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Abstract
This thesis investigates properties and applications of Holey Fibre (HF), a recent innovation in
the field of optical waveguiding. HF is an all-silica optical fibre with a solid core surrounded by
an array of air holes that provide a low-index cladding. The strong guidance of HF and the
numerous degrees of freedom available in design give rise to novel properties, including the
capability of single mode behaviour over an unprecedented range of wavelengths, and anomalous
dispersion below 1.27 µm.
Numerical analysis of any fibre type is important in providing a better understanding and
predicting properties more cheaply and quickly than manufacturing larger quantities for testing. It
is of crucial importance to HF because manufacturing remains at a prototyping stage and cannot
provide the variety of HF required for experimentation over a broad range of parameters. In order
to investigate longitudinally varying HF structures and nonlinear processes the finite difference
time domain (FDTD) method was used to develop a new model for the study of HF's. Results
obtained from this model correlated well with existing experimental and analytic results.
The model was applied to provide the first investigation of splice loss between standard fibre and
HF, and to optimise HF design to minimise such loss. The model also provided the first
demonstration of HF for low-loss spot size conversion. A modified version of the model was
used to analyse coupling effects in HF. Theoretical analysis is presented for each investigation.
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1 Introduction
Optical fibre technology revolutionised telecommunication in the late twentieth century, and
holey fibre (HF) now stands to revolutionise optical fibre technology itself. Firstly in this chapter,
standard optical fibre (SOF) technology is outlined to provide a point of reference for the
subsequent description of HF. HF is an all-silica fibre consisting of a solid core surrounded by an
array of air holes running along its length as an effective cladding. The strong guidance provided
by HF and the degrees of freedom in its design have led to a number of novel properties,
including unprecedented single mode operation, naturally tailorable dispersion and a high degree
of nonlinearity. These properties will prove quite advantageous for both communications and
other purposes.
Due to present manufacturing limitations, the modelling of HF is vital to its development as a
technology. Published models are reviewed and assessed, and the need for a new model for
longitudinally varying structures or nonlinear behaviour (analysis of which were desired here) is
established. The subsequent content of the thesis is therefore the development of a new model,
and the application of the model to investigate splice loss, spot size conversion and coupling in
HF.

1.1 Standard optical fibre technology
The use of optical fibre waveguides for telecommunication using lightwave carriers has
progressed much since its promise was seen a few decades ago. In partnership with advances in
laser technology, optical fibre is currently the preferred medium for high-speed communications
and will continue to be so for the foreseeable future. The advantages of fibre include their
extraordinarily large bandwidths compared to other transmission technologies (with up to Tb’s
having been demonstrated), security from information interception, relative immunity to
electromagnetic interference due to being electrically neutral, and the capability of delivering bit
rate independent (easily upgradable) networks. A short discussion on the properties of standard
optical fibre technology follows.
1.1.1 Step index fibre
The simplest type of optical fibre is the step index fibre, which has a structure shown in Figure 1.
1
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Figure 1 - Step Index Fibre (from [15])
Guidance in a step index may be understood in terms of total internal reflection. A more complete
analysis required solution of Maxwell's equations, which yield several guided modes or
independent solutions. The number of modes depends on the core radius a, the refractive indices
of the media (core nco and cladding ncl) and the input wavelength λ. All of this information
regarding the fibre and the input excitation is encapsulated in the normalised frequency parameter
[4]:
V =

2π

λ

a nco2 − ncl2

(1)

The term (nco - ncl)½ is known as the numerical aperture (NA) of the fibre.
For a given normalised frequency, each mode is characterised by its propagation constant β, and
has a unique field pattern.
Single mode guidance is desirable for modern broadband telecommunications systems as modal
dispersion (i.e. differences in the speed of information for each mode) severely limits the
bandwidth of the channel. One approach to the problem is to design a parabolic core refractive
index profile, which leads to equalisation of group delay for all modes (to a good approximation)
[3]. From a ray perspective, paths which drift further from the core centre have a larger distance
to travel, so a gradual reduction of the refractive index away from the core centre increases the
propagation speed for such rays and so equalises travel time for all rays. However, the technique
is not very effective in practise due to bends and discontinuities in the fibre.

2
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1.1.2 Single mode step index fibre
A better solution to the problem of modal dispersion is to design the step index fibre to possess
only a single propagating mode at the wavelength of interest.
Solution of Maxwell's equations in step index fibre results in an eigenvalue equation for the
propagation constant β involving the Bessel functions (described further in section 3.2). The
number of solutions for β (for valid propagating solutions) is the number of propagating modes
for the given wavelength. The normalised frequency parameter V is easily used to determine the
number of modes for that wavelength. For a given structure, as input frequency is increased from
0 Hz, V increases from 0 and from the eigenvalue equation it can be shown that a new mode
begins to propagate as each of the zeros of Jl(V) are found (where Jl are the Bessel J functions of
order l ≥ 0) [4]. The smallest of these zeros is for V = 0 (with J1) indicating that the lowest order
propagating mode (HE11) is available to all input frequencies. The next of these zeros occurs at
J0(2.405) - indicating that for V < 2.405 a given fibre will operate in the single mode regime. This
allows one to (a) find the maximum frequency for single mode behaviour for a given fibre, or (b)
to design a fibre to be single mode below a given frequency. For example, given core and
cladding refractive indices of 1.455 and 1.45, the design of a cut-off wavelength of 1.31 µm
(above which single mode behaviour occurs) requires a core radius of 4.16 µm. Note the inherent
limitation that for very short wavelengths single mode behaviour will require a very small core
and/or refractive index difference (i.e. a small NA). This combination results in weak guidance of
such modes.

1.1.3 Group velocity dispersion
While single mode fibres avoid multimode dispersion effects, they may still exhibit material and
waveguide dispersion. The lowest and most significant order of this total dispersion is termed
group velocity dispersion (GVD). Dispersion is defined in terms of change in propagation
constant (and thus information speed through the fibre) with respect to wavelength. Finite length
optical pulses contain a non-zero range of frequency components, and hence non-zero dispersion
results in pulse spreading and limits bandwidth. Waveguide dispersion refers to variation in the
propagation constant β with wavelength (as solved from Maxwell’s equations while neglecting
material dispersion), and can be thought of as due to the variation of energy content in the high

3
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index core and low index cladding with wavelength. Material dispersion refers to the variation of
material refractive index with wavelength resulting in variation in the speed of travel.
The refractive index profile can be altered, as shown in Figure 2, to change the dispersion
properties of the fibre. A solution to the dispersion problem involves the use of frequencies at
which the material and waveguide dispersions cancel each other out. Alternatively, more
complicated fibre structures can be designed whereby the zero dispersion wavelength is shifted to
a more convenient value (normally where fibre losses are small, i.e. 1550 nm), and where the
dispersion is flattened over a large range of wavelengths.

Figure 2 - Dispersion Shifted Fibre Profile
Note that material dispersion is anomalous (positive) above 1.27 µm, and normal (negative)
below this wavelength [5]. When operating in the single mode regime, waveguide dispersion in
SOF can only be normal, and so zero (or anomalous) GVD can only occur above 1.27 µm.

1.2 Holey Fibre
Holey fibre was first proposed [12] and developed [16] by a research group at the University of
Bath. It was a by-product of the application of photonic crystal concepts to optical fibre
waveguides [1]. The development of HF is described in more detail in Appendix C. It is due to
this development process that some authors (e.g. [19], [21]) refer to hexagonally symmetric HF
(defined shortly) as photonic crystal fibre. Furthermore, as explained in Appendix C, the term
holey fibre is acknowledged as an umbrella term for all of fibres using air holes for guidance. The
term holey fibre will only be used in the body of this thesis to refer to such structures that guide
by total internal reflection, and will not refer to any photonic bandgap type guidance.
As shown in Figure 3, HF is an all-silica fibre consisting of a solid core surrounded by an array of

4
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air holes. The array of air holes forms a medium with an effective refractive index below that of
the core region. This results in a refractive index profile that is quite similar to that of step index
fibre, with the array of air holes becoming an effective cladding to the high index core region. It
is for this reason that such fibre guides by total internal reflection [16]. Although Figure 3
displays a periodic array of air holes, it is intuitive that such periodicity is not required to produce
this total internal reflection type guidance [17], and this fact has subsequently been proven for
HF’s with random cladding distributions [18]. Note however, that most work (including this
thesis) concentrates on periodic or at least regular cladding structures because only such
structures can provide repeatability in manufacturing of HF with known, consistent properties,
and ensure the existence of only a single guiding core in the fibre [19].
Hexagonally symmetric HF (as shown in Figure 3) may be described by two parameters: pitch Λ
(or periodic length between the holes) and filling factor d/Λ (ratio of hole size to pitch).
Variations of these parameters provide a large degree of controllability in tailoring the properties
of the holey fibre.
It must be noted that the air holes lower the effective refractive index of the cladding region to
levels much lower than would ever be seen in standard fibre. This results in a large numerical
aperture for the structure, i.e. a very strong guidance effect. This strong guidance, and the degrees
of freedom available in designing pitch and filling factor, underpin a number of very interesting
properties of HF. These properties are so novel that HF actually has the potential to revolutionise
optical fibre technology, as we know it.
In this section, the effective index model for HF propagation is outlined followed by a description
of the novel properties of HF.

5
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Figure 3 - Scanning electron microscope (SEM) image of HF produced by the University of
Bath (top) and diagram of HF structure (below) (note that PCF in this diagram stands for
photonic crystal fibre, as described earlier). Both images are from [15].

6
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1.2.1 The Effective Index Model
The effective index model was the first and the simplest model proposed for HF [21, 19], and
provides a very good qualitative and often good quantitative understanding of their behaviour.
Such insight is fundamental to comprehension of the properties of HF.
The effective index model relates guidance in HF to guidance in SOF, and is thus straightforward
to understand. Basically, the HF is approximated as a step index fibre, with the core index of
silica and the cladding index calculated as a function of wavelength. In SOF, the cladding index
(and core index for that matter) varies slightly with wavelength, only to material dispersion. In
HF however, the cladding index actually varies significantly as a function of wavelength.
For each wavelength, the model calculates the (longitudinal) propagation constant βFSM
(fundamental space filling mode) of radiative energy through the cladding. This involves the
assumption of a hexagonally symmetric cladding structure, and is performed by solving the scalar
wave equation in a unit cell centred on an air hole. The effective index is then given by neff =
βFSM/k, where k is the free space wavevector.
The effective index model predicts that neff will be quite close to n for silica at small wavelengths,
but as the wavelength becomes larger neff it will drop and become closer to the weighted average
refractive index of the cladding [21]. Intuitive and experimental analysis confirm this result [19].
For small wavelengths, the field is mostly concentrated on the silica regions and avoids the air
holes, resulting in a very small refractive index difference between the core and the cladding
regions. For larger wavelengths the fine structure of the cladding cannot be resolved and instead
an average index between those of silica and air (determined by the filling factor) is seen as the
cladding, resulting in a large refractive index difference.
The model is applied to predict the properties of HF by using the core and calculated cladding
index and an approximated core radius in established formulae for step index fibre [22]. The
model has had some success in predicting the number of modes in HF [19] and to an extent in
predicting field patterns of these modes [25]. However, it is somewhat limited in that it cannot
predict modal properties such as propagation constants, group velocity dispersion and
birefringence that require the full complexity of the structure to be taken into account [23].

7
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1.2.2 Single Mode Behaviour
The most promising feature of holey fibres is the capability to design a fibre that is single mode
for all wavelengths [21] - a property that does not exist for any conventional optical waveguide,
including of course SOF [2]. This feature is well explained by the Effective Index model. Using
the effective refractive index neff of the cladding calculated by the model, an effective normalised
frequency Veff is calculated for input excitation as an adaptation of the classic equation for
normalised frequency for standard fibre (1) [19]:
Veff =

2πρ

λ

2
nco2 − neff

(2)

The parameter ρ replaces the core radius in the classical V formula, and the correct choice of its
holey fibre analog is not immediately obvious. Early work intuitively used the value of the pitch
(ρ = Λ) [21], however it has since been established that using ρ ≅ 0.64 Λ provides a more
accurate correspondence to standard step index fibres ([24], [25]).
Figure 4 displays the relationship of Veff to Λand d/Λ (adapted from [19]). In the long wavelength
(low frequency) limit, Veff rises proportionally with frequency, as neff is almost constant as an
average of the holes and silica. As the frequency continues to rise however, the behaviour of
holey fibre becomes quite different to that of standard fibre. The shorter wavelength fields are
able to avoid the holes more easily, and the effective index approaches that of silica.
Numerically, the increasing wavelength and decreasing effective index difference cancel and
hence Veff approaches a limiting value. The limiting value of Veff increases with the filling factor
d/Λ.
Veff versus pitch/wavelength for various filling factors
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Recalling that standard single mode fibre exhibits single mode behaviour when V < 2.405,
intuitive expectation is that photonic crystal fibre will exhibit single mode behaviour when Veff
lies below a certain value. There is no reason to expect this value to be the same here as the fibre
geometry is very different [21]. In fact, it has been established experimentally that for single
mode behaviour a photonic crystal fibre requires Veff below 4.1 when using ρ = Λ, or below 2.55
for ρ = 0.625Λ [24]. Thus, since Veff reaches a limiting value in the high frequency regime, it is
possible to design photonic crystal fibres which satisfy the single mode condition for all
frequencies. The requirement for endless single mode behaviour is approximately d/Λ < 0.35
(from [1], and analysis of [19] in hindsight of results in [24]).
An important implication of this is that a fibre may theoretically be designed to simultaneously
be single mode and have an arbitrarily large core radius [26]. Such designs are limited by bend
loss however (see section 1.2.4). This property has important applications in the transmission of
high power signals so as to avoid undesirable non-linear effects.
Finally it is worth noting a recent claim [27] that photonic crystal fibres can appear to be single
moded because higher order modes are too difficult to couple into.

1.2.3 Dispersion
Initial studies of dispersion in photonic crystal fibres were conducted using the effective index
model [22], however the application of this model to modal properties such as dispersion has
since been criticised [23], [17] as they have not matched experiment. The effective index model
does not take the complexities of the HF structure into account and thus cannot be expect to
predict the values of propagation constant or dispersion.
Further studies [23], [17], using localised basic function techniques (described in section 1.3)
have proven to match experimental data very well [28], [29]. These studies have independently
found that HF, unlike SOF, can have anomalous waveguide group velocity dispersion (GVD)
below a wavelength of 1.27 µm, while the HF remains strictly single moded. This is very
important as anomalous total GVD can then be achieved for wavelengths where material GVD is
normal (i.e. below 1.27 µm). This property has led to the observation of soliton effects at visible
wavelengths, which is not possible in SOF [32], and the generation of wavelength
supercontinuum over visible and infra-red wavelength regions [33]. It is worth noting here that
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these effects were aided by the high nonlinearity that is achievable with HF. The strong guidance
mechanism leads to quite small spot sizes in HF. A small spot size achieves a larger
concentration of power, and thus less overall energy is required to observe nonlinear effects (or
greater nonlinear effects are observed for the same input energy) with respect to SOF [34].
Other parameter combinations can lead to ultra-broadband flattened zero dispersion (comparable
to dispersion flattened standard fibre) - applicable to wavelength division multiplexing
applications [17], [30]. Also reported is unusually large normal (negative) dispersion - such fibres
could be used to compensate the dispersion of over 100 times their length at 1.55µm without
ordinarily associated losses [31].

