored at the half-beat length. For low inputveos to the first core, all output power comes
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from the second core. For large enough input poveetise first core, most of the energy remains
in the first core at the half beat length.

The HF implementation of the nonlinear switch isyveimilar in principle. Note however, that
there are many degrees of freedom in designingitice and filling factor, which are probable

advantages of a HF system.

5.2 Coupled core analysis with the FDTD model

The current incarnation of the FDTD model and tbevgxful PC it is normally run on have a
limit of the length of the HF structure of aroun@ dm, depending on the size of the cross-
section of HF modelled and the resolution selecidas length is much too small too accurately
investigate coupling between cores; in particulas ilikely to be significantly smaller than the
beat length between most dual cores of practial us

Two ideas are proposed here for extension of th&DFDnodel to analyse coupled core

structures.

5.2.1 Compact-2D-FDTD method

The Compact-2D-FDTD method was first proposed &i.[Tt involves the use of a single cross
section of a longitudinally invariant waveguide atige assumption of a given propagation
constant for the guided mode. That is, the longaldderivatives of all field components in the
FDTD update equations are replaced by an expressicmas:

0 =i (20

y
and an example update equation is thus:
HI2 G, j+1/2,k+1/2) = H] P2 (i, j +1/2,k +1/2)

At o o
_Ay,u(i,j+]/2,k+]/2)[Ez("J+lk+]/2) EZ(I,j,k+]/2)] (21)

At o
T2k G120
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The frequency and consequently free-space wavédlasfghe propagation are found by Fourier
transform of stored field components.

The method was designed for use with band strudjyre analysis, but was used to determine
field pattern in [73]. It was felt for this applitan that the assumption of constant longitudinal
derivative was valid for linear coupling analysig bot for taking the nonlinearity into account.
Due to time restrictions, only one of the ideas éotension to coupling analysis could be
implemented, and this method was chosen becauseothpact nature of the method (only a
single longitudinal cross section) could have eddveral results being generated very quickly.
Complex representation was of course brought batk the model for this application, the
update equations were altered, the multi-core stracwas defined and a single cross section
used. The flux was monitored over the whole plaftee new version of the model became
operable and was run for a coupled core structitkeotype shown in Figure 39 with a pitch of
6.56um, filling factor of 0.35 and wavelength of Juén.

However, the results clearly indicated a problerthwilhe implementation, with the energy in the
structure seeming to be somewhat confined to thesdaut largely radiating. Due to lack of time,
this problem could only be briefly investigated.eT¢ode certainly conformed to the definition of
the method. It would appear however, that the apsomof the longitudinal derivative as given
by (21) is not valid for the linear coupled corgastigations either. This is likely to be due te th
fact that in the physical coupled cores, the endligyribution over the cross section changes
longitudinally. Energy is being introduced into ar€ at one end of the fibre, but is certainly
changing its distribution along the fibre, othemvigoupling would not take place. The

assumption of an energy distribution that was luagnally invariant was invalid here.

5.2.2 Periodic longitudinal boundary conditions

The alternative idea for extending the FDTD modehmnalysis of coupled cores was implement
periodic boundary conditions at the longitudinatiemf the computational domain. This allows
energy reaching the end of the structure to praeatpaough it again from the start. Provided no
pulse re-encounters energy in its own tail, thendinucture it propagates through is no different
to a continuation of the HF coupled core structé® such, quite short pulses would have to be
implemented when using this technique. A potenisalie is with any backward propagating
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energy that may be accidentally set up with theahpulse. In a linear system, this is not really
concern but would cause problems on adaptatioomndimear analysis. A figure of merit could be
to monitor the flux through a stationary cross-sectn the computational domain. However, at
the times when this cross-section is not near #gions of concentration of the energy,
significant information about the coupling may bissed. Another candidate for results would be
to monitor the energy flux along a longitudinaldialong the centres of both of the cores. This
would give perhaps more information about the gankrcation of the energy, but could not
actually pinpoint it. These measures could be usednjunction to solve these issues.

This method appears to be quite valid. The onlgarait was not implemented ahead of the
compact 2D-FDTD method is that the computatiormaktinvolved here is much greater. It is of
course greater than the times involved in the sli@nd tapering simulations because much
extra time is required to allow the energy to pgada through the system perhaps many times in

order to allow it to couple between the cores atieves.

