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Abstract. The optimization and design of two different types of pho-
tonic devices - a Fibre Bragg Grating and a Microstructured Polymer
Optical Fibre is presented in light of multiple conflicting objectives in
both problems. The fibre grating optimization uses a fixed length real
valued representation, requiring the simultaneous optimization of four
objectives along with variable bounds and a single objective constraint.
This led to the human selection of a Pareto-optimal design which was
manufactured. The microstructured fibre design process employs a new
binary encoded variable length representation. An external embryogeny,
or growth process is used to guarantee the creative generation of these
complex designs which are automatically valid with respect to manufac-
turing constraints. Some initial results are presented for the case of two
objectives which relate to the bandwidth and signal loss of a design.

1 Introduction

As more demands are made on telecommunications and other applications of op-
tical fibres such as sensing, demand for the complexity and functionality of these
devices increases. Fibre Bragg gratings (FBG) for optical filters and switching
are an inherent part of such systems, offering highly tailorable optical filter-
ing. Microstructured Polymer Optical Fibres (MPOF) are a more recent advent
in the field of photonics, promising ease of manufacture along with functional-
ity customization. Both these areas of research are served well since they can
be manufactured along with the capabilities to characterize both FBGs and
MPOFs. The design of both these devices is a complicated task, and forms an
excellent set of technologically relevant problems for powerful design algorithms
such as Evolutionary Algorithms (EA).

The design of FBGs using EAs has previously been explored using single
objective techniques [1]. Typically the design goals have been simple (for exam-
ple, bandpass filters), and EAs have proven very successful. In these cases the
objective function was defined as the minimisation of the difference between the



target spectrum and the design spectrum, using weights to increase the relative
importance of regions of interest. The FBG used here is a 1-dimensional design
problem, where the FBG features vary along the optical fibre. In this paper
we consider the generalized case of multiple objectives by considering particular
spectral features of interest, without reducing the problem to a single objective.

In the area of microstructured fibre design, there have been few examples
of optimization technique usage. One possible reason is that the computational
evaluation of traits for these types of structures can be expensive and difficult.
Particular types of structures, such as hexagonal arrays of holes are used in
silica due to the capillary stacking techniques used in manufacture, and this
has led to most applications of microstructured fibre optimization considering
these hexagonal arrays. MPOF technology on the other hand does not limit us to
particular arrangements of holes, requiring the application of more general design
techniques, as opposed to optimization using a fixed representation, which will
open up the technology to more application areas. The MPOF design problem is
2-dimensional in nature, where the refractive index (placement of holes) varies
across the optical fibre. In this paper we present a representation which was
developed to effectively design these structures in an EA setting, along with
some initial results using two conflicting objectives.

Real world engineering problems generally involve multiple objectives, and
to simultaneously meet these most implementors will combine these multiple
objective into a single one. In these cases, an a-priori decision is made about the
relative importance of the objectives, emphasizing a particular type of solution.
These techniques often require some problem-specific information, such as the
total range each objective covers. In complex design problems such as those
presented here, this information is rarely known in advance, making the selection
of single objective weighting parameters difficult.

Instead of producing a single perfect design, multiobjective techniques con-
sider all objectives simultaneously, resulting in a range of designs where the
objectives are expressed to varying degrees (the non-dominated or Pareto set).
Evolutionary techniques naturally lend themselves to multiobjective optimiza-
tion, since they are inherently population based. Further if all the objectives can
be simultaneously optimized, the whole non-dominated set converges to a single
point, effectively achieving the same end results as single objective optimization.

FBGs are introduced in Section 2, along with the problem of interest and EA
results in the two objective and full four objective cases. Section 3 introduces
microstructured optical fibres, along with the representation used and MPOF
design results.

2 Fibre Bragg gratings

Permanent gratings in optical fibres were first demonstrated experimentally in
the late 1970’s. Since then, the theoretical and experimental aspects of FBG’s
have flourished, resulting in a multitude of applications. FBG’s have been used
as stand alone devices, for example, sensing applications for strain, temperature



and voltage measurement. They have also been incorporated into fibre commu-
nications systems where they are used to combine, divide and filter digital light
signals. The manufacture of FBG’s has reached a level now where designs can be
quickly and easily fabricated, making FBG design ideal for sophisticated design
algorithms. An overview of FBG history and developments is available in [2].