1.2.4 Bend Loss
Although photonic crystal fibre displays useful properties such as single mode behaviour and
anomalous dispersion over a wide range of wavelengths, this range is ultimately limited by bend
loss. For a given bend radius, standard fibre displays a large wavelength loss edge, i.e. a
maximum wavelength exists above which massive bend losses are observed. However, photonic
crystal fibre displays both a large wavelength bend loss edge and a short wavelength bend loss
edge, below which similar losses are observed [21]. This short wavelength loss edge is explained
by the Effective Index model: as wavelength is reduced, the effective index of the cladding
approaches that of silica (the core) and it is easier for the light to leak through the cladding,
particularly under bend conditions. Experiment has shown that the short wavelength loss edge is
inversely proportional to wavelength (squared) and proportional to pitch (cubed) [21]. Note that
this proportionality also causes a limit to the core size of PCF. Numerical application of the
Effective Index model reinforced this and also implied that by use of appropriately large filling
factor. On a positive note however, simulation demonstrated that for large filling factors bend
loss could be designed to be less than that for SOF between the loss edges [22].

1.2.5 Applications of HF
As well as obvious applications in telecommunications, several device applications of HF have
been proposed. [35] describes investigations into the use of multi-core HF for application to bend
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and shape sensing. Another possible sensing application could involve filling the air holes with
the material under observation. Large core single mode structures would be important in the
transmission of high power optical signals with negligible nonlinear effects [26]. Also, several
groups are investigating the application of wavelength supercontinuum generation in HF [33] to
broadband imaging, for example optical coherence tomography (OCT). Other device applications
for HF, spot size converters and optical switches, are discussed later in this thesis.

1.2.6 Manufacturing
The manufacturing process for HF is described in [36]. It involves stacking macroscopic
(diameter of order mm's) silica capillaries into a hexagonal shape, then drawing into (microscopic
diameter) fibre from a standard optical fibre drawing tower at high temperature. The solid core is
placed using a solid silica rod instead of a hollow capillary. The pitch size is controlled by the
drawing speed, and the filling factor by the hole size in the capillaries.
One issue with the structure is the presence of "interstitial holes" - small holes that may remain
between the silica capillaries after drawing. Experiment and simulation have proven that the
presence of such holes make a significant difference to the behaviour of the holey fibre [20],
[37]. The presence of such holes may be removed by the use of sufficiently high temperature at
the drawing stage [36], or avoided by using hexagonally shaped macroscopic capillaries [16].
It must be noted that the technique remains largely at a prototyping stage. Only a small number of
groups around the world have reported successful manufacture of HF samples. However, the
lengths of such samples are limited to tens of metres, which is still much too short to be viable.
Even for these groups, several experimental results have not corresponded to original theory
because of manufacturing defects in the holey fibre, e.g. squashing of inner holes [24]. The
difficulties in manufacturing regular HF are likely to have been a factor, along with natural
curiosity, in prompting investigations into guiding in HF with random cladding distributions, e.g.
[18].

1.3 Review of Holey Fibre Modelling
Numerical analysis of any fibre type is important in providing a better understanding and
predicting properties more cheaply and quickly than manufacturing larger quantities for testing. It
is of crucial importance to HF because manufacturing remains at a prototyping stage and cannot

11

Applications of Holey Fibre: Joseph Lizier

provide the variety of HF required for experimentation over a broad range of parameters.
The first model used to analyse photonic crystal fibre was the Effective Index model [21], [19].
As described earlier, use of the model involves calculating an effective index of refraction using
an effective core radius of 0.64Λ to approximate the HF to a step index fibre. These parameters
and the resulting Veff are used with established formulae for step index fibre to predict the
properties of HF. However, the model cannot be used to determine properties such as dispersion
that require the complex nature of the HF structure to be taken into account.
The next stage of modelling involved localised basis functions. This work, done similarly by two
groups [23], [17], involves describing the two dimensional cross-section of the holey fibre as a
sum of orthogonal basis functions centred at the core. The scalar wave equation (involving field
amplitudes but not directions) was solved on this structure. The propagation constant is returned
along with the resulting field patterns as a sum of the basis functions. The dispersion properties
of the fibre may be studied in this way.
The scalar approximation is only justified for small filling factors however, and so both groups
upgraded their technique to a full vector field model [38], [20]. It is worth noting that both
techniques were validated against experiment.
A finite element method (FEM) analysis of the photonic crystal fibre cross section has also been
used to calculate dispersion and field patterns, and matched previous results [25]. This method
involves representing a HF cross section on a discrete mesh and applying Maxwell’s equations to
it. This results in a set of matrices from which the propagation constant is numerically solved and
the field patterns consequently obtained.
The beam propagation method (BPM) has also been reported to have been used to calculate the
propagation constants and field patterns [27]. It is worth noting here that, while not used for this
purpose here, the BPM is the most widely used technique for the study of longitudinally varying
waveguide structures [39]. A drawback for such an application however is that the BPM assumes
only forward propagating waves (i.e. ignoring any backward reflecting waves) [39].
It is worth noting that all of the above methods modelled structures that were linear and uniform
in the direction of propagation, and hence only required 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 of optical waveguiding that displays very novel
properties. These novel properties are due to the strong guidance provided by the effective
cladding. The hole separation, or pitch, and the hole size offer a designer a large degree of control
in tailoring desired properties.
The current state of manufacturing of HF renders accurate numerical simulation vital in analysis
of properties and investigations into applications. Previously published HF simulations have
somewhat limited applicability. Most require approximation in some form, and all are limited to
longitudinally invariant, linearly behaved HF. To study HF outside this scope requires the
development of a new model.
HF has thus been described, and the need for a new model to incorporate longitudinally variant
structures or nonlinear analysis stated. Chapter 2 discusses the finite difference time domain
(FDTD) method, which was utilised for the model to meet these requirements. The development
of the FDTD model for HF analysis is subsequently described. Chapter 3 outlines the application
of the model to provide the first analysis of splice loss from SOF to HF, and proposes a quick and
simple method to optimise the design of HF to minimise such loss. Chapter 4 then describes the
application of the model to investigate tapered HF structures for spot size conversion, and the
first evidence of such conversion as a viable application for HF is given here. Extension of the
model to analyse coupling and nonlinear switching in multicore HF structures is explored in
chapter 5. The value of this work is summarised in the conclusion in chapter 6. Several
appendices, including the general code for the FDTD model, are also included in this thesis.
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2 FDTD model for HF analysis
This chapter describes the application of the Finite Difference Time Domain (FDTD) method to
create a new model for the analysis of Holey Fibre. Implementation of the algorithm is quite
challenging, and this is the first application of the FDTD technique to study HF (known to the
author). The FDTD method and extensions to it are presented and assessed. The motivation
behind the application of FDTD to HF simulation is discussed. The original software from which
the model was developed is presented, followed by a discussion of the corrections and
modifications necessary to it, and the resulting operation of the model. Finally, example results
from the model are presented and are shown to compare very well to published experimental and
computational results.

2.1 FDTD algorithm
The FDTD method involves the application of Maxwell's equations to a discrete mesh of spatial
points, in discrete time steps, given boundary and initial field conditions. The FDTD method was
first published by Yee in 1966 [40], and progressed by others including Taflov and Brodwin [41
in 42].
The derivation of the standard technique begins with the definition of the E and H components
for a given discrete point (i,j,k) in the orthogonally defined spatial mesh. Figure 5 (from [43]),
called the Yee cell, shows that the components are defined in positions that are half a spatial step
from their given mesh point: Ex at (i+½,j,k), Ey at (i,j+½,k), Ez (i,j,k+½), Hx (i,j+½,k+½), Hy
(i+½,j,k+½) and Hz (i+½,j+½,k). This staggered interpretation of the components is used to
provide second order accuracy to the approximations of spatial derivatives (as described below).
Following notation used by Taflov [44], the derivation begins by considering Maxwell's
equations (sans current terms as they are not required for this work):
∂B
+∇×E =0
∂t

B = µH

.

∂D
−∇×H =0
∂t

D =εE

(3)
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Figure 5 - Standard Yee cell
Using only the E and H variables, each of the two curl equations in (3) lead to three component
equations. For example the x component equation from the first curl equation gives:

µ

∂E y
∂H x
∂E
=− z +
∂t
∂y
∂z

(4)

Each of these six component equations may then be transformed into discrete form and rearranged to solve for a component value based on those at previous time steps. Using notation for
discrete functions of space and time as F(i∆x,j∆y,k∆x,n∆t) ≡ Fn(i,j,k), equation (4) for example
may be rearranged to solve for the value of Hx at time step n+½ in terms of values from previous
time steps only:
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H xn +1 2 (i, j + 1 2 , k + 1 2) = H xn −1 2 (i, j + 1 2 , k + 1 2)

[

]

[

]

∆t
E zn (i, j + 1, k + 1 2) − E zn (i, j , k + 1 2)
∆yµ (i, j + 1 2 , k + 1 2)
∆t
+
E yn (i, j + 1 2 , k + 1) − E yn (i, j + 1 2 , k )
∆zµ (i, j + 1 2 , k + 1 2)
−

(5)

Notice that the temporal derivative of any component is approximated by taking the difference in
the component across the previous update cycle, and dividing by the update time. Spatial
derivatives are approximated at a given point by taking the difference of the required components
at either side and dividing by the relevant spatial difference. In evaluating a component of H,
spatial differences of E components only are required, and vice-versa. As Figure 5 shows, any of
these differences will be centred at the component being evaluated. Such approximations are
known as central differences, and render the technique correct to second order [44]. Note also
that the time points at which E and H are evaluated differ by half of the update period ∆t. This is
because the E and H components are updated in a leapfrog fashion, deriving the value of H
components using the values for E computed ∆t/2 units beforehand and the previous Hi value
computed ∆t units beforehand; and so on to compute the E variables
A generic FDTD simulation program may be described as such:
•

Define the physical medium by assigning all ε(i,j,k) and µ(i,j,k).

•

Define the initial value of all electromagnetic components Ei and Hi.

•

While the current simulation time n∆t has not reached the final time:
→ Update the value of Ein, from Ein-1 and Hn-½ values, for each component i at each mesh
point.
→ Update the value of Hin+½, from Hin-½ and En-1 values, for each component i at each mesh
point.
→ Apply boundary conditions to each point on the edge of the mesh.
→ Perform any iterative processing or storage required at each time step

•

Perform any post-processing operations required on the data gained during the time-stepping.

The selection of appropriate spatial quanta should be made considering attainment of appropriate
sampling of the spatial structure in defining ε and µ as well as appropriate sampling with respect
to the wavelength of the input excitation. Taflov [44] recommends the use of spatial quanta less
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than λ/10. A limit on the time step size is then set by the following criteria for numerical stability
of the algorithm [44]:


1
1
1 
∆t ≤ c max
+
+

∆x 2 ∆y 2 ∆z 2 


−1

(6)

where cmax is the maximum velocity of light in the region of application.

2.2 Assessment of the FDTD method
From the above description, the FDTD method appears not only relatively straightforward, and
one may expect a wide proliferation of the method since its suggestion over 30 years ago. While
the method has received applications from microwave planar circuits [45] to radiation from
mobile phones [46], widespread use remained on hold for some years due to the inherent
computational resources (time and memory) it demanded and several limitations in the classical
Yee algorithm [44]. These limitations include spurious reflection of waves due to ill defined
boundary conditions, over-meshing particularly where one attempts to represent fine features in
the material [42], and a similar over-computing in regions of the mesh with little energy of the
wave present.
In spite of these difficulties, the FDTD method promised much. It is a full vector technique, and
the direct solution of Maxwell's equations makes no approximations about the electromagnetic
wave polarisation or of the material structure [44]. Of particular interest is the fact that as the
structure being studied grows, the computational complexity of the FDTD method grows linearly
with it, i.e. O(N) complexity unlike the O(N2) complexity of frequency domain matrix inversion
methods including the FEM [48]. Also, nonlinear analysis is applied quite simply in the time
domain [42].
While the difficulties with FDTD rendered the method to the domain of supercomputing for most
realistic applications into the 1990's, computational power began to catch up the number of
papers published on the method rose into the hundred's per year [44]. The limitations of the
classical Yee algorithm were dealt with too. Several classes of absorbing boundary conditions
(ABC's) have been developed, which enable the simulation of leakage of waves to beyond the
computational domain without spurious reflection. These include the Mur ABC [49] and more
recently the very effective and widely used Perfectly Matched Layer by Berenger [50].
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Furthermore, advanced algorithms have been developed which, for example use variable mesh
sizes in different regions so as to reduce wasting space globally to accommodate a fine structure
in a small region [51], and windowing the computational region over only the mesh area where
the majority of wave energy is present [52].
In spite of these advances and applications only a handful of all-encompassing books have been
published on the method, including those by Taflov (several editions including [44]), and Kunz
and Luebbers [53]. Several commercial software packages using the FDTD method are available,
for example from the Remcom company [54]. Sample code is very important to provide working
examples for a developer, but very few open source code examples utilising the method can be
found on the web. Those found include [55,56], which was used as the platform for our model.
Also, [57] was a site for information and code sharing among FDTD developers, but contains
only a few simple examples. Developing FDTD code is notoriously difficult due to these factors.

2.3 Applicability to HF analysis
The FDTD method is quite applicable to HF simulation. The complex nature of the HF structure
does not intuitively lend itself to simplification or approximation, although in the limit of small
hole size (with no longitudinal variation), the scalar wave approximation has proven valid [17].
Accurate results would be produced for all HF structures due to the full vector, without
approximation nature of the FDTD method.
Furthermore, the simulations planned for this thesis revolved around the use of longitudinally
varying HF structures. Although even the FDTD method would require a very large amount of
memory resources, the linear scaling of the method with structure size made it essential for
application here.
Finally, the inclusion of nonlinear behaviour was desired as an extension to the coupling
simulations. This provided further impetus for the FDTD method, due to the necessity of
performing nonlinear simulations in the time domain [42].

2.4 Original software for FDTD-HF model
Commercial software packages could not have been utilised for the HF modelling we required,
due to the enormous computational requirements involved. This is not to say that the author could
develop a better product than those commercially available, but that the generality inherent in
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commercial tools ensures that they will always over-use resources for specialised tasks. The HF
structure sizes requiring analysis in this thesis was seen as likely to push the available
computational resources to their limit. For this reason, it was wiser to purpose-build an FDTD
model where a greater amount of control could be wielded over computational resources.
However, it is likely that the complete development of an original FDTD simulator would require
the time dedication of a full thesis. To this end, the FDTD model for HF analysis was developed
from existing open-source FDTD software. The original software, written in Fortran 90, was
published by Ward and Pendry as [55] and was obtained from the Computer Physics
Communications program library [56]. The license for use and alteration of the software requires
this acknowledgment of the original authors and publication.
As previously stated, there are very few available open source examples of FDTD analysis. This
software was selected primarily due to the association of its previous versions with photonic
crystal work related to the development of HF's precursors. Also, the code is directed towards the
application of broadband transmission and reflection analysis of the structure under investigation
[55]. To achieve this, a broadband pulse is applied to the structure and field components on
incident and transmission cross-sections stored. Transmission and reflection coefficients are
computed for each desired frequency by correlating the stored field components against a basis
set of plane waves through the cross-sections for each frequency. The approach seemed ideal for
analysis of HF splicing and transmission through HF tapered structures, using the broadband
capability to quickly produce large amounts of results. Furthermore, the code provides flexibility
in allowing a non-orthogonal co-ordinate system, and supplies utilities such as FFT, metal or
bloch (periodic) boundary condition enforcement, an implementation of Berenger's perfectly
matched layer, and functions to correctly calculate physical quantities such as divergences and
Poynting vectors on the discrete mesh.
However, the code was fairly well focussed on photonic band structure type applications and was
found to be much less general than anticipated. The task of converting the code into a tool for HF
analysis was much more substantial than originally planned. A very significant amount of time
was spent attempting to use the broadband capability of the code. This functionality could not be
achieved, and the need to rewrite large portions of the code became apparent.
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2.5 Operation of the FDTD model for HF analysis
The original software was changed in two major respects in developing into the model for HF
analysis: single frequency analysis was introduced and changes were made to improve the
performance of the code.
The major change to the software was the removal of the broadband analysis as the major
analytical tool due the difficulties in operating it. Instead, the model constructs a Gaussian pulse
(of the order of 0.1 ps) at a given frequency and studies the response of the system to that
frequency. As the width of the pulse is finite, a non-zero range of frequency components is
actually introduced. This range is small enough however to attribute the system response
essentially to the central frequency. This is more realistic than a broadband approach for HF
analysis because the input pulse may be designed to be of a radial shape characteristic of the
required frequency, rather than using the same shape for all frequencies.
The results delivered by the model take a new form to accommodate this change. Using incident
and transmission cross sections as before, an energy flux is computed for each (x,y) point on
these cross sections. The power flux for each point is evaluated at each time step using the
calc_current function in the original software to deliver the correct value for the Poynting vector
(derivation given in [55]). The power flux is summed over all time steps (integrated) so as to
produce the total flux of energy through the point. The cross-sections are positioned far enough
from the HF structure such that forward and backward propagating energy may be separated into
incident and reflected energies at the incident cross-section. Adding the energy for a given
number of points returns the energy flux for the given area the points represent. The flux for each
point may be plotted to display the concentration of energy flow through the structure, giving an
indication of the field pattern at the cross section.
Several changes were also made to improve the performance of the code (in both space and time
requirements). In general, these changes improved performance at the expense of generality of
the software. Such removals of generality were considered to ensure they did not impact on the
required HF analysis. The changes included:
•

Removal of conductivity terms (electric σ and magnetic σm), as these will be zero in fibre (as
used in the derivation of the FDTD update equations in section 2.1);

•

Replacement of the relative magnetic permeability µr with the constant value of 1, as is the
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case in fibre;
•

Removal of the non-orthogonal mesh capability of the code. Orthogonal meshes were deemed
best for HF analysis as to sample the structure otherwise would lead to under-sampling in
several directions;

•

Conversion of the field quantities from complex numbers to real numbers. This change
appears quite drastic, but when considering the linearity of the FDTD equations (5) with real
µ and ε the real and complex components in each equation may be decoupled into separate
equations. Theoretically, this makes no change to the flux calculations as both incident and
transmitted fluxes will be reduced by a factor of 2 (when integrated over a whole wave
period) - this expectation has been upheld by testing.