5.3 Nonlinear analysis with the FDTD model
It is quite straightforward to integrate nonlindehaviour into the FDTD model. As described in
[74], € is updated for each point in the mesh after eswhé step. It is updated using a Kerr type

nonlinearity with the equation:
g=n;+2nn, |[Ef* (22)

which is obtained by squaring (19) and taking st forder approximation.

To implement this representation of nonlinear @feeto the model, complex representation will
be required so that the information of magnitudénefE field vector is known at each grid point.
This will of course reduce the largest structure thodel can represent by a factor of 2. The

magnitude of |B|will of course be equal to:

|EF={EX+E;j+E]  (293)

where Eare the components of the E field at the givenhnpesnt {,j,k).
Realistic nonlinear effects have a time delay befiie effect occurs [69]. However, due to the

enormous storage requirements the implementatiagheofime delay could prove very difficult.
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[74] presented the incorporation of nonlinearityoithe FDTD method as an instantaneous

nonlinearity.

5.4 Conclusion

Due to time restrictions, the goal of applying #@TD model to analyse coupling in multi-core
HF structures and nonlinear optical switching hasbeen achieved here. However, some insight
into such application is given here. It is expectieat the application of the model will prove
successful in this area. When this occurs, it $® @xpected that the degrees of freedom in HF
design and the enhanced nonlinearity in HF wildléa optical switching at much lower powers

than is achievable for SOF optical switches.
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6 Conclusion

This thesis has described the development of &efidifference time domain model for the
analysis of holey fibre, and its application toastigate splicing of stop index fibre to HF, the
performance of tapered HF structures for spot s@eversion, and coupling in multi-core HF
structures.

The very exciting properties of HF were reviewdd.strong guidance and degrees of freedom in
design lead to: the capability for single mode heha at all wavelengths; tailorable dispersion
including zero flat dispersion over broad wavelénginges and large anomalous dispersion at
low wavelengths; and small spot sizes providingaggement to nonlinear processes. Many
novel applications have been proposed and demeedgtfar HF, including visible solitons and
wavelength supercontinuum generation. Existing fsofite HF were reviewed, and the need for
a new model to incorporate longitudinally varying Bind nonlinear analysis established.

The FDTD method was presented, and demonstratedtasly applicable but imperative as the
heart of the new model. The model was thus devdlbpenessing existing FDTD software, with
large-scale changes made to it. Importantly, restibm the model were verified against
published experimental and numerical data. Thoughuiring significant computational
resources, the model was very powerful and flexibliés application to HF.

The model was applied to provide the first knowalgsis of splice loss between step index fibre
and HF. Use of the effective index model was shéevhave some accuracy in designing HF
parameters to optimise such splice loss. Thus,rnagqeick and simple method for such design
was proposed here.

The model was also applied to provide the firstdemce of spot size conversion as a valid
application of HF. Tapered HF structures were shtavprovide spot size conversion between
typical standard fibre and integrated optics dinmmswith a 0.5 dB loss over %0n; the loss is
expected to improve over more practical lengthsr&yprocity and brief investigation, spot size
expansion was also shown to be a valid applicaifdiF. Theoretical analysis was also provided
for this application and shown to have some sucitepgedicting typical adiabatic taper lengths
and providing a theoretically optimum HF taper dasivhich outperformed all others tested.
Finally, several methods were proposed with whalednvert the model to analyse coupling in
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multi-core HF structures. Such structures are betleto have promising application to optical
switching, with the degrees of freedom in HF desagd enhanced nonlinearity suggesting that
this application may be possible with lower powmert for standard fibre structures.

The work in this thesis lends itself very well tatidre extension. The FDTD model is quite
flexible, and will be applied without difficulty t@pplications such as coupling and nonlinear
switching described above. Furthermore, the wodcdeed here requires the ultimate proof of
experiment to completely validate it. When higheralfy HF becomes available here for
experiment, patient technique will allow such inigetions to be performed for both the spot
size conversion and splicing studies.

In a very short time, HF has been invented, shawhalve very novel properties, and had these
properties applied to very exciting applications.id felt that the work in this thesis has
contributed to the development of holey fibre teslbgy, and it is hoped that the work will
continue to contribute to later development in HFith or without such contribution the
development of HF will continue, as it is simplyptpromising a technology to be ignored.
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Appendix A

Four page summary

The four page summary submitted in conjunction it poster presentation of this thesis is
included as Appendix A. The summary is found stgrfrom the next page.