The theoretical aspects of FBG’s are well developed, and many inverse tech-
niques to obtain a grating structure from a spectrum have been published. A
recent example is presented in [3]. A common disadvantage of these methods is
that the required transmission spectrum and other properties such as the group
delay spectrum have to be specified over a large wavelength range. Further to
that, the inverse algorithms do not allow the inclusion of other constraints, where
the ability to specify important spectral features that should be present would
be extremely useful. Finally, designs found using inverse techniques are often
difficult to manufacture.

Experimentally, FBG’s are produced by exposing a short length of optical
fibre to an intense optical interference pattern, which results in a lengthwise
modulation of the refractive index of the silica (glass) of the fibre. This high
spatial frequency modulation is typically of the order of a pm, and forms an
overall envelope profile which is cm’s in length (Figure 1). The idea of FBG
design is to find a profile which leads to the FBG exhibiting particular spectral
properties of interest, where different wavelengths can be selectively reflected (or
transmitted) to varying degrees.

Generally, the strongest interaction of the FBG with light occurs at the Bragg
wavelength Ag, defined by

AB = QneﬁA (1)

where neg is the model effective index of the propagating wave and A is the
grating period. For the purposes of this study we set Ag = 1.55um, but the
factor A has itself previously been used as a design variable [1]. Since neg is a
tunable property of the optical fibre, and A can be controlled during the grating
manufacture process with relative ease, they are not included as design variables.

One of the simplest FBG’s consists of a uniform grating, which leads to a
sinc-function like transmission spectrum. To smooth out these side ripples in
the spectrum, a tapering, or apodization can be introduced at each end of the
grating. This process of apodization refers to gradually changing the strength
of the grating, rather than an abrupt change as in a uniform FBG. In addition
to that, phase changes can be introduced in the grating to induce transmission
peaks in the spectrum. Various functions are used to describe this type of FBG,
where we have a rolloff on the ends and a constant central region. The raised
cosine cos?(z) is one of these commonly used functions.

2.1 FBG design parameters

The design parameters used in this problem are associated with details of the
raised cosine function which describes the apodised profile. The most general
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Table 1. Outline of the parameter bounds

Design parameters Parameter bounds
Grating strength go 0.0em™! < q < 10.0cm ™!
Total length L 1.0 cm < L <15.0 cm
Phase ¢o —nm< o<
Phase change positions —zg, 20 |z0| < L/2
Curvatures o, n 1.0 < a,n < 10.0

form of the raised cosine grating structure is defined as

™
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where ¢(z) describes the phase over the length of the grating,.

The function itself contains four design parameters: gq is the peak strength
of the grating, L is the total length of the grating, n controls the curvature of
the end drops and a controls the curvature of the ends. Typically a = 2, but can
be generalized to other values. The phase ¢(z) can consist of a single or multiple
steps. In the case where there are constant phase changes on each end of the
grating, we have that ¢(z) = ¢ for z < 2o, #(2) = ¢1 for z > 21, otherwise
¢(z) = 0, where 29 and 21 are the locations of the ¢g, ¢1 phase changes.

In the most general case where all the above parameters are free design
variables, we have a search space of 9 dimensions. In this study we make the
design symmetrical about z = 0 by imposing ¢9 = ¢1 and 29 = —z;. The
contribution of these parameters to the FBG design is shown graphically in
Figure 1. The spectrum of the FBG was evaluated using the transfer matrix
method.