Each of the above changes reduces the space requirements of the code by a factor of two to three,
resulting in an overall reduction in memory requirements by a factor of around 20. The
performance of the code was further enhanced by modifications to loops aimed at exploiting
cache usage.
The above enhancements were made in conjunction with a large increase in the memory of the
PC for the simulations from 64 to 512 MB. With the software modifications, typical simulations
require between 150 and 600 MB of memory, and when run on a Pentium III 666 MHz processor
(with the aforementioned 512 MB RAM) under the Windows 2000 operating system required 3
to 40 hours of running time. Using only one or neither of the hardware or software modifications,
HF simulations of worthwhile size could not be run in reasonable time due a very large amount
of page swapping with virtual memory leading the processor to a consistently thrashing state. It
was estimated that a single simulation under these conditions would have required over 3 weeks
running time to complete.
Other changes included:
•

Defining the structure under investigation as a step index fibre (used as a launch fibre for the
input) spliced to a HF. This approach was necessary by definition for the splice
investigations. For spot size conversion, it allowed the use of well known analytic
expressions to set up the initial field and allow it to evolve into an appropriate form in the HF.
Cross sections of the structure were stored to file to allow for display and checking of the
structure used. Input file parameters were used to allow specification of the structure at run
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time; this also allowed batch processing of the simulations. For the HF structure, the crosssection includes only the first few arrays of holes near the core. This is primarily due to
limitations in the memory available for simulation. This constraint did not cause a problem
however as for most intended simulations, guidance was observed with the available cladding
size. It is worth noting that simulations reported in [27] demonstrated that only the first few
arrays of holes are required for guidance, while the actual depth of holes required varied with
the HF parameters and λ. In fact, experimental results published in [32] demonstrated
guidance for the particular parameters under study using only a single ring of holes.
•

The E field at the centre of the incident and transmitted field were stored to file for postprocessing. This post processing included Fourier transforms to confirm that the frequency
distribution of the excitation was set up as desired. The phase results from the Fourier
Transform were interpreted to produce a measure of the group delay with respect to
frequency. The derivative of the group delay with respect to wavelength indicates the
dispersion of the HF. However, the input reference spectra were often corrupted due to the
standing wave patterns at the SOF-HF boundary. The long HF length required after the decay
of the standing waves prevents meaningful results being obtained.

•

"Metal" boundary conditions were used for the transverse boundaries. These involved the
setting of all components to zero at the boundary - a physical metal boundary would have
zero perpendicular E components and zero normal H components only. Ideally, the boundary
condition represents the expected condition as transverse distance approaches infinity. The
exact behaviour of the boundary is unknown, although some reflection was expected and
observed where fields came into contact with it. To rectify this, the application of Mur
absorbing boundary conditions at the transverse boundaries was attempted. The Berenger
perfectly matched layer technique (already in use at the longitudinal boundaries) requires too
great a memory overhead to be used at the transverse boundaries. While the Mur technique is
more primitive, it requires fewer overheads and its performance would have been adequate
for the incident amplitudes used here. A substantial effort was made to incorporate the Mur
technique, as described in [49] and [44], without success. The problem of reflections from the
boundary conditions was largely avoided by defining the computational area such that they
were not encountered. Guided energy should not encounter the transverse boundary in an
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adequate simulation. Simulation showed (as described in section 3.2) that radiative
(unguided) energy rarely encountered the transverse boundary before reaching the
longitudinal boundary, and when it did radiate to such a large extent it could easily be
windowed out of any transmission calculations.
A general version of the code was created from which several specialist versions were derived for
investigations such as adding a radial displacement between the launch fibre and the HF.
Appendix D contains a flow chart of the major functions used in the code followed by the general
version of the code.
Matlab scripts were used for post processing of the output files. Such post-processing included
producing surface and contour plots of the HF structure under investigation, and incident,
reflected and transmitted fluxes; calculation of flux through particular areas; plots of field values
at the incident and transmitted cross sections, FFT's of these and an estimate of the time delay
from input to output for each present frequency. These scripts are supplied in Appendix E.

2.6 Example results from the model
The diagrams in Figure 6 demonstrate the general output of the model. These diagrams,
generated by post-processing with Matlab, provide surface and contour plots for the transmitted
flux in a HF for short and long λ/Λ ratios respectively. Note that the intensity scale for these and
all plots shown in the thesis is a relative intensity scale, valid for comparison only within the one
simulation unless the same input pulse was used in the simulations being compared. For the short
wavelength to pitch ratio, the qualitative result that short wavelengths have field patterns bearing
much of the symmetry of the HF structure is observed. Note that this wavelength is not too small
to have resulted in poor bend loss or leakage performance. For a longer wavelength to pitch ratio,
the qualitative result that the wave sees more of an average cladding and bears little of the
symmetry of the HF structure in its field patterns is displayed. These qualitative results match
similar numerical and experimental observations, for example in [19] and [21].
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Figure 6 - Sample results from the FDTD model: Flux through HF structures with λ/Λ ≈
0.2 and d/Λ = 0.23 (top) and with λ/Λ ≈ 2 and d/Λ = 0.4 (bottom)
In fact, a more complete verification of the model is gained by direct comparison to previously
published experimental data. This was performed by simulating a splice to a HF with Λ = 2.3 µm
and d/Λ = 0.23 with λ = 458 nm input. The contour plot for the transmission flux (equivalent to a
plot of intensity) in the HF is displayed in the top right hand corner of Figure 6, giving an
indication of the field pattern. This contour plot is actually very accurate representation of the
experimental measurement in [19]. This correspondence provides solid verification of the model.
The power of the model is also demonstrated in its ability to model multimoded HF structures.
An example is displayed in Figure 7, where large Λ/λ and d/Λ ratios lead to multimode guidance.
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Figure 7 - Multimoded flux pattern for λ = 1.0 µm in HF: Λ = 5.6 µm, d/Λ = 0.4
Figure 8 displays an example of the temporal variation of the electric field obtained in the centre
of the incident and transmission cross sections in the HF. This plot is for a wavelength of 1.55
µm, with a pulse width of the order of 0.1 ps.
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As described earlier, the data for these plots was intended to be used to give an indication of
group delay and hence dispersion. An example of the group delay is shown for HF with Λ = 6.56
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µm, d/Λ = 0.2 with for a wavelength of 1.55 µm over 30 µm.
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The model also confirms various reports regarding the polarisation effects in HF guidance. [35]
and [20] report separate experiments that revealed HF to accommodate two linearly polarisation
modes that guide very strongly, i.e. no coupling effects between them were observed between
them. These polarisation modes are referred to in this thesis as “x” for the E field vector directed
towards a hole, and “y” for the E field directed between two holes, following notation in [20].
Simulations using the model here revealed that even under dramatic tapering of the HF, where
one may expect disturbances to the fields to produce some coupling between the polarisation
modes, less than a few percent of the field amplitudes were observed to have done so.
Aside from some difference in field pattern for higher order modes and in lack of coupling
between the polarisations, no differences in the properties of each polarised mode were observed.
This is as expected by most publications, and is explained well by [1]. The “two” modes are
actually degenerate versions of each other. The implication of one mode with E pointing towards
a hole and another with E pointing between two holes already implies a degeneracy of three in
each of these “two” modes. It must be realised then, that the mode with E pointing to a gap
between two holes is actually a superposition of two degeneracies of the first mode with E
pointing towards the holes neighbouring the gap. Thus, there is actually only one mode, with a
three-fold degeneracy, and this is why no differences in properties are observed between the
“two” polarisations.
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A distinct difference was found in the higher order modes to which the “x” and “y” modes couple
to when required, but was quite consistent with the one polarisation mode explanation. When
coupling to only the lowest higher order mode occurred, the model showed a tendency for the x
mode to place the two peaks of this mode along the y direction (as shown in Figure 10), and for
the y mode to place the peaks of the along the x direction.
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Figure 10 - Second order mode flux pattern for the Ex polarisation. Peaks are aligned along
the y axis
This tendency can be explained with reference to the modes in a slab waveguide. TE modes
(those with E tangential to the boundary) spread to a greater extent over the boundary than TM
modes (those with E normal to the boundary), due to continuity of the normal E vector forcing its
faster decay. The “x” mode in HF contains a normal E to the boundary of the holes it points to,
but a tangential E to the opposite holes. The second order mode will thus spread in the y direction
as the growth in energy density away from the centre of the core forces it to choose such a
direction of alignment to minimise energy. This explanation is consistent with that given by [1] to
explain mode field patterns in HF’s with elliptical holes.
The results are also consistent with the superposition explanation of the polarisation modes.
Consider the y polarisation whose second order mode has peaks spread to the holes along the x
axis. This mode is actually a superposition of two modes with E fields pointing to the holes
adjacent to the y axis. Each of these modes will have their second order peaks spread towards the
mid-hole gaps on either side of the x axis. The superposition 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 successfully developed here. The development
was lengthy due to inherent difficulties in the algorithm and unsuitability of the original code
used for the model. Nonetheless, the model is capable of analysing HF structures of the required
dimensions in reasonable time. It is quite flexible and 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 require interfacing with existing optical components, for
example standard optical fibre. It is worth noting that loss for a particular SOF to HF splice
(directly fused junction) has been experimentally measured at 1.5 dB [29] but no broad
investigation has been published on the subject. It is imperative to understand the splice losses
when using HF and to develop techniques to design HF to minimise such losses. It is asserted
here that the effective index model could be used with established SOF splice loss formulae to
predict HF parameters to optimise splice loss. To this end, the FDTD model has been applied to
calculate the loss incurred in splicing Corning SMF-28, a single mode fibre in wide industrial
use, to HF. For a fixed input mode and perfect splice alignment, the optimum splice loss is
investigated as a function of HF pitch and hole size. As a further investigation of the effect of
mode mismatch, the loss as a function of wavelength for fixed HF parameters is calculated. The
loss is also investigated as a function of axis offset between the SOF and HF. The results
compare reasonably to expectations from use of the effective index model with established splice
loss formulae; in particular the model predicts HF parameters that minimising splice loss. Thus, a
quick and simple criterion for optimising HF design for minimum splice loss is established here.

3.1 Theoretical Analysis
Splice loss theory for step index fibre is well established, with a detailed study published in [58]
in 1977 (content reported in [5]). The analysis considers the Gaussian approximation for the LP01
mode, with results derived from overlap integrals (a measure of correlation) of the modes in each
spliced fibre. The results thus depend only on the mode field radii and not on the refractive index
profile of the fibres [5]. This is particularly significant, as the field patterns in HF are similar
enough to those in SOF for comparison even though the refractive index profiles are substantially
different. Note further that while the field patterns are similar enough for comparison for the
theory here to give a guide as to the mismatch loss, the inherently different symmetries of the
mode patterns are likely to increase the actual loss above expectations from such theory.
Figure 11 displays the two sources of splice loss investigated here: mode mismatch and axis
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offset. The mode field radius of a Gaussian beam is defined as the radial distance at which the
field amplitudes are at 1/e of their peak [4]. Given mode field radii of w1 and w2 in the respective
fibres, the splice loss α for perfect splice alignment is given by [5]:

 2 w1 w2
2
2
 w1 + w2

α (dB) = −20 log






(7)

Note that this splice loss is the same for each direction of light propagation, and applies for single
mode fibres only.
For a splice with axis offset d (considering perfectly matched mode field radii w), the splice loss
α is given by [5]:

d
α (dB) = 4.34 
 w

2

(8)

Figure 11 - Splice loss sources: mode mismatch and axis offset
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It is worth noting that [29] found mode mismatch in the observed SOF and HF field patterns to
numerically account for the 1.5 dB loss found. Furthermore, the effective index model has been
used previously to relate the field pattern in HF to the effective V number (Veff) using a scale
factor of around 0.64 [25]. Thus, it is expected that splice loss from SOF to HF will be
approximately described by equations (7) and (8) when the mode field radius in the HF is
approximated using Veff for the HF (computed with the 0.64 factor). Estimates of Veff for these
purposes were approximated (using piecewise logarithmic and polynomial functions) from
graphs published in [21] and [19], taking the subsequently published 0.64 factor into account.
The piecewise approximation of Veff used here is plotted in Figure 4.
Thus, for the given SOF and variations of the HF and the field patterns (by varying λ, Λ and
d/Λ), low losses are expected where the mode field radius in HF (approximated from Veff) is a
good match to the mode field radius in the SOF. The mode field radius in the SOF and HF is
approximated by (from [5]):

(

w ≈ ρ × 0.65 + 1.619V −3

2

+ 2.879V −6

)

(9)

which is valid for 1.2 < V < 2.4. As per the revised effective index model, for HF Veff is used for
V and 0.64×Λ is used for ρ. The loss is subsequently found by substitution of these mode field
radii into equation (7). Note however that this approach will contain some error due to
approximation of Veff and approximation of the mode field radii (in (9)), particularly when V and
Veff are outside the range of validity of (9). Matlab code has been used to implement this
approach, and the code used to predict the splice loss as a function of wavelength, for a given
pitch and hole size, is given in Appendix G, and an example plot of the results shown in section
3.3.1.
When using well matched HF and SOF mode field radii, splice loss due to offset is expected to
follow equation (8). To quantify this expected loss, the 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 with two main alterations.
The SOF in the simulation takes its parameters from those of Corning SMF-28 fibre, which are
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displayed in data sheets in Appendix F. Corning SMF-28 has a core radius of 4.1 µm and is
designed for operation at wavelengths of both 1.31 µm and 1.55 µm, with 1.31 µm just above the
single mode cut-off wavelength.
Also, the input field pattern in the SOF is computed using its proper analytic form rather than a
Gaussian approximation. This is done in an attempt to compute the splice losses as accurately as
possible. The input field pattern for the LP01 mode (the lowest order mode) with E polarised in
the x direction is given by the following equations (from [4]):
E x (r ) = E 0 J 0 (Ur / a )