Appendix B

Management Report

The final management report submitted for this ith@soject is included as Appendix B. The
management report is found after the four page sanyynand details the plan for the project and

how and why the plan changed during the coursheoptoject.
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Appendix C

Development of Holey Fibre

This section describes the development of HF frioendpplication of photonic bandgap concepts
to optical fibre. Firstly, photonic crystals aresdgbed. Attempts to develop fibre that guides by a
photonic bandgap effect, and the resulting discpweéithe total internal reflection mechanism in
HF are outlined.

Photonic Crystals

The electronic bandgap and related effects in smmdigctor crystals led to the electronic
revolution of the 28 century. Photonic crystals, first studied by Yatalwitch [6] and John [7]
(both in [8]) are essentially a photonic analogtlé electronic crystal. They are periodic
structures on the scale of an optical wavelengthctmarger than the atomic size of electronic
wavelengths) causing Bragg-like diffraction leadimg photonic bandgaps - a range of
frequencies for which light cannot propagate thtotige crystal [8]. The first photonic crystal
exhibiting a fully three dimensional band gap wabricated by Yablonovitch in 1991 ([9], in
[81]).

The real power of the effect is harnessed by intcoty defects into the structure (similar to
electronic theory), for example a point defect doatt as a cavity, a line defect as a waveguide,
and a planar defect as a perfect mirror [10]. Tleveguide effect considered by most earlier
authors (for example in [8], [10]) was for wave pagation in the plane of the crystal periodicity.
A study of such waveguides [11] showed very snabés for small bend radii, thus promising

very important applications in integrated optics.

Photonic Crystal Fibre

In 1995, it was demonstrated that for a 2 dimeraigueriodic structure with hexagonal

symmetry, photonic bandgaps existed in the trasgvptane for longitudinal propagation (i.e.

perpendicular to the plane of periodicity) [12]. particular, the structure consisted of a silica
material with air holes along the direction of prgption. The publication proposed a new type

of optical fibre - "Photonic Bandgap Fibre" consigt of a periodic air/silica cladding
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surrounding a uniform core. The core would be akira defect in the structure - either the
absence of a hole, or a different sized hole. Tiegnic band gap of the cladding region would
provide confinement of the light to the defect cagi

Experimentation with this photonic crystal fioreGQP) demonstrated that there were in fact two
distinct types of guidance possible in these stinest Photonic Bandgap guidance (PBG) refers
to reliance on the photonic bandgap effect to cenf small range of frequencies to the core.
PBG guidance can theoretically occur for any typelefect. A low index defect (i.e. a larger
hole) is normally utilised however to eliminateatointernal reflection type guidance (see below)
from corrupting the thin guided spectrum. Figuresh@ws a PBG fibre that utilises a larger air
hole as the core. The PBG effect in fibres has Iségtied to some extent both theoretically (e.qg.

[13]) and experimentally (e.g. [14]) and generaflyolves a honeycomb type cladding structure.

Figure 40 - Photonic Bandgap guiding PCF [15]

The Total Internal Reflection (TIR) type guidaneethe focus of this thesis. Such guidance can
only occur with a high index core defect, whichugially implemented as the absence of a hole.
Figure 3 in chapter 1 shows a TIR type fibre wtie tore formed by the absence of the central
air hole. The absence of a hole forms a high ircte®, and the photonic crystal cladding (which
is generally hexagonally symmetric) forms a mediitih an effectiveindex of refraction that is

lower than that of the core. The guidance mechanssitotal internal reflection - similar to
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standard optical fibres [16]. Also similar to standi fibres is the wavelength range of guidance,
which is much larger than for PBG-PCFs. This medmmasks any potential photonic bandgap
guidance in this regime. Intuitively, a periodici§ the photonic crystal cladding is not required
to produce the guidance effect here [17], and fi$ has subsequently been proven for such
fibres with random cladding distributions [18]. Mohowever, that most work (including this
thesis) concentrates on periodic or at least regaladding structures because only such
structures can provide repeatability in manufaotof fibres with known, consistent properties,
and ensure the existence of only a single core [19]

The termholey fibres(HFs) is used as an umbrella term for all typeBloes using air holes for
guidance. This avoids the implication of the tgshotonic crystal fibrehat a photonic bandgap
is always responsible for the guidance mechanisf [1

For the scope of this thesis however, the termyhfibee shall be used to refer only to the total

internal reflection guidance mechanism.
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Appendix D

General code for the FDTD model for HF analysis

The major functions in the FDTD model are showthim diagram below.