2.2 FBG design objectives

The spectral characteristics of interest relate to the extraction of OTDM (Opti-
cal Time Domain Multiplexing) signals from a data stream. Further details on
this are available in [4] [5]. T1,T5,T5 are the depths of the three transmission
dips, BW is the overall bandwidth, PS is the spacing of the two transmission
peaks and PW; and PW, are their respective peaks widths, as shown in Figure
2. These spectral traits were combined into the following four objectives:

1. Minimization of signal interference by minimizing the maximum (worst)
of T1,T5,T5. Objective 1 - min(max(Tl,Tg,Tg)).

2. Target bandwidth of 1nm. Objective 2 — min|1.0 — BW|.

3. Target peak separation of 0.08nm for optimal extraction of the OTDM
10GHz clock signal. Objective 3 — min |0.08 — PS|.

4. Increasing signal clarity by minimizing the worst (largest) full width half
maximum peak width. Objective 4 — min(max(PWy, PW>)).

We refer to these objectives for the remainder of the paper as T, BW, PS and
PW respectively. An inequality constraint was also included to allow the con-
sideration only of designs which had minimal signal loss (better than —0.5dB)
from the two central transmission peaks, such that min(Tp;, Tp2) + 0.5 > 0.

2.3 Application of the multiobjective Evolutionary Algorithm

The Non-Dominated Sorting Genetic Algorithm (NSGAII) [6] was used as the
selection mechanism, as it firstly provides an efficient method of elitist sort-
ing and results in a well-spread final non-dominated set. Secondly, no external
parameters need to be defined or tested. The 6 real valued design parameters
used were bounded (Table 1), taking into consideration practical manufacturing
limitations, such as the minimum length (L.,;,=1cm) and maximum grating
strength (qomqez=10cm~!). Simulated binary crossover (SBX) was used along
with the polynomial mutation operator [7], and the design parameter bounds
were enforced within these operators: any violations were simply repaired by
setting them to the minimum or maximum bounds. A population size of 100,
crossover probability of p. = 0.9, mutation probability of p,, = 0.2 and random
initial populations were used throughout.

The constraint defined in the previous section was dealt with by altering
the definition of domination, which is used when sorting individuals according
to their non-dominated level and deciding winners during tournament selection.
Design a dominates b if any of the following are true

— a and b are infeasible, but a has a smaller constraint violation (a, > b,)
— a is feasible (a, > 0) and b is not (b, < 0)
— a and b are feasible and a dominates b in the usual Pareto-optimal sense
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Fig. 3. All pairings of the 4 objectives outlined in Table 2. Crosses indicate the initial
population, light grey points show all designs produced which satisfy the constraint,
and the black points indicate the final non-dominated set after 100 generations.

2.4 FBG optimization results

Bi-objective design is one of the most widely studied problems in multiobjective
optimization. Given our objective space of 4-dimensions, along with unknown
relationships between the objectives, a simpler bi-objective methodology was
firstly used. A recent publication [8] examined the issue of high numbers of ob-
jectives through the examination of pair-wise objective relationships. Objectives
can be classified into harmonious and conflicting pairs. If a pairing is harmo-
nious, which other objective suffers as a result, or do some objectives naturally
follow and also improve? From these paired results we can also get some idea of
the intrinsic dimensionality of the four objective non-dominated set. All 6 possi-
ble pairings were optimized over 100 generations, which was found sufficient to
obtain a general idea of the non-dominated set. The SBX operator spread index
1. = 5 and polynomial mutation operator spread parameter 7, = 10 were used
to facilitate a coarse parameter search. The results are shown in Figure 3, and
the relationships summarized in Table 2. The most conflicting relationship was
for the (BW,T) pairing, to a lesser degree followed by the (BW, PS), (PS,T)
and (PS, PW) pairings. The final two pairings (BW, PW) and (T, PW) were
harmonious, but in the process of optimizing for these objectives simultaneously,
the other two objectives - respectively T, PS and PS, BW suffered. This indi-



Table 2. Summary of conflict and harmony in the 6 pairwise objectives.

Objective 1 Objective 2 Type Worst objectives

BW T Conflicting -
BW PS Conflicting -

PS T Conflicting -

PS PW Conflicting -
BW PW Harmonious T, PS
PW T Harmonious BW, PS

cates that there will be a non-dominated relationship when considering all four
objectives simultaneously, resulting in a non-dominated set manifold where most
of the variance exists in 2-dimensions as a result of the strongest conflict between
BW and T.