E x (r ) = E 0 J 0 (U )

for a ≥ r ≥ 0

K 0 (Wr / a )
for r ≥ a (10)
K 0 (W )

where: J0 and K0 are the zero order Bessel and modified Bessel functions; a is the fibre radius; Hy
follows by proportionality; the U and W parameters are functions of the input wavelength and are
obtained from the propagation constant β using:
U 2 = a 2 (n co2 k 2 − β 2 ),

W 2 = a 2 ( β 2 − n cl2 k 2 )

(11)

The value of β is obtained from the eigenvalue equation (from [60]):

U

J 1 (U )
K (W )
=W 1
J 0 (U )
K 0 (W )

(12)

which is derived by continuity of the first derivative of the tangential fields at the boundary.
The solution for β in (13) is obtained using graphical and numerical techniques in Matlab. The
Matlab code for this purpose is included as Appendix G.
The Fortran 90 implementation of the Bessel functions used for the FDTD model was obtained
from [61].
So as to dynamically set up the input field, the wavelength and propagation constant β of the
input, and the HF parameters for simulation are read into the program from the input.dat
parameter file.
The second alteration involves the use of two cross sections for measurement of transmission
flux. This allows the user to observe the evolution of the flux pattern along the HF, and can be a
good check that a long enough evolution distance in HF is provided.
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Determination of figures of merit from the results of the simulations is somewhat difficult. In
general, any field mismatch at the fibre boundary will be reflected or radiated away. This implies
that numerical examination of the energy flux at the reflection cross section and the transmission
cross section will give a good indication of the match of the splice. There are several problems
with such an approach here however. Simulations reveal that very little of the mismatched energy
appears to be reflected back into the SOF. While results from this approach do give an indication
of the trends occurring, they are much too small (less than 0.02 dB) to be free from numerical
error and draw valid conclusion from. It appears that most losses are radiation losses, and as such
a transmission energy flux would give a solid indication of the match of the splice if all radiated
fields had left the computational area by this point. Transverse radiative losses could be removed
from the computational area by application of absorbing boundary conditions at the transverse
boundaries - however an attempt to implement such conditions was not successful, as described
in section 2.5. Nonetheless, examination of the transmission fluxes reveals that in most cases
radiated energy lost from the guide appears to continue propagation largely in the longitudinal
direction without encountering the transverse boundaries before the end of the region of
simulation. This implies that implementing such absorbing boundary conditions would not have
helped to quantify the loss calculation. In order to allow radiative energy to separate as much as
possible from the guided energy in the core, the length of HF simulated is made as large as
possible. The transmitted flux is monitored at two separate cross sections to observe the
separation of the radiative energy from the guided energy. Furthermore, a windowing technique
is used in Matlab post-processing to calculate the transmitted flux through the core region,
eliminating as much of the radiated energy as possible. This technique can lead to some error as
defining the boundary of the region in which to window transmission is somewhat subjective and
can lead to both elimination of a significant amount of guided energy or inclusion of a significant
amount of radiating energy. The Matlab code used to calculate the windowed flux is shown in
Appendix G.
A further indication of expected splice loss is derived from calculations of mode field widths
from the results of the FDTD simulations. The mode field widths are calculated using the discrete
integral:
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∑ (x
w02 = 2

2

+ y 2 ) E ( x, y ) 2

x, y

∑ E ( x, y )

(13)

2

x, y

derived from the definition [5]:
∞

w02 = 2

∫r

3

E (r ) 2 dr

0
∞

∫ rE (r )

(14)
2

dr

0

by changing the variable of integration and discretising. These widths are also the RMS width of
the field, and are referred to here as such. The calculation is implemented in Matlab (code give in
Appendix G), and uses the energy flux to provide a value proportional to E2. Note however, that
use of the whole of the cross section to calculate the mode field width tended to include a
significant amount of radiating energy at large radii, thus artificially lifting the value. To
compensate for this, the area over which the HF mode field width was calculated was windowed
also. The accuracy of (14) was tested by comparison of the mode field widths for SOF modes to
the approximations given by (10), e.g. application of (14) returned a field width of 5.16 µm
compared to a value of 5.20 µm from (10).
Finally, note that all of the simulations performed here investigated the splice loss from SOF to
HF and not the other way around. This is because analytic expressions are known for SOF and
can be used to set up the initial mode field pattern. This cannot be done for HF as there are no
known analytic expressions for the mode field patterns. A pulse excitation could be used to
evolve the HF mode, but this would require a significant length for the evolution of the mode
before the SOF was encountered. This extra length means extra memory requirements, which
simply cannot be met. Furthermore, the pulse would also lead to substantial radiative energy that
would serve to corrupt the splice loss calculation. In any case, the simulation is not required
because the general results of HF to SOF splicing may be inferred from the SOF to HF results by
reciprocity of splice losses [5].
Finally note that the Ex polarisation mode was used for all of the investigation, unless otherwise
indicated. This was due to the lack of difference observed between the modes in the
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investigations conducted here, except where multimode effects are occurring. The
correspondence of results for the Ey mode was checked for some mode mismatch cases. For the
axis offset calculations, the effect of offset along both polarisation axes was tested as a difference
could be expected here.
The method of computation was tested using parameters similar to those used in the splice loss
experiment reported in [29]. The HF parameters were Λ = 1.8 µm and d/Λ = 0.188, with a
wavelength of 1.55 µm used. The Corning SMF-28 parameters were used as the launch fibre,
which produced a slightly larger input mode field than that reported in [29]. Plots of the incident
and transmitted flux patterns are shown in Figure 12.

Figure 12 - Simulation results for incident and transmitted flux for λ = 1.55 µm from
Corning SMF-28 to HF Λ = 1.8 µm, d/Λ = 0.188.
Note that the small d/Λ and relative equality of wavelength and pitch lead the energy to be
somewhat spread over the cladding area in the HF (as can be observed from the dimpling of the
flux). However, the mode area in the HF is clearly smaller than that in the SOF, and a calculation
of the windowed flux over the clearly guided region reveals a loss of 1.7 dB, which is quite close
to the measured loss of 1.5 dB reported in [29]. The discrepancy is likely to be due to the
windowing technique eliminating some guided energy from the transmitted flux, as well as the
use of a larger input mode field area. The results however, 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, to examine splice loss by changing the field
patterns and hence the correlation between SOF and HF modes. The pitch and filling factor of HF
are varied to examine optimum design of HF to minimise splice loss. The effect of wavelength
variation is also investigated so as to provide an alternate perspective of the results. The results
from the pitch variations are focused on, with in depth comparison to the expectations described
in section 3.1.

3.3.1 Pitch Variation
The effect of pitch variation on splice loss was examined while keeping the filling factor and
wavelength of excitation constant. The wavelength used was 2.0 µm, and although this is not a
standard communications wavelength, it was used because theory predicted it to provide a
broader range of mode field differences, and it would thus provide a better illustration of the
principles. The filling factor was designed to retain single mode behaviour in the HF, and 0.35
was selected for the broad mode field differences it produced, as described for the wavelength
selection. Single mode behaviour is required as the expected loss values are calculated from
single mode field patterns in standard fibre (which those in HF are similar to), and because useful
HF applications will be operate largely in the single mode regime. The pitch was varied between
2.5 µm and 12.5 µm. Large losses are expected at these extremes, as the input mode was
expected to be much larger than the mode in smaller pitch HF, and much smaller than the mode
was expected to be much smaller than the mode in larger pitch HF.
Figure 13 displays the losses calculated by the FDTD simulation along with the expected losses
calculated from the effective index model (as described in section 3.1) and from the RMS field
radii.

36

Applications of Holey Fibre: Joseph Lizier

Loss from Corning SMF-28 to HF splice
3

2.5

Simulated Loss
Expected Loss (RMS approx for field widths)
Expected Loss (V and Veff approx for field widths)

Loss (dB)

2

1.5

1

0.5

0
2

4

6

8

10

pitch

12
-6

x 10

Figure 13 – Simulation results and expected splice loss for λ = 2.0 µm in Corning SMF-28 to
HF (d/Λ = 0.35) splice
The incident flux and example transmission fluxes are displayed in Figure 14 for pitches
expected to provide a smaller and larger mode in HF respectively.
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Figure 14 – Incident (top) and transmitted flux for λ = 2.0 µm to HF (d/Λ = 0.1) Λ = 4.5 µm
(bottom left) and 12.5 µm (bottom right)
Notice that a loss of around 0.2 dB is calculated around the pitch values (8.0 to 10.0 µm)
expected to provide minimum loss. As the pitch is reduced from here, the HF mode field is also
being reduced and the loss increases as expected. The actual loss values are higher than predicted
from the effective index model. This can be attributed to the tendency of the transmission flux
windowing method to eliminate some guided energy as well as radiative energy, approximations
in Veff, and the fact that the differing symmetry of HF field patterns will inevitably lead to larger
mode mismatch loss. The RMS field radii predict similar loss to the effective index model in this
region. These too however do not take the complexity of the field patterns into account, leading
them to be lower than observed.
The expectation of a range of small values of pitch also giving low splice loss is understandable
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in that one would expect the mode field to begin to expand again once the effective core radius in
HF becomes too low for strong confinement. The simulation does show a slight increase in mode
field radius, which is observed from the flux pattern and the loss, however the large increase
predicted by the effective index model is not observed. Considering the theoretical expectations,
the calculated RMS radius appears much larger than observations of the flux pattern indicate. It
would appear that the field symmetry prevents the RMS radius giving an accurate indication of
the field radius for these parameters. Furthermore, not only may the approximated Veff values for
these low pitches be inaccurate, their use in (10) to calculate mode field radius in unreliable for
Veff below 1.2, which occurs below a pitch of 4.5 µm for the parameters here. The results from
the model indicate that lower pitch values would be more likely to increase mode field size to a
value similar to (then larger than) the input mode. To accurately sample such structures however
would incur prohibitive memory requirements.
Finally, consider the results for pitch values larger than 10.0 µm. The HF modes here are
expected to be larger than the input modes, and thus some loss is expected. However, as Figure
14 shows, little loss was observed for these pitches, with the loss decreasing for larger pitches.
These results appear to be a limitation of the model and not of the theoretical interpretations.
Radiative losses from conversion of a large mode into a smaller mode are easily identified in a
short propagation distance. When a small mode couples to a larger mode, some diffraction is
required for the new mode to evolve, and much distance (and in many cases some disturbance
such as a bend) is required to remove the radiating fields (which are the losses) from the core
region. The transmitted flux patterns appear to indicate that not enough computational distance is
provided for either the radiating fields to separate from the guided fields, and also for the guided
modes to evolve for the larger pitches. The RMS field widths in the HF indicate low loss because
field widths very similar to that of the input are being calculated. This serves as further evidence
that the model requires more distance for accurate results here. These observations are replicated
in analysis varying other parameters. A single simulation was designed to investigate splice loss
to a larger HF mode with care taken to define the parameters such that the guided mode pattern
would evolve within the simulation time. The simulation results are shown in Figure 15.
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Figure 15 - Incident and transmitted flux for λ = 1.0 µm in Corning to HF (Λ=6.56 µm, d/Λ
= 0.1) splice.
These results show what appears to be a clearly well evolved pattern in HF, which is significantly
larger than the input mode - RMS field widths of 4.9 µm to 3.9 µm are measured, with a splice
loss of 0.2 dB predicted from these. However, no splice loss is observed. The possibility that the
strong guidance of HF leads to a more efficient conversion of smaller to larger modes is
acknowledged. However, given the correspondence to existing splice loss theory concluded for
other cases in these investigations, it is more likely that radiated fields fail to separate from the
guided fields due to inadequate simulation distance or lack of disturbance in the given distance.
Again, due to the symmetry difference between SOF and HF modes it is likely that the actual
splice loss is larger than that predicted by the effective index model. More investigation is
warranted for splicing smaller modes to larger HF modes.
In summary, it is concluded from the analysis of splice loss as a function of HF pitch that:
•

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

•

For larger HF modes, the splice loss is likely to be above that predicted by the effective index
model;

•

The effective index model can be used to predict HF design for minimum loss, although this
minimum loss is not necessarily zero due to the differing symmetry between SOF and HF
modes.
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3.3.2 Optimal filling factor analysis
The splice loss was investigated as a function of filling factor d/Λ, with Λ and wavelength held
constant. The wavelength used was 1.55 µm, as a typical communications wavelength. The pitch
was set to the value 6.56 µm. This value gives an effective radius (ρ = 0.64Λ) equal to that of
Corning SMF-28. The correspondence is not necessary for this analysis however, because as
outlined earlier, the loss is due to the overlap of the modes and is not directly dependent on fibre
structure. While this pitch size was suggested by the correspondence, it was actually selected as
such for the broad modal comparison it was expected to produce. For small filling factors, the HF
mode is expected to be larger than the input mode, and for the larger filling factors the strong
confinement is expected to produce a smaller HF mode. These extremes are thus expected to
produce a large splice loss, with low splice losses for better mode matches at intermediate filling
factors. The filling factor is varied from 0.1 to 0.8.
Figure 16 displays the losses calculated by the FDTD simulation along with the expected losses
calculated from the effective index model (as described in section 3.1) and from the RMS field
radii.
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Figure 16 – Simulation results and expected splice loss for λ = 1.55 µm with Corning SMF28 to HF Λ=6.56 µm
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The incident and example transmission fluxes are displayed in Figure 17 for filling factors of 0.3
(expected to provide a good match) and 0.8 (expected to be a smaller mode).

Figure 17 – Incident (top) and transmitted flux for λ = 1.55 µm to HF (Λ = 6.56 µm) d/Λ =
0.3 (bottom left) and 0.8 (bottom right)
Similarly to the observations in section 3.3.1, splice loss 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 below the input mode size here (i.e. as d/Λ is
increased above 0.4) as predicted by the effective index model (again similar to section 3.3.1).
The slightly larger losses are due to overestimation of loss by the windowing technique and the
differing SOF and HF field symmetry (as described earlier). Note that as the filling factor rises
above 0.5, Veff rises above 2.55 where both multimode tendencies are expected and the mode
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field radii approximations lose accuracy. A good correspondence is nonetheless maintained.
Multimode effects are observed in the flux patterns for larger filling factors, as shown in Figure
17. Normally one would expect splicing from single mode to a multimode fibre to display low
loss (as the fields have more guiding options available), and the splice loss to drop. Here
however, the splice loss is dominated by the fact that the input mode is larger than the HF modes,
whether the HF allows multiple modes or not. Note that the higher order modes for larger filling
factors tend to increase the RMS field width in the HF, rendering the expected loss calculated
from them somewhat artificial.
And finally, little loss is observed on splicing from smaller to larger modes. While some loss is
expected, the extreme loss predicted by the effective index model is inaccurate due to the
unreliability of (10) as Veff drops below 1.2 for d/Λ less than 1.2 here. The lack of observed loss
for splicing to larger HF modes was discussed in detail in section 3.3.1.

3.3.3 Wavelength variation of splice loss
To complement the investigations of optimal HF design to optimise splice loss, the inverse
investigation of splice loss as a function of varying wavelength for fixed HF parameters was
performed. For reasons outlined separately in the above sections, the HF pitch selected was 6.56
µm, and the filling factor used was 0.35. The wavelength was varied from 1.0 µm up to 3.5 µm
so as to properly gauge the effect in spite of the fact that these limits extend beyond the normal
region of operation of Corning SMF-28.
Figure 18 displays the losses calculated by the FDTD simulation along with the expected losses
calculated from the effective index model (as described in section 3.1) and from the RMS field
radii.
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Figure 18 – Simulation results and expected splice loss for Corning SMF-28 to HF Λ=6.56
µm, d/Λ = 0.35.
Example incident and transmission fluxes are displayed in for wavelengths of 1.0 (expected to
have a slightly larger mode in HF than SOF) and 3.0 µm (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 (Λ =
6.56 µm, d/Λ = 0.35) with λ = 1.0 (left) and 3.0 µm (right)
The analysis of results in Figure 18 corresponds to theory in a similar manner to earlier results.
Losses increase as the HF mode becomes smaller than the input mode (as wavelength rises above
1.5 µm), and the radiated losses may be observed for 3.0 µm in Figure 19. Note that the actual
values of loss are different from those predicted by the effective index model due to the effect of
the windowing of transmission and the inaccuracy of (10) above λ = 2.5 µm (as V drops below
1.2), as described earlier. Importantly, the low loss range of wavelengths appears to be
approximately as predicted by the effective index model. The approximations of Veff indicate that
1.0 µm would have a larger mode field pattern, and thus have larger loss. The lack of observation
of this loss would be explained as in previous sections. However, observation (from Figure 19)

45

Applications of Holey Fibre: Joseph Lizier

and the use of the RMS field widths implies that the low loss range of wavelengths would be
more accurately centred on 1.0 µm instead of 1.5 µm. The approximations used here for the value
of Veff are perhaps not as accurate as they could be, yet the low loss range is still quite well
predicted.

