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In this paper, triangular lattice index-guiding photonic crystal fibres (PCFs) are synthesized to compensate
the chromatic dispersion of a single mode fibre (SMF-28) for an 80 km optical link operating at 1.55 um,
by using a directed tabu search algorithm. Hole-to-hole distance, circular air-hole diameter, solid-core
diameter, ring number and PCF length parameters are optimized for this purpose. Three synthesized PCFs
with different physical parameters are compared in terms of their objective functions values, residual
dispersions, compensation ratios and confinement losses.

© 2017 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.

1. Introduction

Chromatic dispersion of optical fibres is one of the most impor-
tant parameters for optical communication systems because of its
strong influence on high datarate transmission systems. To remedy
this problem, specific optical fibres with various dispersion pro-
files have been proposed for dispersion compensation and optical
switching applications; such as chirped fibre Bragg gratings (FBGs)
[1-4], dispersion compensating fibres (DCFs) [5,6], photonic crystal
fibres (PCFs) [7-9], etc.

Photonic crystal fibres (PCFs) [10,11] consisting of a central
defect region surrounded by multiple air holes that run along
the fibre length attract much attention in recent years because
of unique properties which are not realized in conventional opti-
cal fibres. PCFs are divided into two different kinds of fibres. The
first one, index-guiding PCF, guides light by total internal reflection
between a solid core and a cladding region with multiple air-holes
[12,13]. On the other hand, the second one uses a perfectly peri-
odic structure exhibiting a photonic band-gap (PBG) effect at the
operating wavelength to guide light in a low index core-region
[14,15].

The aim of this work is to synthesize index-guiding PCFs with
triangular lattices formed by circular air-holes by the use of the
directed tabu search (DTS) method. A comparison between the
synthesized PCFs performances will be made to find the best syn-
thesized dispersion-compensating PCF. Our goal is to minimize the
chromatic dispersion of an 80 km optical link by placing the syn-
thesized dispersion-compensating PCFs after a single mode fibre
(SMF-28) operating at 1.55 pm. For wavelength division multi-
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plexing (WDM) applications, PCFs should provide large negative
dispersion values and a negative dispersion slope over a large
wavelength range. Our optimization problem consists in the min-
imization of the residual dispersion over a wavelength range of
100nm (1.5-1.6 pwm).

In this work, the directed tabu search (DTS) is applied for the
first time in synthesis and optimization of PCFs physical parame-
ters for dispersion compensation applications. More details about
this hybrid method will be presented in Section 2 of this arti-
cle. We note that a genetic algorithm, combined with a fully
vectorial finite-element solver, has been already presented to
design PCFs for a broadband dispersion compensation in a generic
stretcher-compressor system of an ytterbium fibre laser in Ref.
[16].

2. Synthesis of triangular lattice index-guiding PCFs using a
directed tabu search

This section deals with synthesis of physical parameters of
index-guiding PCFs characterized with triangular lattices and cir-
cular air holes. This kind of PCFs is reconstructed with a negative
chromatic dispersion that should reduce the positive chromatic
dispersion that occurs from a single mode fibre. Let us take an exam-
ple of a standard SMF-28™ that provides a positive dispersion of
1390.2 ps/nm km ata 1.55 pm wavelength for an 80 km optical link.
This fibre has a positive dispersion slope Sy of 0.092 ps/nm? km and
a zero-dispersion value at A¢g=1.3115 wm. The SMF-28™ disper-
sion approximately equals [17]

)L4
Dsmp(A) ~ %0 [A - AO] ) (1)
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Our optimization problem consists, then, in the minimization
of aresidual dispersion over a wavelength range that extends from
A=1.5pum to A=1.6 wm. The objective function (residual disper-
sion) can be written as
Objective function = DsmE ()\) x Lsmr + Dpcr ()\) x Lpcp, (2)
where Lgyr equals 80 km.

To reconstruct a PCF with a negative dispersion value and a neg-
ative dispersion slope, the directed tabu search (DTS) is applied to
synthesize four physical parameters of this device: hole-to-hole
distance, A (or pitch), air-hole diameter, d (or air-filling fraction,
d/A), solid-core diameter, dco and ring number, N;. We note that the
synthesized negative dispersion is obtained for a 1 km PCF length.
The SMF-28 positive dispersion value is perfectly compensated at
the 1.55 wm wavelength by adjusting the PCF length Lpcf, accord-
ing to the synthesized negative dispersion value and a zero residual
dispersion at the operating wavelength.