Ssetparar

defcel

£~ | renom

\
initfields

_trans
~— @

Main

driver

poStpro

Figure 41 - Major functions in the model

The purpose of these functions is briefly outlitedow.

setparam- reads in parameters for the simulation from flie infile.dat Several extra
parameters, including the general HF parametens added here.

defcell- used to define for each point on the mesh. Sets up a standgpdredex fibre (used as a
launch fibre for splicing and spot size conversiorestigations) followed by a holey fibre.
renorm - scalese and defines variables required for the particukderpretation of the FDTD
equations used here.

initfields_trans- assigns initial values to the E and H fields.

driver - initialises and begins the main series of FDTdcuglations. Calls the function int
n_block times to perform the next block_size tirteps (n_block and block_size are parameters).
At the end of each block, some debug informatidogged to the filéog.dat

88



Applications of Holey Fibre: Joseph Lizier

Int - applies the FDTD time stepping algorithm (ortégrates"”) over block_size time steps. After
each time step, PML_e and PML_h are called to afipdyBerenger perfectly matched layer to
the longitudinal end regions of the mesh (so aabworb transmitted or reflected energy). The
power flux for each point on the cross-sectionscaraputed and added to the total energy flux at
each time step.

Postproc- stores the results to file. The names of thaltéges were retained from the original
code, and the fast development of the successfdehttas led to the use of file names that are
actually contradictory. These files and their stardormation are:

* log.dat contains a general log of information, includihg total energy flux through
each cross-section of interest after each timekblkaed any error reports.

e out.dat contains the discrete values of the permittivity the cross-sections of
interest, a cross-section in the launch fibre and aross-section between those of
interest for the energy flux monitoring. This alewdebug checking of the
construction of the HF.

« fields.dat contains the values of total energy flux througgch point in the cross
sections of interest.

» transdat: contains the field values at the centre efdioss-sections of interest after
each time step. Used for Fourier transforms to kltbe optical pulse was set up
correctly and for group delay investigations.

The general Fortran 90 code for the FDTD modehdtuided as part of this Appendix and begins
on the next page. Note that, to conserve spacef #lle function definitions from the top of the

file are not displayed here. Also, the function param is not completely displayed as it takes up
a lot of space for the functionality it providesstead, a comment is included to indicate the
parameters that it reads in. Unfortunately, theecasl sparsely commented due to rapid
development of the project, and an author too egebserve its outputs. The description above

should provide a reasonable guide to the functiynal
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Appendix E

Matlab post-processing code

The following Matlab scripts were used to post-psxthe output files defined in Appendix D.

The m-files are:

- plot_all: main file which loads the input files andlls plot_structs, plot_fluxes and plot_ffts;

- plot_structs: plots the permittivity profile at g8l cross sections in the structure;

- plot_fluxes: plots the energy flux at several cresstions through the structure.

- plot_ffts: plots the stored electric fields at thput and output cross sections with time, and
their Fourier transform. The phase from the tramsfoare used to attempt to approximate the
group delay from input to output.

- joe_3dplot: this function plots the values in thw tdimensional matrix it is passed as either a
surface or contour plot, depending on an input raueyut.

2/0 function plot_all(delta_t,len,figno,surf)

O//Zthis function loads in the required input files, then

% calls plot_structs and plot_fluxes to construct t he required

% plots to complete the simulation process.

% parameters -
% delta_t : is the time step used

% len: is the length between the E field sampling points
% figno : is the figure number to start the plots with
% surf: 1 - do surface plots, 0 - do contour plo ts.

function plot_all(delta_t,len,figno,surf)
% load and graph the structures

load( ‘'out.dat' )

figno = plot_structs(out,figno,surf);

% load and graph the fluxes

% need to create the temp file because matlab appea rsto

% have an inbuilt fields variable which otherwise i nterferes
% with our function.

dos( ‘copy fields.dat f1.tmp' );

load( 'fl.tmp' )
figno = plot_fluxes(f1,figno,surf);
dos( 'del f1.tmp' );

% load the e field data

load( ‘'trans.dat' )

figno = plot_ffts(trans,len,delta_t,figno);

% this function is used to plot the structures from the input
% matrix mat_in.
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% we assume that mat_in has the form (in columns):
% ix,ly,standard fibre,pre-taper,mid-taper,post-tap er
% surf tells us if we are using surface plots or co ntour plots.

function nextfig = plot_structs(mat_in, figno,surf)

X = mat_in(:,1);

y = mat_in(;,2);

% plot standard fibre cross section
joe_3dplot(x,y,mat_in(:,3),figno,surf)

figno = figno + 1,

title(  'Standard fibre cross section’ );

% plot pre taper holey fibre cross section
joe_3dplot(x,y,mat_in(:,4),figno,surf)

figno = figno + 1;

title(  'Pre taper holey fibre cross section’ );
% plot mid taper holey fibre cross section
joe_3dplot(x,y,mat_in(:,5),figno,surf)

figno = figno + 1;

titte(  'mid taper holey fibre cross section' );
% plot post taper holey fibre cross section
joe_3dplot(x,y,mat_in(:,6),figno,surf)

figno = figno + 1;

title(  'post taper holey fibre cross section' );

nextfig = figno;

% this function is used to plot the fluxes from the input

% matrix mat_in.