The mode mismatch splice loss analysis has shown that the effective index model can be used to
give an indication of splice loss. Importantly, the effective index model can be used to design HF
parameters to provide a well-matched mode and consequently minimise splice loss.
Although these investigations were for SOF to HF splices, it is expected (as outlined earlier) that
HF to SOF splice loss performance will follow by reciprocity.

3.4 Splice offset analysis
The FDTD model was used to calculate splice loss as a function of axis offset. Due to potential
differences in the direction of offset (along or orthogonal to polarisation), investigations are
performed for offset along both axes for the Ex polarisation. In order to eliminate loss from
poorly matched SOF and HF modes, a 1.55 µm wavelength was used with HF parameters Λ =
6.56 µm and d/Λ = 0.35. As reported in section 3.3.2, this combination was found to produce a
splice loss below 0.2 dB. The mode field width of the SOF mode was approximated as 5.14 µm
using (10) and found to be 5.20 µm using the RMS field width calculation. The flux patterns of
the SOF and HF modes for a splice without axis offset is shown in Figure 20.
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Figure 20 - SOF and HF (Λ = 6.56 µm, d/Λ = 0.35) flux for λ = 1.55 µm
An example of the transmitted flux due to an x axis offset of 5.2 µm is displayed in Figure 21.

Figure 21 - Transmitted flux from a 5.2 µm axis offset splice
As Figure 21 shows, the separation of guided and radiating modes in making an observation of
transmission is quite difficult. Two methods were used for verification here. The first method
involved comparing the peak intensity of what is clearly the guided mode to the peak intensity for
no axis offset. The second method involved using a windowing technique, but not windowing
over the whole core region so as to include as little radiative energy as possible. The total flux in
the window was compared to the flux through a window of the same size for the splice without
axis offset. The two methods returned very similar results. Further verification for the method
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was sought in modifying the model to calculate the splice loss due to axis offset for SOF-SOF
splices. The results for SOF-HF splice loss with x axis and y axis offset for Ex polarisation (using
windowed results only), for SOF-SOF offset splice loss, and expected splice loss from (8) are
plotted in Figure 22.
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Figure 22 - FDTD and expected results for splice loss. SOF’s are modelled on Corning
SMF-28 and HF has (Λ = 6.56 µm, d/Λ = 0.35)
The FDTD splice loss results correspond well to the expectation from the effective model. Notice
that the splice loss appears to be independent of axis offset direction. The fact that the splice loss
results are slightly lower than the expected loss values is likely to be due to the inclusion of some
radiative energy in the windowed transmission and in the peak value in the centre of the core.
Furthermore, it is possible that the guided mode has not completely evolved within the
transmission distance the flux is monitored at. As shown in Figure 21, it appears that any
evolution will involve spreading of the energy slightly out from the centre (implying our peak
and windowed measurements near the centre are inflated). The fact that the splice loss results for
SOF-SOF are similar to for SOF-HF implies these discrepancies in the measurement. The slightly
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larger loss for SOF-HF splices, particularly at larger offsets is explained by the differing
symmetry in SOF and HF that is most pronounced at larger radii. Thus, a realistic interpretation
of these results is that axis offset splice loss for SOF-HF is described by (8) but with the 4.34
factor replaced by a factor that grew larger with axis offset.
Finally, it is worth noting that the guided field in the HF appeared to evolve in a shorter distance
than that in SOF-SOF splices. This is likely to be due to the strong guidance in HF.

3.5 Conclusion
The first in-depth analysis of splice loss between standard optical fibre and holey fibre has been
presented. The FDTD model for HF has been used to demonstrate that the HF parameters to
optimise splice loss can be predicted by applying the effective index model to the established
formulae for mode mismatch splice loss in SOF-SOF splices. As such, HF parameters can be
designed in a very straightforward manner to optimise splice loss where necessary. The optimum
HF parameters are not likely to produce a zero splice loss due to the differences in field
symmetry, but are still likely to be below 0.1 dB. Loss for poor mode matches is similarly
concluded to be higher than predictions from the established formula due to the differences in
symmetry of the fields.
The FDTD model has also been used to show that splice loss due to axis offset follows the
established formula for SOF-SOF splices with application of the effective index model. Splice
loss for large offsets is likely to be larger however due to the larger differences in SOF and HF
field patterns at larger radii. The axis offset loss investigations here are not so much important for
their own value, but in that the correspondence to expectation raises confidence in the more
important design investigations for mode matching.
Although the splice loss from HF to SOF was not calculated here, reciprocity implies that the
results would be the same as for SOF to HF splices.
Finally, it is worth noting that if design limitations render poor mode match unavoidable, a
tapered HF structure could be used for spot size conversion between the SOF and the destination
HF to reduce loss. Tapered HF structures for spot size conversions are described in the next
section.
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4 Spot Size conversion using HF structures
Spot size and numerical aperture (NA) conversion are vital functions in the provision of efficient
interfacing for optical components of differing dimensions. Without the use of such conversion,
mode mismatch leads to significant loss to radiation and perhaps higher order modes. For
example, spot size expansion is required between SOF and bulk optics, and spot size reduction is
required between SOF and erbium doped fibre amplifiers (EDFA) and integrated optics (e.g.
semiconductor optical amplifiers).
Spot size conversion by gradual change (tapering) of fibre dimensions in SOF is fundamentally
limited by weak guidance. Weak guidance not only means that spot size conversion must be
performed over fairly long distances (typically mm's [63]), but also imposes an inconvenient limit
on the minimum spot size which may achieved for a given wavelength and numerical aperture
NA. This is because propagation is a balance between confinement and diffraction effects: as
fibre dimensions are reduced spot size continues to decrease until confinement can no longer
balance diffraction; the spot size must then increase with the reducing dimensions [65]. Thus, the
minimum achievable spot size increases with strength of guidance. Furthermore, SOF cannot
perform NA conversion due to the constant material properties of the core and cladding.
The strong guidance supplied by holey fibre provides a new opportunity to create spot size
converters that can operate over a much smaller distance, and actually reduce spot size down to
levels not achievable with standard fibre. The potential improvement in spot size reduction is of
particular importance in interfaces to EDFA and integrated optics where signal losses are critical
to noise figure. Note that NA conversion is inherently a part of HF spot size conversion, because
changing of HF dimensions changes the dimensions of the cladding structure and thus the
effective index and NA experienced by each wavelength. In particular reducing HF dimensions
increases NA for all wavelengths (as the energy finds it harder to resolve the finer structure of the
cladding and sees more of an average), serving to aid in beam confinement.
As well as the reverse interface from integrated optics dimensions to those of standard fibre,
beam expansion to bulk optics dimensions is also very important. The greater control provided by
the strong guidance of HF promises a more efficient conversion to the mode field pattern required
by the bulk optics. Furthermore, the possibility of designing single mode HF for unlimited core
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sizes would be quite useful for such interfaces, as the approximate Gaussian mode field patterns
provided would lead to even more efficient conversion to those required by bulk optics.
In this chapter, the first study of the application of tapered HF structures to spot size conversion
is performed, and the application is shown to be quite viable. A theoretical analysis of the
performance of HF tapered structures is provided: optimum taper shapes and minimum adiabatic
taper lengths are predicted.
Results obtained from the application of the FDTD model to HF spot size converters are provided
and compared to theoretical expectations. Note that the investigations performed here focus
mainly on spot size reduction, as the performance of such converters is simple to quantify. The
focus is also on typical dimensions of standard fibre to integrated optics, as the dimensions of
bulk optics are too large to be simulated. The model demonstrates the viability of this application,
with losses as low as 0.5 dB over only 50 µm (the maximum length that could be simulated here).
It is expected that the loss would become negligible for practically attainable taper distances. The
model also confirmed minimum adiabatic lengths similar to those predicted in the theoretical
analysis, and that the optimum shape designed outperformed all other shapes.
Though only briefly investigated with the FDTD model here, HF performance in spot size
expansion (from typical dimensions of integrated optics to SOF dimensions) is implied by
reciprocity from that of the corresponding spot size reducing structure. Larger scale beam
expanders however, e.g. fibre to bulk optics expansion, have dimensions too large to be simulated
by the FDTD model, but their performance can be implied by the scalability of the findings.
Finally, an attempt at to experimentally investigate the performance of tapered HF structures is
described. However, experimental verification of the findings here is yet to be provided.

Figure 23 – Tanh shape tapered standard fibre for spot size conversion (from [62])
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4.1 Theoretical analysis
To avoid loss to radiation, or higher modes (if they are available), spot size conversion must be
performed at an acceptably slow, or adiabatic, rate. Measures of adiabaticity for SOF spot size
conversion using tapered structures (or tapers) have been established by Love and others ([63],
[64], [65]). These measures involve attributing a characteristic angle or length to every cross
section along the taper under analysis (generally the angle of inclination of the taper, and length
subtended by a tangent from the core-cladding interface to the centre of the core) and comparing
to a requirement for adiabaticity.
Love suggests two methods for calculation of the adiabaticity requirement (maximum angle or
minimum length). In [64], the characteristic length is made larger than the beat length between
the fundamental mode and the radiative mode or higher order modes (if such modes exist). This
can be thought of as ensuring negligible loss by the providing the energy with sufficient distance
to allow it to couple back into the fundamental mode when disturbed. This length is described by:

zc =

2π
β − β'

(15)

where β' is the propagation constant of the second order mode, or that of the radiation field kncl.
The application of this criterion to HF tapers requires knowledge of the propagation constants of
the fundamental and second mode, which cannot be derived from the effective index model [24].
To calculate these propagation constants would require application of an alternative model such
as the localised basis function models reported in [38] and [20]. The development time for an
additional model would be unjustifiable, as the motivation behind the theoretical analysis is to
provide an approximate explanation for results from our existing FDTD model. Development of
another model to aid in the theoretical analysis would give no more an accurate indication than
use of the alternate and more simply applied adiabaticity criteria below.
The alternate adiabaticity criteria given in [65] involved making the characteristic angle smaller
than the diffraction angle of the field at each point along the taper. This ensures the strength of
guidance is enough to prevent radiation. Conveniently, the diffraction angle in HF was theorised
(using the effective index model) and subsequently proven by experiment to follow the analytic
expression for the diffraction angle in SOF [66]:
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θ0 =

2 ln V
NA
V

(16)

This diffraction angle applies for the fundamental mode only. Note that [66] was published
before it was revealed that the expression for Veff was more accurate when using ρ ≈ 0.64Λ. This
raises questions regarding the inclusion of the 0.64 factor in V in (16). Following the derivation
in [66], the derivation was performed again here (in light of this revelation), and a more
watertight definition of the diffraction angle produced:

θ0 =

λ ln Veff
πΛ

(17)

where the 0.64 factor is included in Veff, but not required with the external terms. Using our
approximations for Veff, theoretical diffraction angles were generated from (17) for comparison to
the experimental results published in [66]. It was found (17) compared just as well to the
experimental data as the previously defined theoretical diffraction angles from (16). Thus, the
definition in (17) was used for all theoretical analysis here.
Equation (17) was first applied to analyse taper shapes. For a given wavelength, the taper angle at
every cross-section was compared to the diffraction angle. The diffraction angle was calculated
from (17), with Veff approximated from the wavelength and Λ and d/Λ at the given cross-section.
An inverse adiabaticity (IA) factor, defined as the ratio of taper angle to diffraction angle, was
then attributed to each cross section along the taper. IA is termed as such because a value less
than unity indicates that the local shape satisfies adiabaticity criteria, but a value larger than unity
indicates adiabaticity is not satisfied. Figure 24 gives plots of IA (called delineation curves after
similar analysis in [63]) along the length of HF tapers with d/Λ = 0.8 and Λ being reduced from
6.4 µm to 0.8 µm (so as to reduce effective core) over 30 µm. These HF dimensions are typical of
SOF to integrated optics spot size conversion, and are used throughout the study. The delineation
curves are for both a linear variation of the pitch and a tanh type variation of the pitch. Figure 23
displays the tanh taper shape, which involves an exponential variation at either end of the taper.
This shape is of interest as it is quite a natural shape to fabricate. As Figure 24 shows however,
the tanh shape has quite a high IA in the centre, which will impede the taper performance.
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Inverse Adiabaticity (A) versus position
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Figure 24 - Plots of Inverse Adiabaticity for linear (left) and tanh (right) tapers with Λ = 6.4
µm down to 0.8 µm, d/Λ = 0.8, for λ = 1.0 µm over a length of 30 µm.
A figure of merit gleaned from the analysis is the net integral (with respect to length) of IA
greater than unity. This is termed the non-adiabatic integral (NAI). If a taper structure complies
with adiabaticity requirements along its whole length, IA will be less than unity everywhere and
NAI is zero. For tapers which do not conform to adiabaticity criteria along their whole length, the
NAI will be greater than zero. The NAI is designed to be physically meaningful in that it
encapsulates both the degree by which a taper is not compliant with adiabaticity, and the length
over which this non-compliance persists. For the taper structures shown above, NAI is 2.87x10-5
for the linear taper and 3.59x10-5 for the tanh taper. As we shall see later, these NAI values are
actually quite high and thus one could not expect either taper to perform very well.
Such analysis naturally suggests the reverse process - an inversion of the analysis criteria to
design a taper shape that exactly satisfies the adiabaticity criteria along its whole length. As
reported in [67], the general shape of such a taper will out-perform any other shape for any given
length (for the same wavelength and start and end cross section dimensions). For a given λ, Λ
and d/Λ, the inverse design process involves using discretised length segments, and the steps are:


For the initial cross section, approximate Veff as a function of λ, Λ and d/Λ and then use (16)
to calculate the maximum taper angle for adiabaticity at this point.
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Assume the local taper angle to be this maximum, and trigonometrically project the value of
Λ at the next discrete length value.



Iterate at the next discrete length step until the final pitch value has been reached.