The directed tabu search (DTS) method has been chosen for
synthesis according to their good performances previously demon-
strated in Refs. [18,19]. This method has been for the first time
described in Ref. [20]. It has been applied to estimate a thermo-
optic coefficient and a thermal expansion coefficient of a chirped
fibre Bragg grating [19], the hybrid tabu search algorithm has been
also used to optimize strain profiles of a sampled Bragg grating [19].
The performances of this method have been compared with those
of other hybrid metaheuristics in Refs. [18,19]. DTS has given the
best objective function with a minimum evaluation function num-
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ber. This comparison has proved that DTS is advantageous in higher
dimensional systems.

DTS is a memory-based hybrid algorithm, it uses the Adaptive
Pattern Search (APS) based on the Approximate Descent Direction
(ADD) and the Nelder-Mead (NM) search in its exploration search
as neighbourhood-local search strategies to generate trial points.
The Nelder-Mead algorithm is used in the DTS intensification part
as a local search strategy to refine the best solutions visited so far. A
Tabu List (TL) is introduced to save and rank solutions due to their
recency and their objective function values. Therefore, some posi-
tions in the TL are kept for the best visited solutions, which helps
an intensification scheme to refine the search from these best solu-
tions at the final stage. Around each solution saved in the TL, two
types of regions are specified in the search space. The first one is a
Tabu Region (TR) in which no new trial point is allowed to be gen-
erated. The other is a Semi-Tabu Region (Semi-TR) that comprises a
surrounding region around TR. The main role of the Semi-TRs is to
generate neighbouring trial points in a special way so that return-
ing back to a visited TR is avoided when the trial solution lies inside
a Semi-TR.

Fig. 1illustrates the cross-section of three synthesized triangular
lattice solid-core PCFs showing the core and cladding permittivity,
&, distribution. We have chosen only three PCFs, the best optimized,
after several simulation trials using the DTS. These PCFs will be
compared between them according to their synthesized physical
parameters, objective function values, residual dispersions, com-
pensation ratios, PCF-to-SMF length percentages and confinement

N
o
o

200 @

a
o

Grid cell number along y-axis

o
o

3]
=}

50 100 150 200 250 300 350
Grid cell number along x-axis

400

(b) A= 0.39 pm; /A= 0.56; deo=0.56pm; N,= 8.

200 250 300 350 400

Grid cell number along x-axis

(¢c) A= 0.44 pm; d/A= 0.56; deo=0.63 pm; N= 7.

Fig. 1. Core and cladding permittivity distribution of three synthesized triangular lattice solid-core PCFs.
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Table 1
Numerical simulation results of three synthesized dispersion-compensating PCFs.
A=051pum; A =039 pm; A =044 pm;
d/A=0.5688; d/A=0.5641; d/A=0.5662;
dco=0.73 um; Nr=6 deo =0.56 um; N, =8 deo =0.63 wm; N, =7
PCF1 PCF2 PCF3
Objective function value 4.07 x 10? 5.90 x 102 6.11 x 102
Residual dispersion at 1.55 wm for 1 km PCF length (ps/nm) -5.27 3.37 -1.43
Optimized PCF length at 1.55 pwm (km) 0.9962 1.0024 0.9989
PCF-to-SMF length percentage at 1.55 pm (%) 1.245 1.253 1.248
Residual dispersion average and maximum error —-1.83/8.83 -1.01/7.25 -3.47/7.18

losses. We note that the air-holes are periodically distributed along
the x and y axes and homogeneously distributed along the z-axis.
We consider only a Transverse Magnetic (TM) propagation mode,
therefore, the electric field E; is propagating according to the z-axis
direction, while the magnetic fields Hy and Hy are propagating along
the x-axis and y-axis directions, respectively. We remark from Fig. 1
that the pitch, the air-hole diameter, the solid-core diameter and,
consequently, the air-holes’ number are different for each synthe-
sized PCF. In our work, the Finite Difference Time Domain (FDTD)
method is used for analysis of the PCFs. This method is an approach
that directly solves Maxwell’s equations by a proper discretization
of both time and space domains [21]. Since PCFs are considered as
two-dimensional photonic crystals, the PCF cross-section is divided
into several grid cells along x and y axes. The grid cell number is
taken to 400 along each axis [see Fig. 1], while the total number of
time steps equals 4000.

It has been already demonstrated that triangular PCFs are end-
lessly single mode, where only the fundamental mode is guided
for any wavelength, if their air-filling fraction, d/ A, is lower than
0.406 [22,23]. However, since all synthesized air-filling fractions
are higher than this value, it’s evident that these PCFs present
higher-order modes.