The full 4 objective problem was then run for 1000 generations using a pop-
ulation size of 100, 5. = 5 and 71, = 10. The evolution of the design parame-
ter space from the initial random population to the final non-dominated set is
shown in Figure 4. To aid in the visualisation of the final non-dominated set, the
ISOMAP [9] algorithm was used to reduce the dimensionality of the data. It was
found that most of the variance (92%) was due to a 2-dimensional non-linear
manifold embedded in the 4-dimensional space. Principle Component Analysis
(PCA) was also attempted, but did not effectively realize the relationships be-
tween points due to their non-linear nature. The arrangement of non-dominated
points on this 2-dimensional manifold is shown in Figure 5. Two clusters of
points are evident. Cluster A consists of designs which all excel in the PW ob-
jective, and mainly vary in terms of the three remaining objectives. Cluster B on
the other hand contains designs with gopod BW which mainly vary in terms of
the harmonious objectives PW and T but have good BW. As the transmission
objective gets better from bottom to top, so does the peak width. This cluster
is locally non-dominated due to the conflicting relationship between the BW, T
and BW, PS pairings. In terms of the parameters, the designs in clusters A and
B all converged to values of approximately ¢ = +m, a = 1.0, and 2o = 0.1cm.
The main variation overall occurs in the curvature n. In some runs they also
converged to ¢ = —m. The constraint handling method proved particularly ef-
ficient, since within a few generations only FBG designs within the constraint
bounds were being produced.

Even though all of the designs in Figure 5 have good objectives to varying
degrees, the two clusters represent two distinct types of FBGs found. Cluster
A consists of longer but weaker gratings, whereas cluster B consists of shorter
but stronger gratings (reflected in the groupings seen in Figure 4). As decision
makers, we become more interested in cluster B since the second trough is wider,
facilitating better signal quality. A Pareto-optimal FBG design with a good
balance of objectives was chosen for manufacture. The FBG profile, theoretical
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Fig. 4. Scatterplots in parameter space for the 4 objective FBG optimization problem.
Light grey dots indicate the initial population, and black dots indicate the final non-
dominated set after 1000 generations.

spectrum and experimental spectrum are shown in Figure 6. Further work will
involve the manufacture and testing of other Pareto-optimal designs.

3 Microstructured optical fibres

Most optical fibres in use today are made of glass (silica) with solid cores. De-
posited chemicals inside the core alter the refractive index profile of the glass
and therefore its light guiding properties. Some previous work focused on the
single objective optimization of such a fibre [10]. In recent years, silica holey fi-
bres, or Photonic Crystal Fibres (PCF), which use air holes that run the length
of the fibre, have presented themselves as an exciting new development in pho-
tonic technology. Even more recently has been the development of holey fibres in
polymer - Microstructured Polymer Optical Fibres (MPOF), allowing the cheap
and easy fabrication of arbitrary hole patterns in fibres. An overview of the
technology is given in [11].

The refractive index profile in microstructured fibres is 2-dimensional - in-
creasing the design complexity immensely. Many examples of holey fibres have
so far focussed on arrangements of holes which relate to the manufacturing pro-
cess, such as the stacking of capillaries in silica fibres which produce hexagonal
array type structures. This has also been the basis of the numerical optimization
of these structures - since the design can easily be parametized into a relatively
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small search space [12]. But what about the generic design of such structures
- where no pre-disposition is to be made about the arrangement of holes? This
is important given the large space of designs that can be manufactured using
MPOF technology, for various applications from sensing to data transmission.
We are no longer limited as much in terms of the creativity of designs, thus
generic design sits very well with the MPOF technology.

Some of the recent fibre development work has focussed on the application
of MPOF to high bandwidth data transmission applications. This section of
the paper presents some initial work in using genetic algorithms to design such
generic structures in a multiobjective setting.