For the wavelength, start and end dimensions used in the delineation curves above, the inverse
taper design method yields a taper with pitch varying with length as shown in Figure 25.
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Figure 25 - Pitch variation of inverse taper design for Λ = 6.4 µm down to 0.8 µm, with d/Λ
= 0.8 and λ = 1.0 µm. Note the length of this design is around 58 µm.
It must be noted that the shape of the inverse design is dependent on the wavelength and filling
factor for which its use is designed. However, a very similar shape was returned by the inverse
design for all of the wavelengths and filling factors attempted here.
Note that the approximation for the diffraction angle given in (16) cannot be used if Veff drops
below unity during the analysis. For inverse taper design purposes, this means that the design
cannot be completed. Although (16) is only an approximation, the fact that Veff drops below unity
indicates a more weak confinement is beginning to occur (or is occurring) in the taper for the
given wavelength. This means that the design may have brought the pitch below or close to the
pitch for which minimum spot size (described earlier) for the given wavelength and hole size
occur. For appropriate spot size reduction then, the design should be re-attempted with a larger
minimum pitch.
The length of the shape of the inverse taper design also gives an indication of the minimum taper
length required for complete taper adiabaticity (NAI equal to zero), and thus relatively low loss
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performance. Thus, for a range of wavelengths and hole sizes, the minimum adiabatic lengths for
a 6.4 µm down to 0.8 µm pitch conversion is plotted in Figure 26.
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Figure 26 - Minimum adiabatic lengths as a function of wavelength and spot size for Λ = 6.4
µm down to 0.8 µm
A low wavelength loss edge is displayed in these plots. This is due to the weak confinement of
small wavelengths being exacerbated by the taper structure, and ease of leakage increasing. The
regions where the lines on the graph are discontinued are the wavelength and holes size
combinations where (17) could not be used at some point in the taper (as explained above). It is
expected that if the curves where continued for higher wavelengths, a long wavelength loss edge
would be observed as well. Also, as explained above it is likely that the wavelength and d/Λ
combinations near to where the plots are discontinuous are producing close to minimum spot size
for the given wavelength. Thus, going to larger wavelengths would not only require a longer
length to reach the same minimum pitch, but would be unlikely to produce as small a spot size as
for smaller wavelengths, or that larger final pitch value would for the same wavelength. Further
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evidence for the long wavelength edge lies in the fact that longer wavelengths are weakly guided
also and typically require longer distances to undergo such transformations. Finally, yet
significantly, plots for other final pitch values have displayed a long wavelength loss edge.
Also notice that the adiabatic length is predicted to decrease as hole size increases. This is
intuitively accurate because larger holes give a stronger guidance.
It is worth noting at this point that the theoretical expectation of a short and long wavelength loss
edge, and decreasing loss with increasing hole size is very similar to results for bend loss in HF
[21]. This makes sense intuitively because taper loss is similar to bend loss in that only the
strongly guided wavelengths will experience low loss in both cases. Short wavelengths leak
through between the holes too easily to be well guided, and longer wavelengths are spread too far
into the cladding to be confined strongly enough to adiabatically undergo the changes.

4.2 Method of computation
Analysis of HF tapered structures using the FDTD model was performed using a SOF to structure
to launch the field into the HF. This is done because analytic formulae and approximations are
known for the modes in SOF, but not for HF. Launching from a known mode will allow accurate
evolution of the fields in the HF. It is also valuable to perform the simulations as such as one
intended application is to convert spot size from an SOF input for another device at the output.
The Gaussian approximation (the analytic formulae used for the splicing investigations was not
set up at this stage) was used to set up the approximation to the LP01 mode [4]:

φ (r , z ) = φ 0 exp(− r 2 w02 )exp(− jβz )

(18)

where r and z are the radial and longitudinal co-ordinates respectively, and the longitudinal centre
of the pulse is understood to be at z = 0. For a given approximate input wavelength, the mode
field width is approximated by (9) and β is set to knco. The exact wavelength that is sets up can be
obtained from a Fourier transform of the stored fields, but is always very close to the intended
wavelength. φ represents the field amplitudes of both E and H, with the two distinct modes of
polarisation Ex/Hy or Ey/-Hx. As outlined in 2.6, HF has two orthogonal modes of polarisation,
and we have labelled the x direction as pointing directly into a hole from the core, with y directed
orthogonally (i.e. to the inter-hole gap 90° from the hole the x direction points to).
The launch fibre used was designed with a core size of 0.64 times the HF pitch, in order to match
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the effective radius to the radius of the input fibre. Only the first few rings of holes were
simulated due to memory constraints, but as described in section 2.5 they are generally all that is
necessary for guidance.
As previously outlined, the computations performed here concentrate on spot size reduction. The
performance of tapers for such purposes is simple to quantify. Aside from significant reflection
for very short tapers, most of the losses are to radiation in a longitudinal rather than transverse
direction (as was found to be the case for the splice loss studies). The performance of a spot size
reducing taper is thus simply quantified by a similar windowing technique to that described for
the splice loss analysis (in section 3.2). The results from the windowing technique are likely to be
more accurate here as the thin width of the guided mode at the output makes it easier to identify
boundaries for a window to remove radiative modes.
It must be noted that excessive memory requirements prevent taper lengths greater than around
50 µm being simulated in reasonable time here. Knowing the general requirement of mm lengths
of SOF tapered structures, one may not intuitively expect reasonable performance from such
lengths of HF tapers. However, it must be noted that this length is on the scale of the adiabatic
lengths suggested by the theoretical analysis in Figure 26, and indeed these lengths provide
efficient spot size conversion, as is described in the next section. Longer lengths could be
simulated by relying on virtual memory as well as RAM, but as previously outlined such
simulations would require running time on the order of weeks. A version of the program was
developed which sacrificed some storage space for the structure for computational time to
recalculate the required variables at each time step. This version was required for analysis of the
largest structures reported here (e.g. the 70 and 100 µm length tapers with results shown in Figure
27), but used around 40 hours of computational time and as such was rarely used.
Finally, several simulations were to be performed using the taper shape obtained by inverse
design here. As the general shape (but not the length) was found to be very similar for a large
range of wavelengths and filling factors, a polynomial approximation was used to define this
shape in the code. An extension would be to have the code compute the ideal shape dynamically,
however this would not work when investigation was required for wavelength and filling factor
combinations for which the diffraction angle approximation broke down (as described
previously).
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4.3 Spot size reduction: FDTD results
In this section, the main FDTD results for spot size reduction from typical fibre dimensions down
to typical integrated optics dimensions are outlined. A general investigation of adiabatic length
and taper performance as a function of wavelength is provided. The effect of shape (in particular
that of the shape determined by inverse taper design in section 4.1) is analysed. Optimisation of
filling factor for a particular wavelength and taper structure 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 effect of taper length and the variation of
performance with wavelength are shown in Figure 27. The tanh taper shape was used here, with a
filling factor of 0.79 and the pitch was reduced from 6.4 µm to 0.8 µm.
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Figure 27 - Spot size conversion loss as a function of taper length and wavelength for a tanh
taper shape, d/Λ = 0.79, pitch reduced from 6.4 µm to 0.8 µm.
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Figure 28 shows the flux incident in the HF for 1.5 um, and as particular examples the
transmitted flux for taper distances of 15 um and 50 um. At 15 um, a large amount of radiative
energy is observable outside the taper. A 50 um length may be identified as adiabatic from Figure
27, and is seen to produce larger peak transmitted (relative) intensity in the middle of the core
and less obvious radiative losses.

Figure 28 - Incident flux to the HF taper for 1 µm, and transmitted flux for tanh taper (Λ =
6.4 µm down to 0.8 µm, d/Λ = 0.79) lengths of 15 (left) and 50 µm (right).
Regarding Figure 27, notice that the loss for each wavelength appears to stabilise as the taper
length is increased. In particular note the appearance of the predicted low wavelength loss edge,
as the stabilisation length decreases with these wavelengths. The lengths at which stabilisation
occur appears to correspond quite well to the predictions of minimum adiabatic length given in
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Figure 26, even though the optimum taper shape was not used here. It is worth noting that
stabilisation occurred for each wavelength once the NAI had dropped below around 1.5 x 10-5.
This confirms the fact that the lengths where stabilisation occurred were not completely adiabatic
yet (using our previous definition), which is important in achieving reasonable losses if such
small taper lengths are ever required.
Note that the losses appear to have increased slightly for 1.0 and 1.5 µm after the apparent
stabilisation, which raises concerns about performance at longer taper lengths. The effect could
be due to a finite amount of radiating energy having been included in the windowed transmission
at lower lengths, but has been removed once longer taper lengths are simulated. It is possible that
the effect is more dramatic than the increase in transmission with length once adiabaticity is
reached, serving to temporarily drop the transmission that is interpreted here. Another
explanation is that the effect is a decaying oscillation in the loss with length once adiabaticity is
reached. This effect is reported in [67] and is termed excess loss. In fact, there is nothing said in
either explanation that prevents mutual correctness. Importantly, for either interpretation we
expect loss to decrease with length on the whole, although at a slower rate than before adiabatic
stability was reached. This expectation is important to the application of HF tapered structures for
efficient spot size conversion because while the minimum loss observed here of 1.3 dB is
impressive over a 50 µm length, it is not good enough in itself to suggest efficient application of
HF tapered structures.
Spot size performance for larger wavelengths (2.0 µm and upwards) was also investigated here.
However, the performance at such wavelengths appeared poor. The spot size appeared to extend
significantly into the cladding region to the extent that it was difficult to tell if all of the energy
was guided or radiating, and interference from the non-absorbing boundary conditions for some
wavelengths rendered the simulation unrealistic. The performance was thus difficult to quantify,
but certainly appears to have significantly degraded as expected.
The large filling factor of 0.79 was used here in order to achieve spot size conversion in a smaller
distance, as suggested by earlier theory. However, this large filling factor multimode effects into
the HF, as is shown in Figure 28. These multimode effects are thought to have reduced the
efficiency of the tapers due to the fact that their distribution of energy reduces correlation to the
fundamental mode further along the taper. If energy can be retained in a distribution similar to
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that of the fundamental mode for the whole taper length, efficiency will be quite likely to
improve. This argument suggests a trade-off between large hole size for strong guidance, and the
cost to efficiency of multimode effects. Optimisation of the filling factor is explored in section
4.3.3.
Finally, several simulations were performed for tapers reducing the pitch from 6.4 down to 0.5
µm for a 1.0 µm wavelength. The extra resolution required for these simulations only allowed
taper lengths of up to 20 µm to be performed, even using the space/performance trade-offs
mentioned earlier. The results showed the loss was slightly above those for a final pitch of 0.8
µm at each given length, indicating that comparable performance could be achieved if lower spot
sizes were required.

4.3.2 Optimum Taper Shape
The performance of a linear taper shape reducing the pitch from 6.4 down to 0.8 µm was
examined for a wavelength of 1.0 µm over a length of 30 µm. The loss for this taper was found to
be 2.0 dB as compared to a 2.8 dB loss for the tanh shape taper. There simulation results verify
the earlier observation of the NAI for the linear taper was 2.87x10-5 being somewhat lower than
that for the tanh taper of 3.59x10-5, which implied better performance of the linear taper.
Furthermore, (the polynomial approximation to) the taper shape that was obtained by the inverse
design process described in section 4.1 was found to produce a loss of only 1.5 dB for the same
parameters. The NAI for this shape was 2.51 x10-5, which is greater than zero because it does not
become completely adiabatic until a length of 58 µm.
Furthermore, the taper shape obtained by the inverse design process was found to outperform the
other shapes for all tested parameters, as expected. As explained earlier, this performance is due
to the “evenness” that the field sees in the alteration of the dimensions by this shape. For
example, simulations showed that for a 1 µm wavelength with the same filling factor and start
and end pitch values, stabilisation of loss occurred at only 20 µm. The stabilised loss value of 1.4
dB is the same as achieved for the tanh taper shape at a larger length. It is expected however that
as taper length is increased, the excess loss (decaying oscillation of loss) will reduce more
quickly for the optimum shape, just as adiabatic stability was reached earlier.
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4.3.3 Optimum Filling Factor
The theoretical analysis performed in section 4.1 found that larger filling factors would result in
better taper performance, presumably due to the large strength of guidance inherent in such
structures. The analysis does not, however, take into account any multimode effects in the fibre.
As postulated earlier, the presence of higher order modes promotes the presence of an energy
distribution with a lower correlation to the possible modes or mode present further along the
tapered structure. This lower correlation will serve to reduce the efficiency of the taper
performance. Where only the fundamental mode is present along the taper, the correlation of
gradually changing mode field pattern will be maximised. It is thus expected that the optimum
filling factor will be a trade-off between strength of guidance and higher order mode losses.
The optimum filling factor was investigated for one particular case where the wavelength was 1.5
µm, the pitch was reduced from 6.4 to 0.8 µm (as above) and the length of the taper was 50 µm.
The optimum taper shape was used for these investigations. The results are displayed in Figure
29.
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Figure 29 - Loss as a function of filling factor for pitch reduction from 6.4 to 0.8 µm using
the optimum shape over 50 µm with a wavelength 1.5 µm
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These results show an optimum filling factor of 0.5 for the parameters investigated here. This
filling factor does indeed appear to be a compromise between the guidance strength of large holes
and the non existent or less imposing multimode tendencies of smaller hole sizes. Figure 30
displays the incident flux for this case, which is clearly less multimode than for a 0.79 filling
factor, which was very similar to the flux pattern for 1.0 µm shown in Figure 28.

Figure 30 - Incident and transmitted flux for d/Λ=0.5, Λ reduced from 6.4 to 0.8 µm over 50
µm with the optimum taper shape, for λ = 1.5 µm.
It must be noted at this point that the loss achieved with d/Λ here was 0.5 dB, which was the
lowest loss observed for all of the tapering investigations in this thesis. This dramatic
improvement over not dissimilar parameter combinations gives further evidence to the
expectation of negligible loss at larger lengths with appropriate combination of shape and filling
factor for a given wavelength.
Finally, further evidence is available for the fact that multimode propagation reduces the
efficiency of the spot size conversion. Loss was examined as the input mode was skewed from
the centre of the HF, and made about half as wide. Unlike the analysis undertaken in chapter 3,
the splice loss will not increase with axis offset here as the splice is to a multimode structure,
where energy offset from the centre will still couple into a guided mode.
The taper loss was observed to dramatically increase due to this offset. As all of the input energy
appeared to couple into a guided mode, it can only be concluded 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 larger filling factors are essentially converting the
spot size down to a lower value (because of the greater confinement they provide). A smaller spot
size is inherently more difficult to convert into, and perhaps performance should be compared
with respect to final spot size instead of final pitch. A simulation was performed where the pitch
was reduced to 0.6 µm with a filling factor of 0.6, so as to attempt to get an actual spot size more
comparable to that of a filling factor of 0.8 at 0.8 µm. This simulation found that while similar
loss was maintained, the actual spot size increased slightly. It is thus likely that larger filling
factors will be required to reduce spot size down to the smallest achievable values. The spot size
achieved for a filling factor of 0.8 is shown in Figure 31. While having a higher overall loss than
that for a filling factor of 0.5, it is clearly smaller and has a larger energy concentration in the
centre of the core. Where the smallest possible spot size is required, a trade-off will result
between loss from the transmitted guided mode and loss due to the guided mode being larger than
required.

Figure 31 - Transmission for λ = 1.5 µm in HF taper Λ = 6.4 down to 0.8 µm, with d/Λ = 0.8
Note that the optimum filling factor found here was for the particular parameter combination in
this investigation only. It is quite likely that the optimum filling factor will vary with wavelength
and pitch values, and more than likely with length. Thus, while larger hole sizes will be required
to achieve the smallest spot sizes (described above), the use of more practical taper lengths will

65

Applications of Holey Fibre: Joseph Lizier

result in increased adiabaticity and be likely to significantly reduce their losses.
An interesting method of reducing the loss would be to increase the filling factor as the taper
dimensions are reduced. This would serve to keep the structure multi-mode at the input, and
therefore reduce losses through higher order modes, and increase confinement at the smaller pitch
size. However, the author cannot think how such structures would be contrived, as conventional
tapering techniques will keep the filling factor constant as the taper dimensions are reduced.

4.3.4 Effect of Polarisation
Finally, the effect of input polarisation was investigated. Since, as outlined in section 2.6, the
degenerate polarisation modes can be made up by superpositions of rotated entities of oneanother, one would not expect any difference in the performance of HF tapers for them.
However, the possibility of an effect on taper performance needs to be established. In fact, no
difference in taper performance was found where the taper distance was determined to be
adiabatic. For some short tapers however, the energy obviously did not completely couple to the
fundamental mode at the output of the taper. As was shown in Figure 10 in section 2.6 it was
found for some cases than the transmitted flux patterns were different for the x and y polarised
modes where higher order modes were significantly present. This difference has already been
explained in that section, and does not actually relate to the performance of the tapers.
Thus, as expected no difference in the actual taper performance due to polarisation was observed.