The normalized frequency V is another parameter that deter-
mines whether a PCF presents a single fundamental mode or other
higher-order modes. This parameter can be written as follows [24]

2
V= TA\/ N2t — Mpsm» (3)

where A, neg, npsy are the pitch, the effective index of the funda-
mental guided mode and the effective index of the fundamental
space-filling mode (FSM), respectively. A PCF is a single mode,
if V<2.405 [17], while it becomes multimode, if V>2.405. It has
been shown that in triangular PCFs the second-order mode effec-
tive transverse wavelength, related to the dimension of the defect
region where the mode fits in, is A" ~2A at the cut-off condi-
tion. As a consequence, the normalized cut-off frequency becomes
V' =(2m/A")A~m [17]. According to the synthesized PCFs appari-
tion order in Fig. 1, the cut-off condition of the second-order mode
of the three synthesized PCFs is A} = 1.02 um, A5 = 0.78 wm and
A% = 0.88 pum, respectively.

Table 1 recapitulates the numerical simulation results that con-
cerns the three synthesized dispersion-compensating PCFs already
presented in Fig. 1. We note that the apparition order in Fig. 1 is
respected in Table 1. We note also that the initial search intervals of
the PCF parameters which have been used in the DTS optimization
are as follows: 0.6 < A(pitch) < 0.9 um, 0 <d/A (air-hole diameter to
pitch ratio) < 0.6, 1 < N;(ring number)< 10 and 0 < dcore (core diam-
eter)<1 pm.

It has been demonstrated in Ref. [17] that when the pitch value
A is lower than 1 pm, the chromatic dispersion value of triangular
PCFsis always negative from 1200 nm to 1600 nm. The authors have
used Eq. (6) to represent the chromatic dispersion (CD) over the
operating wavelength range, where the effective refractive index
negsr (Which depends on the pitch, the hole diameter, the solid core

diameter and the number of rings) was computed through a soft-
ware code based on the FDTD method, over the same wavelength
interval. Since the synthesized hole-to-hole distances values are all
lower than 1 pm, the three PCFs present negative dispersion val-
ues over the wavelength range of 1.5-1.6 wm. We remind that the
aim of this study is to minimize the residual dispersion value over
this wavelength range. Since the optical signal attenuation is the
lowest at a 1.55 pm wavelength, we will be interested to present
the optimized PCFs numerical simulation results at this operating
wavelength. For that, we take an SMF of 80 km operating at 1.55 pm
(third window).

We remark from Table 1 that DTS has given the lowest objective
function value for PCF1, if we place PCF1 after the SMF we still have
a residual dispersion of —5.27 ps/nm at 1.55 pum. PCF3 has given
the best residual dispersion (—1.43 ps/nm) at the operating wave-
length. We note that the PCF dispersion is synthesized for a 1 km
PCF length. The residual dispersion will be perfectly minimized at
1.55 wm when the exact PCF length is determined from the residual
dispersion relationship as follows

Lpcr = Dsmr (1.55) x Lsmr/Dpcr(1.55) (4)

where Lsyr =80 km and Dsyr (1.55)=1390.2 ps/nm.

By using Eq. (4) we find that the corresponding PCF1, PCF2 and
PCF3 lengths are of 0.9962 km, 1.0024 km and 0.9989 km, respec-
tively, which gives a PCF-to-SMF length percentage of 1.245%,
1.253% and 1.248%, respectively.

In WDM applications, the positive dispersion and the positive
dispersion slope of an SMF should be at the same time compensated
by a PCF negative dispersion and a PCF negative dispersion slope.
A PCF dispersion slope is considered negative when the slope stays
inversely proportional along the whole wavelength range. A trian-
gular PCF presents a positive dispersion slope when its slope curve
remains positive starting from a particular wavelength. Therefore,
this PCF cannot be used in WDM dispersion compensation the fact
that it cannot give the available negative dispersion at each WDM
wavelength. To verify this aspect, the compensation ratio (CR) will
be calculated. This parameter should be near to 1 over the operat-
ing wavelength interval which means that the negative dispersion
at each wavelength has been correctly compensated. CR(A) is the
fraction of the SMF dispersion which the PCF compensates at the
wavelength A, thatis [17]

Dsmr(A)

Dpcr
5
DsmE (3)

" Dpcr(h)”

Fig. 2 illustrates the CR plot of the three synthesized PCFs.
We remark from this figure that the best compensation ratio is
obtained for all reconstructed PCFs at the operating wavelength
[CR (1.55)=1)]. Since PCF1 presents the highest residual disper-
sion average and maximum error, we remark from Fig. 2 that PCF1
presents the highest CR values when it's compared with PCF2 and
PCF3. We note that PCF2 presents the minimum residual dispersion
average error over the operating wavelength range.