% we assume that mat_in has the form (in columns):

% ix,iy,Incident flux,Reflected flux, Transmitted fl ux,Error reflections flux
% surf tells us if we should use surface or contour plots.

function nextfig = plot_fluxes(mat_in, figno,surf)

X = mat_in(:,1);

y = mat_in(;,2);

% plot Incident flux
joe_3dplot(x,y,mat_in(:,3),figno,surf)
figno = figno + 1,

title(  ‘'Incident Flux (1)’ );

% plot Reflected flux
joe_3dplot(x,y,mat_in(:,4),figno,surf)
figno = figno + 1,

title(  'Reflected Flux (R)' );
% plot Transmitted flux
joe_3dplot(x,y,mat_in(:,5),figno,surf)
figno = figno + 1;

title(  "Transmitted Flux (T)' );
% plot Error Reflections flux
joe_3dplot(x,y,mat_in(:,6),figno,surf)
figno = figno + 1;

titte(  'Error Reflections Flux (E)' );

nextfig = figno;
% function nextfig = plot_ffts(data_in, len, timest ep, figno)
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%

% this function is used to derive and plot the freq uency domain
% input and output e fields, both magnitude and pha se, given

% the matrix data_in read from the input file.

% len (in m) tells us the length separating the poi nts at which E
% is sampled. This used to make sure that the magni tude of the

% time delay is correct.

% time step (sec) is used to scale the time and fre quency axis of

% the plots.
% returns the next figure number in nextfig

function nextfig = plot_ffts(data_in, len, timestep, figno)

It = data_in(;,2);
Tt = data_in(;,4);
time = data_in(:,1)*timestep;

figure(figno)

figno=figno+1,;

plot(time,It)

title(  ‘'Incident Ex versus time' )
xlabel(  'time (sec)' )

ylabel(  'Incident Ex (relative scale)' )

figure(figno)

figno=figno+1,;

plot(time, Tt)

title(  "Transmitted Ex versus time' )
xlabel(  'time (sec)' )

ylabel( 'Transmitted Ex (relative scale)' )

If = fft(lt);

Tf = fft(Tt);

delta_f = 1./time(length(time));
freq = data_in(;,1).*delta_f;

% plot frequency spectrum up to Fs/2

figure(figno)

figno=figno+1,;

plot(freq(1:length(freq)/2),abs(If(1:length(freq)/2 )
title(  ‘'Incident Spectrum versus frequency' )

xlabel(  ‘frequency (Hz)' )

ylabel( 'Incident Spectrum’ )

figure(figno)

figno=figno+1,;

plot(freq(1:length(freq)/2),abs(Tf(1:length(freq)/2 )
title(  "Transmitted Spectrum versus frequency' )

xlabel(  'frequency (Hz)' )

ylabel( 'Transmitted Spectrum’ )

%figure(figno)

%figno=figno+1;
phase_in=angle(If(1:length(freq)/2));
%plot(freq(1:length(freq)/2),phase_in)
%title('Incident Phase versus frequency’)
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%xlabel(‘frequency (Hz)")
%ylabel('Incident Phase (rad)’)

%figure(figno)

%figno=figno+1;
phase_out=angle(Tf(1:length(freq)/2));
%plot(freq(1:length(freq)/2),phase_out)
%title('Transmitted Phase versus frequency’)
%xlabel(‘frequency (Hz)")
%ylabel('Transmitted Phase (rad)")

phase_diff = phase_out-phase_in;
figure(figno)

figno=figno+1,;
plot(freq(1:length(freq)/2),phase_diff)

title(  'Transfered Phase versus frequency' )
xlabel(  'frequency (Hz)' )
ylabel( 'Transfered Phase (rad)' )