In this section, a thorough analysis of the performance of HF tapered structures for spot size
conversion from typical fibre dimensions to typical integrated optics dimensions has been
provided. These results have shown that adiabatic tapers may be achieved in less than 100 µm, as
predicted. Importantly, taper performance is expected to be more efficient over more realistic
distances. The applicability of HF tapered structures to such spot size confinement has thus been
shown.
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4.4 Spot size expansion
The performance of HF tapered structures for spot size expansion from typical integrated optics
dimensions to typical fibre dimensions is implied by reciprocity from the above investigations
into spot size confinement within such dimensions. That is, from the previous results it is
expected that spot size expansion using similar HF structures would provide efficient beam width
conversion using lengths and shapes suggested in the above analysis. The uninitiated may not
expect losses in any form of beam expansion. Such a perspective however ignores the theory
discussed in chapter 3 regarding the importance of mode matching – a very thin field coupling to
a wide mode will exhibit the same losses to radiation that the wide mode has in coupling to the
very thin mode. Furthermore, although the presence of higher order modes serves to reduce loss
to radiation by increasing the correlation with most input fields, the energy that couples into these
modes is normally viewed as a loss from the fundamental mode. This is particularly important for
the application to interfacing to bulk optics, where HF could be designed as single mode even up
to the very large core sizes required. This is important in that such HF would provide
approximately Gaussian modes for a very efficient interface to the bulk optics.
Several simulations were performed here so as to verify the reciprocity of the results. The results
are difficult to quantify, but it is straightforward to see the improvement with taper shape and
length. The results in Figure 32 show the transmitted flux at the output of several HF tapers
which convert the pitch from 0.8 up to 6.4 µm using a filling factor of 0.8 (as in the majority of
spot size reduction investigations) for a wavelength of 1 µm.
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Figure 32 – Transmitted flux for spot size expansion with HF from Λ = 0.8 to 6.4 µm, with
d/Λ= 0.8 for λ = 1 µm. (a) – (top left) tanh shape over 50 µm; (b) – (top right) tanh shape
over 80 µm; (c) – optimum shape over 50 µm.
Diagram (a) shows the results for a tanh shape taper over 50 µm. It is quite clear that the
multimode tendencies of the HF at Λ = 6.4 µm are exacerbated by this conversion. Even
increasing the length to 80 µm for the tanh shape, as shown in (b), results in significant
multimode appearance of the flux. Diagram (c) however shows the transmitted flux when using
the optimal taper shape design over 50 µm. This taper has clearly resulted in a much larger
amount of the energy being coupled into the fundamental mode at the output. The proportion of
energy coupled to the fundamental mode is expected to increase with the taper length. It is of

68

Applications of Holey Fibre: Joseph Lizier

significant importance that the shape of the output mode would provide a very good match to the
fundamental mode of a SOF if such a fibre were spliced there. Note that this length of 50 µm is
below the minimum length predicted for complete adiabaticity for these parameters, yet a very
good result was still observed.
Also, these results give further evidence to the success of the theoretical analysis in predicting the
optimum taper shape and minimum approximate adiabatic lengths.
It is thus concluded, by reciprocity and from the brief investigation here, the HF tapered
structures can be successfully applied to increasing spot size from typical integrated optics
dimensions to standard fibre dimensions.

4.5 Standard Fibre comparison
Although the weak guidance of SOF is not expected to be able to achieve the small spot sizes of
the HF tapers here, a brief simulation of the performance of SOF tapers was carried out for
completeness. Indices of refraction similar to those of Corning SMF-28 were used for the SOF
simulated here, with start and end radii of (0.64x6.4=) 4.1 µm down to (0.64x0.8=) 0.51 µm so as
to match the effective core radius of the HF tapers. Both a tanh shape and the optimal shape for
HF tapers were used over a distance of 50 µm for a 1 µm input. The output of the SOF taper is
shown in Figure 33. This flux shows absolutely no sign of guidance. It would appear that
reduction of the fibre dimensions below those that produce minimum spot size, and the taper
length being well below typical adiabatic lengths for SOF taper combined to produced complete
radiation of the fields.

Figure 33 - Transmitted flux of the SOF taper
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It is worth noting that similar analysis to that described in section 4.1 was carried out SOF tapers
using the theoretical diffraction angle given by (16). For taper structures as described above, no
minimum adiabatic lengths could be produced by the analysis as the V parameter continually
dropped below 1, rendering the analysis not performable as described earlier. The only
conclusion that may be drawn here is that minimum spot 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 widely accepted as being very accurate, only
experiment can provide ultimate confirmation of any predicted functionality. An experiment
using HF tapered structures was attempted here using HF produced by the Optical Fibre
Technology Centre. A microscope image of a cross section of the HF used for the experiment is
displayed in Figure 34.

Figure 34 - Cross section of the HF used for experiment here. Fibre diameter is 125 µm.
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As Figure 34 shows, this HF sample does not display the hexagonal symmetry of ideally
symmetric HF or even nearly of the quality achieved by the original producers (as shown in
Figure 3). This fibre was the best sample available to us for experiment. Although the hole sizes
and spacings are clearly not uniform, this is not required for guidance (as explained in chapter 1).
Several regions were identified as likely to produce core functionality. The most obvious region
is the large hole in the centre of the fibre, which appears to have been intended as the core. This
guiding region however is approximately 6.5 µm in diameter. The diameter is large compared to
the intended wavelength of operation (632.8 nm), and combined with the large sizes of the holes
on either side of this region, this core is expected to exhibit multimode behaviour. Other guiding
regions identified appear to be small enough to possibly remain single mode.
Before any tapering was attempted, the guidance and spot size of the HF core regions were
examined.
Using a Helium-Neon laser (operating at 632.8 nm), the beam was focused onto the end of the
fibre using an objective lens. Real-time video images from the microscope were fed to a PC for
display. Coiling the fibre onto itself was used to strip cladding (radiating) modes away.
Furthermore, tissue paper was used as an attenuator to ensure only the high intensity guided
modes were visible and did not saturate the image (so that their intensity profile could be
determined). Micrometer type screws were used for gradual adjustment of the region of focus of
the beam. Guidance was easily obtained in the central core, and a diagram of this is displayed in
Figure 35. The beam in this core was established to be multimode, as movement and stress on the
fibre caused significant changes in the field pattern observable.
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Figure 35 - Guidance in the
central core of the HF

Guidance in one of the smaller cores is shown in Figure 36. This core appeared to be displaying
single mode guidance, as the observed intensity did not change with movement or stress on the
fibre.

Figure 36 - Guidance in a smaller effective core in the HF
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It is worth noting here that Matlab code was developed to plot the intensity of the images, as both
3d plots and cross sections from the image. Averaging, or low pass filtering, is used to smooth
the background radiation in the image. This code is displayed in Appendix H, and will prove
useful for determination of beam width in later experimental investigations. An example plot
from the code is shown in Figure 37, for the image Figure 35.

Figure 37 - Matlab 3-dimensional plot of the intensity of the microscope image
Tapering of the HF structure was then attempted. This was performed with a conventional fusion
splicer, by stretching the HF once the electric arc was applied to the region to be tapered. It was
found that lowering the temperature of the arc produced the best results. In general however, the
HF structure collapsed during the tapering attempts. This could be seen from the microscope
display of the fusion splicer. The air holes could be seen in the standard HF structure, but were
the structure collapsed, it appeared that many of the holes had joined together. This observation
was confirmed by observation of one of the attempted tapers with the microscope and PC set-up.
As shown in Figure 38, the structure has quite clearly collapsed.
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Figure 38 - Cross section of HF resulting
from attempted tapering

It is felt that with more time and practise, appropriate HF tapered structures could be obtained for
experiment by this method, as even the non-ideal structure used here would provide a useful
experimental guide as to the functionality of tapered HF structures.
The difficulty of producing tapered structures in the general laboratory must be noted here. As
recently as last year a paper was published on a technique to produce tapered fibre structures in
the laboratory [68]. This technique used a C02 laser to heat the fibre and computer-controlled
motor-driven translation stages used to stretch it into any desired taper shape. As a CO2 source is
available in the SUNFLOR lab, a similar method could be harnessed here to produce HF tapers
for experimental analysis.
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4.7 Conclusion
The application of the FDTD model has provided the first evidence of spot size conversion as a
viable application of holey fibre. HF tapers have been shown here to convert beam size between
typical fibre and integrated optics dimensions with 0.5 dB loss over less than 50 µm. Importantly,
the loss is expected to become negligible when realistic taper distances are employed. SOF
simply cannot make such spot size conversions, and hence suffers large loss on direct interfacing
to integrated optics.
Furthermore, the theoretical analysis has been completely verified by the model results.
Approximate adiabatic lengths as well as optimum taper shape were correctly predicted.
By a brief analysis as well as reciprocity and scalability, the model has also shown beam size
expansion to be a valid application for HF.
Experimental analysis could not be performed here, and it is the remains the only outstanding
task to provide ultimate verification of this application.
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5

Coupling in HF

Holey fibre lends itself quite naturally to the production of multi-core structures. Such structures
involving up to six cores have been reported in [35], and a representation of a dual core HF is
shown in Figure 39. The degree of evanescent-wave coupling in such structures is likely to be
highly controllable with the pitch and filling factor of the HF, as well as the actual placement of
the cores in the HF lattice. The behaviour of such coupled structures must be established before
application of the structures is implemented.
Once such behaviour is determined however, the likely controllability such structures give the
designer, along with the high degree of nonlinearity achievable in HF [34] naturally suggest
application to optical switching. Optical switching is a fundamental application required for
complete information processing in the optical domain. To be implemented practically however,
such switching needs to be achievable at realistically low powers. Such switching is an
established technique in standard fibre. However, it is felt that HF has the potential to perform
such switching using far less power.
This chapter serves as a guide for future implementation of such studies using the FDTD model.
The optical switch structures proposed are described. Application of the FDTD model was
attempted to examine the coupling properties of multi-core HF structures, however due to lack of
time the application could not be completed. Several ideas on moulding the flexible FDTD model
for this analysis are described. A description is given on the extension of the FDTD model to
incorporate nonlinear behaviour.
post taper holey fibre cross section
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5.1 Optical switching in coupled cores
Agrawal [69] defines optical switching to occur when “device transmission is intensity
dependent”. The behaviour of optical switches proposed for HF application is based on optical
switches that have already been implemented using SOF. These “half-beat twin core fibre
couplers” are described in [69], [70], and [71].
Consider firstly a dual core structure in SOF. Coupling occurs between the cores due to
evanescent energy. The coupling occurs in a periodic manner - a beat length can be defined over
which the energy in one core oscillates from its maximum value to minimum, and back again. If
the cores are matched in refractive index and radius, then harmonic coupling occurs, and the
energy oscillates completely between the cores with the energy in each core varying between zero
and the total available energy. The effect occurs regardless of the initial position of the energy.
However, when the cores are not matched the proportion of the energy that periodically couples
between them is reduced. The reduction increases with the degree to which the cores are not
matched.
So, consider the dual cores as perfectly matched. If a pulse is introduced into one core, then half a
beat length along the fibre, all of the energy will be contained in the second core.
Now, consider that the perfect match of the cores is disturbed. At the same position in the second
core, an amount lower than the total energy will be observed. The worse the match is made, the
less energy will couple to the second core.
Nonlinear effects are an example of a disturbance to the match of the cores. Agrawal describes
the nonlinear effects in fibre as being mainly driven by nonlinear refraction; that is the refractive
index is dependent on the intensity by:
n (λ , E ) = n (λ ) + n 2 | E | 2

(19)

n2 is of the order of 10-20 m2/W, which means that very large intensities are required for
significant effect. So if, the energy pulse is large enough, the disturbance it causes to the system
(in altering the refractive index of the first core) is enough to prevent a significant proportion of
the energy from coupling to the second core in the half-beat length.
This is the principle of the nonlinear switch in standard fibre: a matched dual core system,
monitored at the half-beat length. For low input powers to the first core, all output power comes
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from the second core. For large enough input powers to the first core, most of the energy remains
in the first core at the half beat length.
The HF implementation of the nonlinear switch is very similar in principle. Note however, that
there are many degrees of freedom in designing the pitch 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 the powerful PC it is normally run on have a
limit of the length of the HF structure of around 70 µm, depending on the size of the crosssection of HF modelled and the resolution selected. This length is much too small too accurately
investigate coupling between cores; in particular it is likely to be significantly smaller than the
beat length between most dual cores of practical use.
Two ideas are proposed here for extension of the FDTD model to analyse coupled core
structures.

5.2.1 Compact-2D-FDTD method
The Compact-2D-FDTD method was first proposed in [72]. It involves the use of a single cross
section of a longitudinally invariant waveguide and the assumption of a given propagation
constant for the guided mode. That is, the longitudinal derivatives of all field components in the
FDTD update equations are replaced by an expression such as:
∂Φ
= − jβΦ
∂z

(20)

and an example update equation is thus:

H xn +1 2 (i, j + 1 2 , k + 1 2) = H xn −1 2 (i, j + 1 2 , k + 1 2)

[

∆t
E zn (i, j + 1, k + 1 2) − E zn (i, j , k + 1 2)
∆yµ (i, j + 1 2 , k + 1 2)
∆t
−
jβE yn (i, j + 1 2 , k )
µ (i, j + 1 2 , k + 1 2)

−

]

(21)
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The frequency and consequently free-space wavelength of the propagation are found by Fourier
transform of stored field components.
The method was designed for use with band structure type analysis, but was used to determine
field pattern in [73]. It was felt for this application that the assumption of constant longitudinal
derivative was valid for linear coupling analysis but not for taking the nonlinearity into account.
Due to time restrictions, only one of the ideas for extension to coupling analysis could be
implemented, and this method was chosen because the compact nature of the method (only a
single longitudinal cross section) could have led to several results being generated very quickly.
Complex representation was of course brought back into the model for this application, the
update equations were altered, the multi-core structure was defined and a single cross section
used. The flux was monitored over the whole plane. The new version of the model became
operable and was run for a coupled core structure of the type shown in Figure 39 with a pitch of
6.56 µm, filling factor of 0.35 and wavelength of 1.0 µm.
However, the results clearly indicated a problem with the implementation, with the energy in the
structure seeming to be somewhat confined to the cores but largely radiating. Due to lack of time,
this problem could only be briefly investigated. The code certainly conformed to the definition of
the method. It would appear however, that the assumption of the longitudinal derivative as given
by (21) is not valid for the linear coupled core investigations either. This is likely to be due to the
fact that in the physical coupled cores, the energy distribution over the cross section changes
longitudinally. Energy is being introduced into a core at one end of the fibre, but is certainly
changing its distribution along the fibre, otherwise coupling would not take place. The
assumption of an energy distribution that was longitudinally invariant was invalid here.

5.2.2 Periodic longitudinal boundary conditions
The alternative idea for extending the FDTD model to analysis of coupled cores was implement
periodic boundary conditions at the longitudinal ends of the computational domain. This allows
energy reaching the end of the structure to propagate through it again from the start. Provided no
pulse re-encounters energy in its own tail, then the structure it propagates through is no different
to a continuation of the HF coupled core structure. As such, quite short pulses would have to be
implemented when using this technique. A potential issue is with any backward propagating
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energy that may be accidentally set up with the initial pulse. In a linear system, this is not really a
concern but would cause problems on adaptation to nonlinear analysis. A figure of merit could be
to monitor the flux through a stationary cross-section in the computational domain. However, at
the times when this cross-section is not near the regions of concentration of the energy,
significant information about the coupling may be missed. Another candidate for results would be
to monitor the energy flux along a longitudinal line along the centres of both of the cores. This
would give perhaps more information about the general location of the energy, but could not
actually pinpoint it. These measures could be used in conjunction to solve these issues.
This method appears to be quite valid. The only reason it was not implemented ahead of the
compact 2D-FDTD method is that the computational time involved here is much greater. It is of
course greater than the times involved in the splicing and tapering simulations because much
extra time is required to allow the energy to propagate through the system perhaps many times in
order to allow it to couple between the cores a few times.