Fig. 3 illustrates the dispersion curves of the three synthesized
triangular lattice solid-core PCFs. We note that the chromatic dis-

CR(A) =
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Fig. 2. Compensation ratio of the three synthesized triangular lattice solid-core
PCFs.
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Fig. 3. Dispersion of the three synthesized triangular lattice solid-core PCFs.

persion (CD)is calculated from the real part of the complex effective
index, neg, as [25]

A d?Re(n
D)= - x #,

where c is the velocity of light in vaccum.

We remark from Fig. 3 that PCF1, PCF2 and PCF3 present neg-
ative dispersion values and negative dispersion slopes over the
wavelength range of 1.5-1.6 wm. We can conclude that the three
synthesized PCFs are suitable for dispersion compensation in WDM
transmission systems.

In solid-core PCFs, light is confined within a core region by the
air-holes. Light will move away from the core if the confinement
provided by the air-holes is inadequate. This means that it is impor-
tant to design such aspects of the PCF structure as air-hole diameter
and hole-to-hole spacing, in order to realize low-loss PCFs. In par-
ticular, the ratio between the air-hole diameter and the pitch must
be designed to be large enough to confine light into the core [17].
Fig. 4 presents the confinement loss curves of the three synthesized
PCFs. The confinement loss (CL) is calculated from the imaginary
part of the complex effective index, neg, as [25]

(6)

CL(A) = 8.686 x Im(koMegr), (7)

where kg is the free space wave number.
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Fig. 4. Confinement loss of the three synthesized triangular lattice solid-core PCFs.

It has been demonstrated in Ref. [17] that the CL quickly
decreases when the air-hole ring number, N;, or the air-hole
diameter, d, increases. The reduction rate of the confinement loss
increases in the same way with these geometric parameters. We
remark from Fig. 4 that PCF2 confinement loss values are little
higher than the other PCFs confinement loss ones over the oper-
ating wavelength range, because the PCF2 synthesized pitch, A,
and the core diameter, dqo, values are the smallest ones. PCF3 is
characterized by the smallest CL values when it‘'s compared with
PCF1, because the PCF3 synthesized ring number (N; =7) is higher
than the PCF1 synthesized one (N; =6). In that case, we note that
the ring number impact on the CL reduction rate is much higher
than the other parameters impact.

We remark from Fig. 4 that the three synthesized PCFs present
acceptable confinement loss values (about an average value of
1.5 dB/km) starting from the 1.54 pm wavelength. We note that the
confinement loss is close to 0 dB for the three PCFs from 1.5 um to
1.54 wm. When the imaginary part of the effective index was com-
puted through the FDTD algorithm over the operating interval of
1.5-1.6 wm, the refractive index took a significant increase starting
from 1.54 wm which affected consequently the confinement loss
parameter, the fact that the relationship between the two parame-
ters is linear [see Eq. (7)]. The confinement loss can be much more
enhanced by increasing the solid core diameter. The appearance
of this CL average value between 1.54 wm and 1.6 pm is justified
by the small core diameters (less than 1 wm) which characterize
the three PCFs. When a PCF core diameter becomes too small, the
silica region inside the first ring, in spite of the large surrounding
air-holes, is unable to confine the field, which forces an amount of
light to propagate outside the solid core.

3. Conclusion

In this paper, three synthesized dispersion-compensating tri-
angular lattice index-guiding PCFs have been compared according
to their objective function values, residual dispersions, compensa-
tion ratios and confinement losses. The directed tabu search (DTS)
has been used to synthesize the pitch, the circular air-hole diam-
eter, the solid-core diameter and the ring number. We note that
all synthesized PCFs are not endlessly single mode; they present
other higher-order modes according to their cut-off conditions. We
note that a PCF-to-SMF length percentage of only 1.25% has been
obtained to compensate the chromatic dispersion of an 80 km opti-
cal transmission link. In a single mode transmission system centred
on 1.55um, PCF3 is considered as the best dispersion compen-
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sating fibre with a residual dispersion of —1.43 ps/nm km, despite
it was reconstructed with the highest objective function value,
while PCF2 is the best dispersion compensating fibre in a WDM
transmission system because it presents the minimum residual dis-
persion average error over the whole operating wavelength range
of 1.5-1.6 wm. We mention that the three synthesized PCFs present
the best compensation ratio (CR=1) at the 1.55 wm wavelength.
We note also that all synthesized PCFs present an average confine-
ment loss value of 1.5dB/m over the operating wavelength range.
Since all synthesized core diameter values are lower than 1 pm, we
consider that the confinement loss average value is too high. The
confinement loss can be then reduced by increasing the PCF core
diameter or the ring number.
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