% get rid of any effective 2*pi modulus
phase_diff2 = phase_diff;
for i=2:length(phase_diff2),
while  (phase_diff2(i) < phase_diff2(i-1))
phase_diff2(i) = phase_diff2(i) + pi;
end
end

figure(figno)
figno=figno+1,;
plot(freq(1:length(freq)/2),phase_diff2)

title(  'Transfered phase (all angles) versus frequency" )

xlabel(  'frequency (Hz)' )

ylabel( 'Transfered Phase (rad)' )

% get the difference

diffl = phase_diff2(3:length(freq)/2) - phase_diff2 (1:length(freq)/2-2);
% and divide by the frequency increment (in radians ) to get the

% time delay.
time_del = diffl./(2*delta_f*2*pi);

%figure(figno)

%figno=figno+1;
%plot(freq(2:length(freq)/2-1),diff1)
%title('Phase differential versus frequency’)
%xlabel(‘frequency (Hz)")

%ylabel('Phase differential (rad)")

% calculate the appropriate time delay over the len gth between the
% sample points.

disp( 'expected time delay is'

exp_time_delay =len ./ (3e+8 ./ 1.45);

disp(exp_time_delay)

disp( 'a pi phase diff is' )

pi_diff = pi./(2*delta_f*2*pi);

disp(pi_diff)
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% make sure all delays are within equivalent of pi/
% (this is about the maximum that you could expect
% taking noise into account)
for i=1l:length(time_del),
while  (time_del(i) < exp_time_delay*0.8)
time_del(i) = time_del(i) + pi_diff;
end
end

figure(figno)
figno=figno+1,;
plot(freq(2:length(freq)/2-1),time_del)

title(  'Time delay versus frequency' )
xlabel(  'frequency (Hz)' )
ylabel( 'Time delay (sec)' )

nextfig = figno;

2 of this delay
the delay to drop by,

% function joe_3dplot(x,y,z,figno,surf)
%
% takes the x,y,z co-ordinates and makes a contour
% plot from them.
% the function assumes that:
% - as a pair, x and y form a mesh at integer spaci
% - and that in the pair y is the fastest chaning v
% - max(x) > 1
% surf tells us if we should use a surface plot or
function joe_3dplot(x,y,z,figno,surf)
% Zplot is the construct of z as a 2D array.
% x increments along the row (ie is column numbe
% y increments along the column (ie is row numbe
% grab the first column for Zplot
Zplot = [z(1:max(y))];
if  (max(x) < 2)
return ;
end
for i = 2:max(x),
% append the next column for Zplot to it.
Zplot = [Zplot, z((i-1)*max(y)+1 : irmax(y))];
end
% set the appropriate figure number
figure(figno)
if  (surf>0)
% plot it and shade the surface
surfl(Zplot)
shading interp
colormap(pink)
else
% plot it using a contour plot
contour(Zplot)
end
% resetting the axis somewhat accounts for the fact
% x and y scales are different.
axis([1 max(x) 1 max(y)])
xlabel( ix'

ylabel(y')

ngs.
ariable

a contour plot

n
n

that the
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Appendix F

Corning SMF-28 data sheets

The data sheets for the Corning SMF-28 step indegles mode fibre were downloaded from

[59], and are included as Appendix F. The datatshaegin on the next page.
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Appendix G

Matlab code for splice loss investigations

This section contains the m-files used in the itigasons into splice loss calculations. This

section contains:

o get beta: solves for the propagation consfarfor a given (single mode) wavelength in
Corning SMF-28.

a proper_flux: calculates the flux through a givemtcal window size in the transmitted cross
section. A similar file is used to window the flon the second transmitted cross-section
where it is used (in the splice loss calculations).

a rms_width: calculates the RMS width of the incidantl (29 transmitted modes from their
flux patterns.

o plot_V_pitch: example code for predicting the splioss as a function of HF parameter. Here
the parameter is the pitch. The splice loss reswdta the FDTD simulations are also added

to the plot.

% function beta_eig = get_beta(wavel0)
%

% get_beta is used to solve for the fundamental mod e beta eigenvalue
% in the corning smf-28 fibre.

