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Abstract: The present paper describes a novel systematic solution to the
challenging task of realizing photonic crystal fibers (PCFs) with flat
chromatic dispersion, low leakage losses, and large mode area, mainly for
applications as information carriers in wide-band high speed optical
transmission systems. The proposed design strategy is based on the
existence of an artificially-defected air-hole ring in the cladding and on the
modulation of the refractive index of the core by assembling additional
defected air-holes in the central core region of the fiber. The validation of
the proposed design is carried out by adopting an efficient full-vectorial
finite element method with perfectly matched layers for accurate
characterization of PCFs. The remarkable flat chromatic dispersion as well
as the large mode area and the low leakage losses are the main advantages
of the proposed PCF structure, making it an ideal candidate for performing
wavelength division multiplexing operation in reconfigurable optical
transmission systems or as an information delivering platform in high speed
optical communication systems. Typical characteristics of the newly
proposed PCF are: flattened chromatic dispersion of 6.3+0.5 ps/km/nm in
the S+C+L telecommunication band, and effective mode area as large as
100 um” in the same wavelength range. We additionally provide numerical
data about the performance of the proposed PCF in splicing mode as well as
during macrobending operation and we give qualitative information
regarding the sensitivity of the proposed transmission platform to structural
disorders of the design parameters.
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1. Introduction

Optical fibers which can transmit the information in the form of short optical pulses over long
distances have revolutionized telecommunication industry in the last two decades [1]. In
particular the propagation of light-waves in periodic and disordered dielectric systems has
attracted considerably attention in recent years and as a result of extensive studies performed
by many researchers all around the world, a new class of optical fibers that enables light to be
controlled in ways not previously possible or even imaginable has emerged, known as
photonic crystal fiber (PCF) [2]. As a result of their extra ordinary properties, PCFs have
become a pre-eminent method for transmitting information and realizing optical devices [3].

Index-guiding PCFs, also known as holey fibers have particularly attracted considerably
attention from the optical scientific community. One of the appealing properties of PCFs is the
fact that they can possess dispersion properties significantly different than those of the
conventional optical fibers, because their artificially-periodic cladding consisting of
micrometer-sized air-holes, allows the flexible tailoring of the dispersion curves. The task of
controlling the chromatic dispersion is a very important problem in designing practical optical
communication systems [4], as well as dispersion controllers [5].

As the attenuation of index-guiding PCFs has been constantly reduced up to a level of
0.28 dB/km at 1.55 um wavelength [6], a great vision regarding the use of PCFs has emerged,
that is apart of realizing optical components, as platforms for transmitting information [4,7,8]
especially in wide-band high speed transmission systems. In such a case, both the



Fig. 1. Schematic representation of the proposed PCF structure. The air-holes in the cladding
are arranged in a triangular configuration with lattice constant A and air-hole diameters-d. The
central core is perturbed with three extra air-holes (red colored circles) with reduced in size
diameters-d, positioned in the core-region. An artificially defected air-hole ring with reduced
air-hole diameters-d, (blue colored circles) is assembled in the cladding. By a judicious choice
of the geometrical parameters, this PCF structure can exhibit flat chromatic dispersion with
large mode area and low confinement losses.

controllability of the chromatic dispersion, and the enlargement of the effective mode area are
very crucial factors in terms of the quality of information transmission.