3.1 Representation

Given the complexity of microstructured fibres - especially when considering in
parallel constraints such as holes not overlapping and also conforming to manu-
facturing constraints (minimum wall thickness between holes), a flexible repre-
sentation needs to be found. A general scheme was devised which can describe
arbitrary hole patterns, automatically conforming to manufacturing constraints
imposed through the use of an embroyogeny, where the fibres are grown. The only
hard constraints built into the representation is that some symmetry ngymm > 2
is imposed, and that structures consist entirely of holes.

The process of the binary genotype — phenotype (holey fibre structure)
conversion is outlined below.

Step 1. The binary genotype is decoded into the symmetry ngymm, and
Ny, triplets of x;,y;,r; values. The triplets describe the placement of holes in
the first sector of the z,y plane, forming the raw structure with ngymm = 4. The
binary versions of z;,y; are decoded to the real valued position of the hole. r; is
decoded to an integer value: each possible value refers to a user defined list of
available hole sizes, which reflect the available drills used to produce the initial
MPOF preform.

Step 2. The N, hole positions z;,y; are symmeterized into the new
symmetry ngymm (a symmetry of 7 is used in the above example). 2a. The
holes are converted to polar coordinates r;,6;, where 6; values are scaled by



Ngymm/4. 2b. (ngymm — 1) copies of the holes are made to complete the fibre.

Step 3. The holes are grown until manufacturing constraints prohibit
further growth. We start with all holes having zero radius. The holes are grown
in a step wise manner through the list of available hole sizes, and stop growing
when they are within wy of a neighboring hole or exceed their own maximum
radius r;. Growth states are updated in parallel at the end of every hole growth
cycle, and the cycle is terminated when the growth state of every hole is false.

We can see that some holes are not influenced at all by surrounding holes, reach-
ing the maximum allowed radius encoded in their genotype. Other holes never
grow at all, but lay dormant in the genotype to appear in later generations dur-
ing the evolutionary process. Most holes grow until inhibited by the surrounding
phenotype. The advantage of using a growth scheme during the genotype —
phenotype conversion is clear - we always automatically obtain manufacturable
designs without the need for a penalty function or other constraint handling
techniques. Each hole is of a size that can be inserted into the polymer, and the
minimum wall thickness between holes guarantees structural stability.

3.2 Recombination and mutation operators

Single point crossover is used, where the crossover of two parents results in a
single child being generated. Firstly a random point is chosen on parent 1. This
in turn sets a constraint as to the selection of the crossover point in parent
2 since we have to preserve the length of the ngymm and hole z;,y;,r; gene
segments. Using this type of crossover, children often share the characteristics
of the parents, and may become simpler or more complex structures depending
on the two crossover locations.

Binary mutation with a probability of p,, = 0.0035 is used to mutate the
binary strings. Two other types of mutation are also used - p, = 0.003 refers
to the frequency of hole addition to an individual, and pg = 0.003 refers to the
probability of hole deletion. No testing of different p,,,, pa, po values has currently
been done to ascertain the best values to use for this type of representation.

3.3 MPOF design objectives

Two of the most important performance measures for transmission fibres relate
to bandwidth and transmission loss [13]. Both of these parameters are compu-
tationally expensive to evaluate, but some approximations can be made.

Bandwidth. Polymer based fibres are typically highly multimodal, and a good
approximation to bandwidth can be defined in terms of the fastest and slow-
est propagating modes in the fibre. Reducing this difference in velocity between
these two extreme modes increases the bandwidth since adjacent light pulses in
the fibre don’t interfere as they spread while traveling down the fibre. Using a
parabolic refractive index across the fibre approximately equalizes these mode
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velocities, effectively increasing the bandwidth. To apply this argument to holey
fibres, small holes in the fibre microstructure are not completely resolved by the
light, and we can approximate the whole structure by an averaged refractive
index profile. So we can increase the bandwidth in a design by best suiting the
average of the hole arrangement to a parabolic profile n(r) = 1.48 — ar9, where
1.48 is the refractive index of PMMA polymer at the wavelength A = 0.833um
and g = 2. A small area of minimal refractive index (n = 1.0) is added to the
outside of the core to help increase light confinement. The objective is to then
minimize the mean difference between the target profile and the design average
profile. The average profile of a randomly generated design is shown in Figure 7.