% if a warning about imaginary parts is given for W , this only means
% that there is numerical error on the first value of W which

% should be at zero.

function beta_eig = get_beta(wavel0)

a=4.1le-6; % core radius of smf-28
n2 = 1.465; % approx cladding index
nl =n2*1.00345 % approx core ref index

k =2 * pi / wavelO;

V =k*a*sqrt( n1*nl - n2*n2 );

disp( 'Vis' );

disp(V)

disp( 'n2*kis' );

temp = n2*k;

disp(temp) % these are the limits to beta
disp( 'nl*kis' )

temp = n1*k;

disp(temp)

beta = n2*k + [0:5000]*(n1*k - n2*k)/5000;
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U = a * sgrt( n1*n1*k*k - beta.*beta );
W = a * sgrt( beta.*beta - n2*n2*k*k );

% pick up which elements of W have complex componen
% only be the first one (by accident)

%for x = 1:5001

% if (imag(W(x)) > 0.0)

%  disp(x)

%  disp(W(x))

% end

%end

figure(1);

% plot the LHS of eigenvalue eqn
plot(beta,U.*besselj(1,U)./besselj(0,U), T
hold on;

% plot the RHS of eigenvalue egn
plot(beta,+W.*besselk(1,W)./besselk(0,W), b’
hold off;

[Y,1] = min(abs(U.*besselj(1,U)./besselj(0,U) -
W.*besselk(1,W)./besselk(0,W)));
beta_eig = beta(l(1));

disp( 'a beta_eig ~' )
disp(beta_eig)

disp( 'with neff' )
disp(beta_eig/k)

t - should

% function proper_flux(xlen,ylen)

%

% proper_flux sums the transmitted flux over the ce
% y points (using the xlen x central points etc)

function proper_flux(xlen,ylen)

dos( 'copy fields.dat f1.tmp' );
load( 'fl.tmp' );
dos( 'del f1.tmp' );

x = f1(;,1);
y =f1(:,2);
X_mid = (max(x) + 1) / 2;
y_mid = (max(y) + 1) / 2;

truetranssum = 0;
count = 0;

for k= 1:length(f1(:,5))
if  (and((abs(x(k) - x_mid) <= xlen/2),(abs(y(k) - y_mi
count = count + 1;
truetranssum = truetranssum + f1(k,5);
end
end

ntral x and

d) <=ylen/2)))
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disp( 'total_points count' )

disp([max(x)*max(y) count])

totaltranssum = sum(f1(:,5));

incidentsum = sum(f1(:,3));

disp( 'incidentsum totaltranssum truetranssum’ );
disp([incidentsum totaltranssum truetranssum]);

T_orig = totaltranssum / incidentsum;

T = truetranssum / incidentsum;

disp( ' T_orig T Loss(db)' )
disp([T_orig T -10*log10(T)])

% function rms_width(x_scale, x_win, y_win)

%

% returns the rms width of the incident, transmitte d and 2nd transmitted
% fluxes (for the moment we'll use both power and f ield values)

% x_scale gives delta x

% x and y_win give window size around core

function rms_width(x_scale, x_win, y_win)

dos( 'copy fields.dat f1.tmp' );
load( 'fl.tmp' );
dos( 'del f1.tmp' );

x = f1(:,1);
y =f1(:,2);
X_mid = (max(x) + 1) / 2;
y_mid = (max(y) + 1) / 2;

I =f1(:,3);
T2 =f1(.,7);

% note need to multiply y coords by sqrt(3)

% not sure if we are to use field value or field va I sqr, so
Irms = 0;

T2rms = 0;

sum_sqr = 0;

for k= 1:length(l),

% integral ( 2 * amplitude”2)
Irms = Irms + (power(x(k)-x_mid,2)+power(sqrt(3)*(y (k)-y_mid),2)).*I(k);
% but window the transmission to get the rms width
if  (and(x(k) - x_mid < x_win./2, y(K) - y_mid <y_win. 12))
% we're inside the window

% integral ( "2 *
amplitude”?2)

T2rms = T2rms + (power(x(k)-x_mid,2)+power(sqrt(3)* (y(k)-

y_mid),2)).*T2(k);
sum_sqr = sum_sqr + T2(k);
end

end
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Irms = sqrt(2.*Irms ./ sum(l));

% assign this one before you change T2rms2 on next line
T2rms_window = sqrt(2.*T2rms ./ sum_sqr);

T2rms = sgrt(2.*T2rms ./ sum(T2));

disp( 'Irms T2rms  T2rms(use of window only)' );
disp([Irms T2rms T2rms_window]);
disp([Irms T2rms T2rms_window].*x_scale);

disp( 'predicted loss: from Irms, Trms:' );
disp(-20.*log10(2.*Irms.*T2rms./(Irms.*Irms + T2rms *T2rms)))
disp( 'predicted loss: from Irms, T2rms_window:' );
disp(-20.*log10(2.*Irms.*T2rms_window./(Irms.*Irms +