So far various types of PCFs with remarkable chromatic dispersion characteristics have
been reported in the international literature [9-12]. To the best of our knowledge however, the
task to engineer dispersion flattened PCFs with large mode area and low leakage losses at the
same time, particularly useful in designing high speed communication systems based on
wavelength division multiplexing [13] has not been reported so far. Since such a class of
PCFs will be an important break-through in realizing modern reconfigurable optical
communication systems, we therefore devote the present paper to describe an intriguing
design approach for realizing a novel type of PCF having all the above mentioned
characteristics, that is ultra-flattened chromatic dispersion, large mode area as well as low
leakage losses. The basic idea for achieving all the above mentioned propagation
characteristics of the newly proposed PCF is based on the presence of an artificially-defected
air-hole ring in the cladding of the PCF for enlarging the effective mode area and on the
modulation of the core’s effective index with the inclusion of additional defected air-holes in
the center of the fiber for the dynamic controllability of the chromatic dispersion. To validate
the design we perform extensive numerical simulations using a full-vectorial finite element
method (FEM) [14], with hybrid edge/nodal elements and anisotropic perfectly matched
layers for accurate modeling of PCFs. Our proposed design shows better performance in
comparison to conventional large mode area non-zero dispersion shifted fiber with low
dispersion slope [15]. The composition of the present study will be as follows: In Section 2 we
introduce the proposed PCF topology and we give a priori detailed design guidelines for
achieving the desired performance. Then in Section 3 we present quantitative numerical
results for validating our design. To justify the use of the proposed topology in transmission
systems in Section 4 we study the single mode operation and the confinement loss properties
and we address possible issues regarding additional loss mechanisms in this new type of PCF.
Then in Section 5 we briefly discuss the feasibility and the compatibility of the proposed PCF
with other conventional optical fibers by presenting results on macro-bending as well as splice



losses. In order to identify possible flaws during the fabrication process of the proposed PCF
structure in Section 6 we present qualitative numerical data regarding sensitivity analysis of
various quantities to structural disorders of the design parameters. Finally in Section 7 we
conclude our work and we give some possible directions for further investigations.

2. Schematic cross section and design guidelines of the proposed PCF

Consider the schematic cross section of the PCF structure as shown in Fig. 1. It is composed
of circular air-holes in the cladding arranged in a triangular array with lattice constant A and
diameters-d. The host material is pure silica. The central core area of the fiber has been
perturbed to have nearly triangular shape, while it has also been modulated by embedding
three extra air-holes with reduced in size diameters-d, whose function is the controllability of
the chromatic dispersion as it will be demonstrated later on. The core region therefore has an
area as large as that of three unit cells, where the unit cell is defined the same way as in
regular photonic crystal structures. The inclusion of an artificially-defected air-hole ring in the
cladding of the fiber with reduced in size diameters-d, has the function to enlarge the mode
area without destroying the flattened chromatic dispersion. To accurately predict the
propagation properties of this PCF structure we have adopted an efficient FEM modal solver
[14] with curvilinear edge/nodal hybrid elements in order to predict with high accuracy all the
propagation properties of this PCF.

The following observations will define the design strategy for achieving the flat
dispersion characteristics for this type of PCF. It is well known fact that a PCF possesses great
controllability of the chromatic dispersion in comparison with the conventional optical cables.
In conventional PCFs, the chromatic dispersion profile can be easily altered by varying the
size of the air-hole diameters and the lattice constant. When the air-hole diameters are
relatively large and the lattice constant is small, the influence of the waveguide dispersion in
the fiber becomes stronger, and unusual dispersion characteristics can be achieved. On the
other hand, as the air-hole diameters are decreasing and the lattice constant increases, the total
chromatic dispersion curve comes closer to the material dispersion of pure-silica, because the
core region in typical PCFs is a solid composition of silica. Therefore by using a conventional
type of PCF topology it is difficult to engineer the ultra-flattened chromatic dispersion and the
large mode area at the same time. As a consequence we need to incorporate a much more
sophisticated structure with more degrees of freedom regarding the total number of design
parameters in order to achieve having flat dispersion and large mode area, while keeping the
confinement losses as low as possible. The proposed PCF in Fig. 1 is an ideal candidate for
our design purpose, since the absence of a totally solid core-region will automatically generate
a remarkable wavelength-dependence of the effective refractive index of the core. This strong
wavelength-dependence is the key factor which will lead to the controllability of the
chromatic dispersion of the fiber, by adjusting the size of the defected air-hole diameters-d;,
while the incorporation of a defected air-hole ring at the cladding will enlarge the effective
mode area with a result of improving the quality of the signal transmittivity through this PCF
structure.