5.3 Nonlinear analysis with the FDTD model
It is quite straightforward to integrate nonlinear behaviour into the FDTD model. As described in
[74], ε is updated for each point in the mesh after each time step. It is updated using a Kerr type
nonlinearity with the equation:

ε ≈ n02 + 2n0 n2 | E | 2

(22)

which is obtained by squaring (19) and taking a first order approximation.
To implement this representation of nonlinear effects into the model, complex representation will
be required so that the information of magnitude of the E field vector is known at each grid point.
This will of course reduce the largest structure the model can represent by a factor of 2. The
magnitude of |E|2 will of course be equal to:
| E | 2 = E x2 + E y2 + E z2

(23)

where Ei are the components of the E field at the given mesh point (i,j,k).
Realistic nonlinear effects have a time delay before the effect occurs [69]. However, due to the
enormous storage requirements the implementation of the time delay could prove very difficult.
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[74] presented the incorporation of nonlinearity into the FDTD method as an instantaneous
nonlinearity.

5.4 Conclusion
Due to time restrictions, the goal of applying the FDTD model to analyse coupling in multi-core
HF structures and nonlinear optical switching has not been achieved here. However, some insight
into such application is given here. It is expected that the application of the model will prove
successful in this area. When this occurs, it is also expected that the degrees of freedom in HF
design and the enhanced nonlinearity in HF will lead to 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 a finite difference time domain model for the
analysis of holey fibre, and its application to investigate splicing of stop index fibre to HF, the
performance of tapered HF structures for spot size conversion, and coupling in multi-core HF
structures.
The very exciting properties of HF were reviewed. Its strong guidance and degrees of freedom in
design lead to: the capability for single mode behaviour at all wavelengths; tailorable dispersion
including zero flat dispersion over broad wavelength ranges and large anomalous dispersion at
low wavelengths; and small spot sizes providing enhancement to nonlinear processes. Many
novel applications have been proposed and demonstrated for HF, including visible solitons and
wavelength supercontinuum generation. Existing models for HF were reviewed, and the need for
a new model to incorporate longitudinally varying HF and nonlinear analysis established.
The FDTD method was presented, and demonstrated as not only applicable but imperative as the
heart of the new model. The model was thus developed harnessing existing FDTD software, with
large-scale changes made to it. Importantly, results from the model were verified against
published experimental and numerical data. Though requiring significant computational
resources, the model was very powerful and flexible in its application to HF.
The model was applied to provide the first known analysis of splice loss between step index fibre
and HF. Use of the effective index model was shown to have some accuracy in designing HF
parameters to optimise such splice loss. Thus, a very quick and simple method for such design
was proposed here.
The model was also applied to provide the first evidence of spot size conversion as a valid
application of HF. Tapered HF structures were shown to provide spot size conversion between
typical standard fibre and integrated optics dimensions with a 0.5 dB loss over 50 µm; the loss is
expected to improve over more practical lengths. By reciprocity and brief investigation, spot size
expansion was also shown to be a valid application of HF. Theoretical analysis was also provided
for this application and shown to have some success in predicting typical adiabatic taper lengths
and providing a theoretically optimum HF taper design which outperformed all others tested.
Finally, several methods were proposed with which to convert the model to analyse coupling in
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multi-core HF structures. Such structures are believed to have promising application to optical
switching, with the degrees of freedom in HF design and enhanced nonlinearity suggesting that
this application may be possible with lower power than for standard fibre structures.
The work in this thesis lends itself very well to future extension. The FDTD model is quite
flexible, and will be applied without difficulty to applications such as coupling and nonlinear
switching described above. Furthermore, the work described here requires the ultimate proof of
experiment to completely validate it. When higher quality HF becomes available here for
experiment, patient technique will allow such investigations to be performed for both the spot
size conversion and splicing studies.
In a very short time, HF has been invented, shown to have very novel properties, and had these
properties applied to very exciting applications. It is felt that the work in this thesis has
contributed to the development of holey fibre technology, and it is hoped that the work will
continue to contribute to later development in HF. With or without such contribution the
development of HF will continue, as it is simply too promising a technology to be ignored.
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Appendix A
Four page summary
The four page summary submitted in conjunction with the poster presentation of this thesis is
included as Appendix A. The summary is found starting from the next page.

Appendix B
Management Report
The final management report submitted for this thesis project is included as Appendix B. The
management report is found after the four page summary, and details the plan for the project and
how and why the plan changed during the course of the project.
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Appendix C
Development of Holey Fibre
This section describes the development of HF from the application of photonic bandgap concepts
to optical fibre. Firstly, photonic crystals are described. Attempts to develop fibre that guides by a
photonic bandgap effect, and the resulting discovery of the total internal reflection mechanism in
HF are outlined.

Photonic Crystals
The electronic bandgap and related effects in semiconductor crystals led to the electronic
revolution of the 20th century. Photonic crystals, first studied by Yablonovitch [6] and John [7]
(both in [8]) are essentially a photonic analog of the electronic crystal. They are periodic
structures on the scale of an optical wavelength (much larger than the atomic size of electronic
wavelengths) causing Bragg-like diffraction leading to photonic bandgaps - a range of
frequencies for which light cannot propagate through the crystal [8]. The first photonic crystal
exhibiting a fully three dimensional band gap was fabricated by Yablonovitch in 1991 ([9], in
[8]).
The real power of the effect is harnessed by introducing defects into the structure (similar to
electronic theory), for example a point defect could act as a cavity, a line defect as a waveguide,
and a planar defect as a perfect mirror [10]. The waveguide effect considered by most earlier
authors (for example in [8], [10]) was for wave propagation in the plane of the crystal periodicity.
A study of such waveguides [11] showed very small losses for small bend radii, thus promising
very important applications in integrated optics.

Photonic Crystal Fibre
In 1995, it was demonstrated that for a 2 dimensional periodic structure with hexagonal
symmetry, photonic bandgaps existed in the transverse plane for longitudinal propagation (i.e.
perpendicular to the plane of periodicity) [12]. In particular, the structure consisted of a silica
material with air holes along the direction of propagation. The publication proposed a new type
of optical fibre - "Photonic Bandgap Fibre" consisting of a periodic air/silica cladding
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surrounding a uniform core. The core would be akin to a defect in the structure - either the
absence of a hole, or a different sized hole. The photonic band gap of the cladding region would
provide confinement of the light to the defect region.
Experimentation with this photonic crystal fibre (PCF) demonstrated that there were in fact two
distinct types of guidance possible in these structures. Photonic Bandgap guidance (PBG) refers
to reliance on the photonic bandgap effect to confine a small range of frequencies to the core.
PBG guidance can theoretically occur for any type of defect. A low index defect (i.e. a larger
hole) is normally utilised however to eliminate total internal reflection type guidance (see below)
from corrupting the thin guided spectrum. Figure 40 shows a PBG fibre that utilises a larger air
hole as the core. The PBG effect in fibres has been studied to some extent both theoretically (e.g.
[13]) and experimentally (e.g. [14]) and generally involves a honeycomb type cladding structure.

Figure 40 - Photonic Bandgap guiding PCF [15]
The Total Internal Reflection (TIR) type guidance is the focus of this thesis. Such guidance can
only occur with a high index core defect, which is usually implemented as the absence of a hole.
Figure 3 in chapter 1 shows a TIR type fibre with the core formed by the absence of the central
air hole. The absence of a hole forms a high index core, and the photonic crystal cladding (which
is generally hexagonally symmetric) forms a medium with an effective index of refraction that is
lower than that of the core. The guidance mechanism is total internal reflection - similar to
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standard optical fibres [16]. Also similar to standard fibres is the wavelength range of guidance,
which is much larger than for PBG-PCFs. This mechanism masks any potential photonic bandgap
guidance in this regime. Intuitively, a periodicity of the photonic crystal cladding is not required
to produce the guidance effect here [17], and this fact has subsequently been proven for such
fibres with random cladding distributions [18]. Note however, that most work (including this
thesis) concentrates on periodic or at least regular cladding structures because only such
structures can provide repeatability in manufacturing of fibres with known, consistent properties,
and ensure the existence of only a single core [19].
The term holey fibres (HFs) is used as an umbrella term for all types of fibres using air holes for
guidance. This avoids the implication of the term photonic crystal fibre that a photonic bandgap
is always responsible for the guidance mechanism [17].
For the scope of this thesis however, the term holey fibre 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 shown in the diagram below.

setparam
defcell
renorm
Main
initfields
_trans
PML_e
driver

x n_block

in
PML_h

postproc

Figure 41 - Major functions in the model

The purpose of these functions is briefly outlined below.
setparam - reads in parameters for the simulation from the file infile.dat. Several extra
parameters, including the general HF parameters, were added here.
defcell - used to define ε for each point on the mesh. Sets up a standard step index fibre (used as a
launch fibre for splicing and spot size conversion investigations) followed by a holey fibre.
renorm - scales ε and defines variables required for the particular interpretation 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 FDTD calculations. Calls the function int
n_block times to perform the next block_size time steps (n_block and block_size are parameters).
At the end of each block, some debug information is logged to the file log.dat.
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Int - applies the FDTD time stepping algorithm (or "integrates") over block_size time steps. After
each time step, PML_e and PML_h are called to apply the Berenger perfectly matched layer to
the longitudinal end regions of the mesh (so as to absorb transmitted or reflected energy). The
power flux for each point on the cross-sections are computed and added to the total energy flux at
each time step.
Postproc - stores the results to file. The names of the result files were retained from the original
code, and the fast development of the successful model has led to the use of file names that are
actually contradictory. These files and their stored information are:
•

log.dat: contains a general log of information, including the total energy flux through
each cross-section of interest after each time block, and any error reports.

•

out.dat: contains the discrete values of the permittivity on the cross-sections of
interest, a cross-section in the launch fibre and at a cross-section between those of
interest for the energy flux monitoring. This allows debug checking of the
construction of the HF.

•

fields.dat: contains the values of total energy flux through each point in the cross
sections of interest.

•

trans.dat: contains the field values at the centre of the cross-sections of interest after
each time step. Used for Fourier transforms to check the optical pulse was set up
correctly and for group delay investigations.

The general Fortran 90 code for the FDTD model is included as part of this Appendix and begins
on the next page. Note that, to conserve space, all of the function definitions from the top of the
file are not displayed here. Also, the function set_param is not completely displayed as it takes up
a lot of space for the functionality it provides. Instead, a comment is included to indicate the
parameters that it reads in. Unfortunately, the code is sparsely commented due to rapid
development of the project, and an author too eager to observe its outputs. The description above
should provide a reasonable guide to the functionality.
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Appendix E
Matlab post-processing code
The following Matlab scripts were used to post-process the output files defined in Appendix D.
The m-files are:
-

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

-

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

-

plot_fluxes: plots the energy flux at several cross sections through the structure.

-

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

-

joe_3dplot: this function plots the values in the two dimensional matrix it is passed as either a
surface or contour plot, depending on an input argument.

%
%
%
%
%
%
%
%
%
%

function plot_all(delta_t,len,figno,surf)
this function loads in the required input files, then
calls plot_structs and plot_fluxes to construct the 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 plots.

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 appears to
% have an inbuilt fields variable which otherwise interferes
% with our function.
dos('copy fields.dat f1.tmp');
load('f1.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,iy,standard fibre,pre-taper,mid-taper,post-taper
% surf tells us if we are using surface plots or contour 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;
title('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 flux,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 (I)');
% 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;
title('Error Reflections Flux (E)');
nextfig = figno;
% function nextfig = plot_ffts(data_in, len, timestep, figno)
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%
%
%
%
%
%
%
%
%
%

this function is used to derive and plot the frequency domain
input and output e fields, both magnitude and phase, given
the matrix data_in read from the input file.
len (in m) tells us the length separating the points at which E
is sampled. This used to make sure that the magnitude of the
time delay is correct.
time step (sec) is used to scale the time and frequency 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(It);
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
diff1 = 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 = diff1./(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 length 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/2 of this delay
% (this is about the maximum that you could expect the delay to drop by,
% taking noise into account)
for i = 1: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;
% 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 spacings.
% - and that in the pair y is the fastest chaning variable
% - max(x) > 1
% surf tells us if we should use a surface plot or a contour plot
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 number)
% y increments along the column (ie is row number)
% 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 : i*max(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 that the
% x and y scales are different.
axis([1 max(x) 1 max(y)])
xlabel('ix')

ylabel('iy')
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Appendix F
Corning SMF-28 data sheets
The data sheets for the Corning SMF-28 step index single mode fibre were downloaded from
[59], and are included as Appendix F. The data sheets begin 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 investigations into splice loss calculations. This
section contains:


get_beta: solves for the propagation constant β for a given (single mode) wavelength in
Corning SMF-28.



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



rms_width: calculates the RMS width of the incident and (2nd) transmitted modes from their
flux patterns.



plot_V_pitch: example code for predicting the splice loss as a function of HF parameter. Here
the parameter is the pitch. The splice loss results from the FDTD simulations are also added
to the plot.

%
%
%
%
%
%
%

function beta_eig = get_beta(wavel0)
get_beta is used to solve for the fundamental mode 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 = 4.1e-6;
% core radius of smf-28
n2 = 1.465;
% approx cladding index
n1 = n2*1.00345
% approx core ref index
k = 2 * pi / wavel0;
V = k * a * sqrt( n1*n1 - n2*n2 );
disp('V is');
disp(V)
disp('n2*k is');
temp = n2*k;
disp(temp)
% these are the limits to beta
disp('n1*k is')
temp = n1*k;
disp(temp)
beta = n2*k + [0:5000]*(n1*k - n2*k)/5000;
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U = a * sqrt( n1*n1*k*k - beta.*beta );
W = a * sqrt( beta.*beta - n2*n2*k*k );
% pick up which elements of W have complex component - should
% 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),'r');
hold on;
% plot the RHS of eigenvalue eqn
plot(beta,+W.*besselk(1,W)./besselk(0,W),'b');
hold off;
[Y,I] = min(abs(U.*besselj(1,U)./besselj(0,U) W.*besselk(1,W)./besselk(0,W)));
beta_eig = beta(I(1));
disp('a beta_eig ~ ')
disp(beta_eig)
disp('with neff')
disp(beta_eig/k)

% function proper_flux(xlen,ylen)
%
% proper_flux sums the transmitted flux over the central x and
% y points (using the xlen x central points etc)
function proper_flux(xlen,ylen)
dos('copy fields.dat f1.tmp');
load('f1.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_mid) <= ylen/2)))
count = count + 1;
truetranssum = truetranssum + f1(k,5);
end
end
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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, transmitted and 2nd transmitted
fluxes (for the moment we'll use both power and field 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('f1.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 val sqr, so
Irms = 0;
T2rms = 0;
sum_sqr = 0;
for k = 1:length(I),
%
integral (
r^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./2))
% we're inside the window
%
integral (
r^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(I));
% assign this one before you change T2rms2 on next line
T2rms_window = sqrt(2.*T2rms ./ sum_sqr);
T2rms = sqrt(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 fibre
% 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; % 1 um to 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 - 2.146225)
plot(pitch,Vc,'g.' )
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([2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 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], 'rx')
hold on;
% and add expected values from calculated field widths
w1 = 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([2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5].*1.0e-6, 20.*log10(2.*w1.*w2./(w1.*w1+w2.*w2)), 'go')
% now attempt to plot the losses expected
% spot size approx in corning
% w1 = 4.1e-6./sqrt(Vc - 1);
w1 = 4.1e-6 .* (0.65 + 1.619.*power(Vc,-3/2) + 2.879.*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./(w1.*w1+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 generate a 3D plot of the tif format images from the
microscope in the experiment. The plot is of course of intensity, not amplitude. Two-dimensional
plots are also displayed for fixed cross sections. It would be best to make these cross sections a
parameter. The file to perform averaging or low pass filtering on the data is also included here.

% function plot_pic(picfile)
%
% this function is used to plot the intensity of the 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, returning a 2d array reduced in
size
% by 2 in each dimension.
% effectively, the function makes each point the average 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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