T2rms_window.*T2rms_window)))

% function plot_V_pitch(wavel, d_on_pitch)

%

% plots V for corning fibre and Veff for holey fibr e
% for a range of pitch

function plot_V_pitch(wavel, d_on_pitch)

% use max pitch of 8.2um because greater than this will always have
% no holes over the corning core

pitch = [20:130]*10.0e-6/100; % 1umto um

disp( 'd/lamda min is' )

disp(d_on_pitch.*min(pitch)./wavel)

hold off;

figure(1)

% get rid of HF v without 0.625

% plot(pitch,Veff(pitch,wavel,d_on_pitch), 'b")
% plot holey fibre V with 0.625 factor

Vhf = Veff(pitch,wavel,d_on_pitch)*0.625;

plot(pitch,Vhf, r--' )

hold on;

% plot the corning fibre approx V

Vc = 2*pi./wavel*4.1e-6.*sqrt(2.161059498 - 2.14622 5)
plot(pitch,Vc, ‘9. )

legend( ‘holey V with 0.625' , 'corning V' )

title(  'Vs of corning and holey’ )

ylabel( 'V and Veff' )
xlabel(  'pitch® )

hold off;

figure(2)

% now add our data for 2e-6,0.35

plot([2.53.54.55.56.57.58.59.510.5 11.5 12. 5].*1.0e-6,[1.7 1.8 1.2
0.86 0.55 0.37 0.20 0.16 0.12 0.06 0.03], ™ )

hold on;

% and add expected values from calculated field wid ths

wl=7.17,
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w2 =[6.52 5.25 5.46 5.588 5.84 6.049 6.735 7.193 7 431 7.649 7.764];
plot([2.563.54.55.56.57.58.59.510.511.512. 5].*1.0e-6, -
20.*10g10(2.*w1.*w2./(Wwl.*wl+w2.*w2)), 'go’ )

% now attempt to plot the losses expected

% spot size approx in corning

% w1l =4.1e-6./sqrt(Vc - 1);

wl =4.1e-6 .* (0.65 + 1.619.*power(Vc,-3/2) + 2.87 9.*power(Vc,-6));

% spot size approc in hf

% w2 = 0.625.*pitch./sqrt(Vhf-1);

w2 = 0.625 .*pitch .* (0.65 + 1.619.*power(Vhf,-3/2 ) + 2.879.*power(Vhf,-6));
plot(pitch,-20.*log10(2.*w1.*w2./(W1l.*wl+w2.*w2)))

title(  'Loss from Corning SMF-28 to HF splice' );
ylabel( 'Loss (dB)' )

xlabel(  'pitch® )

% cut the axis off at 2.5 dB

axis([min(pitch) max(pitch) 0.0 3.0])

legend( 'Simulated Loss' , 'Expected Loss (RMS approx for field widths)' ,
'Expected Loss (V and Veff approx for field widths) ");
hold off;
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Appendix H

Image manipulation with Matlab

This appendix contains the code used to gener&@ plot of the tif format images from the
microscope in the experiment. The plot is of cowfsmtensity, not amplitude. Two-dimensional
plots are also displayed for fixed cross sectidingiould be best to make these cross sections a
parameter. The file to perform averaging or lowspitering on the data is also included here.

% function plot_pic(picfile)

%

% this function is used to plot the intensity of th e picture
% file passed to it

function plot_pic(picfile)

disp(picfile);

pic = imread(picfile, 'tif' );

% use red, all seem to be the same to me
cross = double(pic(;,:,1));

max(pic)

%plot cross section(s):
figure(1)
plot(cross(275,:))

% then 3d plot

% do some LP filtering
disp( 'initial size' );
disp(size(cross));

cross = LPF(cross);
cross = LPF(cross);
disp( ‘final size' );
disp(size(cross));
figure(2)

surfl(cross)

shading interp
colormap(pink)

% now plot filtered one
figure(3)
plot(cross(275,:))

% function a_ret = LPF(a)

% is used to low pass filter the 2d array a, return ing a 2d array reduced in
size

% by 2 in each dimension.

% effectively, the function makes each point the av erage of the 8 points
around it
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% and itself.
function a_ret=LPF(a)

[x,y] = size(a);

% average in x direction

a_ret = (a(2:x-1,:) + a(1:x-2,:) + a(2:x-1,))./3;

% average in y direction

a_ret = (a_ret(;,2:y-1) + a_ret(;,1:y-2) + a_ret(;, 2:y-1))./3;
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