Transmission loss in MPOFs can be attributed, amongst other things, to
material absorption and scattering due to surface roughness [13]. Material ab-
sorption in the polymer is well known and can be quantified. Scattering from
surface roughness on a microscopic scale arises during the manufacture of the
fibre preform, when holes are drilled into the polymer using a computer numer-
ically controlled (CNC) mill. As light travels down the fibre, the interaction of
the light with air-polymer interface of the holes results in the light scattering
and coupling to lossy cladding modes, reducing signal intensity. A complete nu-
merical evaluation of this overall loss is computationally expensive, but a simple
approximation is to consider the overlap of the (normalized) fundamental mode
o1 with the air-polymer interfaces. Reducing this overlap

—fj o1 | rid6 (3)
Y= A o1| T
=1 i

effectively reduces the interaction of light with the air-polymer interface. Here
Ny, is the number of holes and r; is the radius of hole h;. The mode is evaluated
at the wavelength A = 0.833um. A numerical algorithm based on the Fourier
decomposition method was used to solve Maxwell’s scalar wave equation for
the generated fibre structures. This particular implementation [14] was used
since it has the ability to quickly evaluate the mode profiles of arbitrary MPOF
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structures, thus allowing complete automation for effective use in an evolutionary
algorithm. An example of a fundamental mode is shown as a shaded region in
the centre of the fibre in Figure 7.

3.4 MPOF design

A random population of size 100 was used along with the NSGAII algorithm
to order designs for subsequent selection into the next generation. Tournament
selection (k = 2) was used to compare individuals for breeding based on their
non-dominated levels and crowding distance measure. The algorithm was run
over 5000 generations. The objective value calculations are computationally ex-
pensive, and for a run this long some parallelization was implemented. On shared
memory architectures, OpenMP allows for trivial speedup given an objective
evaluation loop. For example, in our C++ code it was achieved as follows:

#include <omp.h>

int i, popnsize = popn.size();
#pragma omp parallel default(shared) private(i)



Fig. 9. Example of a fabricated MPOF with an average parabolic profile. The outer
diameter of the fibre is approximately 220pm.

#pragma omp for schedule(dynamic)
for(i=0; i<popnsize; i++)
popnl[i].evaluate_objectives();

}

Figure 8 shows the evolution from the initial random population to the final
non-dominated set of designs. A good range of fibres are discovered. For exam-
ple, A has a very good average index profile close to a parabolic index variation
(0.0582) but the worst field hole overlap in the non-dominated set (1.7 x 1078).
Design D is the other extremal solution, with an average index profile objective
value of 0.094 but a very minimal overlap value of 3.32 x 10719, This is caused
by the confining ring of small holes in the central region, which simultaneously
conflict with the average index objective by not gradually changing the aver-
age index. Designs B and C are intermediates on the non-dominated set, with
objective values of [0.0669,2.61 x 10~°] and [0.0672,4.5 x 10~!5] respectively.

An example of a manufactured MPOF with a good parabolic average index
profile is shown in Figure 9. This particular design was not evolved using the
EA discussed, but demonstrates the feasibility of manufacturing these designs.
This MPOF design work is still in its initial stages. Future research will in-
clude the manufacture of these evolved MPOFs, followed by the experimental
characterization of the bandwidth and loss associated with the objectives used.

4 Conclusion

In this paper we have demonstrated the successful application of evolution-
ary multiobjective algorithms to two quite different photonic design problems.
Through the use of real parameter optimization we were able to identify Pareto-
optimal FBGs, and choose a suitable design with a good balance of properties
for manufacture. A more generic design approach to MPOFs demonstrated the
effectiveness of a powerful and expressive representation along with EMO tech-
niques to design complicated microstructured fibres. The creativeness of the evo-
lutionary process went hand in hand with the breadth of manufacturable MPOF
designs. Both these areas of design are still in early stages, where future work
will involve fabrication and experimental characterization of evolved designs.
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