3. Numerical results and performance verification of the proposed PCF topology

To succeed obtaining nearly-zero total chromatic dispersion, we can see that if we are able to
design the proposed PCF in such a way that can exhibit waveguide dispersion D,(A) nearly
opposite to that of the material dispersion D, (), namely D, (A)=—D,(A) over a continuous
spectral range [9,16], we can partially fulfill the nearly-zero dispersion requirement. To show
the impact of the variation of the design parameter-d; to the chromatic dispersion curve, in Fig.
2 we plot the normalized waveguide dispersion (colored curves) of the proposed PCF as a
function of the normalized wavelength A/A, for various incremental values of the normalized
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Fig. 2. Normalized waveguide dispersion curves D,A as a function of the normalized
wavelength A/A, for various incremental values of the design parameter di/A, specifically
d\/A=0 (red curve), di/A= 0.1 (green curve), di/A= 0.2 (blue curve), d\/A = 0.25 (purple
curve), and d./A = 0.3 (orange curve), for (a) fixed air-hole diameters in the cladding d/A =
dr/A= 0.35, (b) fixed air-hole diameters in the cladding d/A = d»/A= 0.4, and (c) fixed air-hole
diameters in the cladding d/A = d»/A= 0.45. The black curve in all cases represents the
normalized material dispersion of silica D,,A at a fixed lattice constant of A = 2.8 pum.

design parameter d,/A, for (a) uniformly fixed parameters d/A=d,/A=0.35, (b) uniformly fixed
parameters d/A=d,/A=0.4, and (c) uniformly fixed parameters d/A=d,/A=0.45, while the silica
index is assumed equal to 1.45 for calculating the waveguide dispersion. The black curve
represents the material dispersion in all graphs, which has been calculated using the
Sellmeier’s equation, assuming the lattice constant fixed to the value of A= 2.8 um. From the
results in Fig. 2 we can observe that by increasing the value of the design parameter-d; the
waveguide dispersion decreases. Eventually there will be a value of d; such that the
waveguide dispersion curve in all cases will become nearly anti-symmetric to that of the
material dispersion, namely D, (A)=—D,,(A) and thus we can fulfill the requirement for flat
dispersion. The approximate value in such a case is d;/A=0.28 at fixed lattice constant of
A= 2.8 pym and d/A=0.35, while for d/A=0.4 the approximate value has been determined to be
d,;/A=0.29 and for d/A=0.45 it has been determined to be d,/A=0.30.

Having obtained the desired flat chromatic dispersion characteristics, next we consider
how to realize the large mode area. With a micro-adjustment of the design parameter-d, we
can successfully enlarge the effective mode area to a desired value. In order to show the
impact of the design parameter-d, of the defected ring to the chromatic dispersion and to the
effective mode area, in Fig. 3 we plot the total chromatic dispersion (i.e. including the
material dispersion in the calculations) and its corresponding effective mode areas.
Particularly Fig. 3(a) shows the tendency of the chromatic dispersion curves as a function of
the wavelength A for different values of the design parameter dp/A, with the other design
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Fig. 3. (a) Total chromatic dispersion curves as a function of the wavelength-A, for different
values of the design parameter-d»/A, for fixed air-hole diameters in the cladding d/A=0.35 and
fixed defected air-holes in the core d/A=0.28, (b) the corresponding effective mode areas, (c)
total chromatic dispersion curves as a function of the wavelength-A, for different values of the
design parameter-d»/A, for fixed air-hole diameters in the cladding d/A=0.4 and fixed defected
air-holes in the core d,/A=0.29, (d) the corresponding effective mode areas, (e) total chromatic
dispersion curves as a function of the wavelength-A, for different values of the design
parameter-d,/A, for fixed air-hole diameters in the cladding d/A=0.45 and fixed defected air-
holes in the core di/A=0.3, (f) the corresponding effective mode areas. It is evident that for the
three different groups of design parameters the continuous decrement of the design parameter-
d, will result in the continuous increment of the effective mode area while the chromatic
dispersion will continuously decrease, while keeping its flatness.

parameters fixed at values of d/A=0.35, d1/A=0.28, A=2.8 um, considering in total 11 air-hole
rings in the PCF, while in Fig. 3(b) we plot the corresponding effective mode areas. The same
is repeated in Fig. 3(c) for the chromatic dispersion but for different fixed set of design



parameters, that is d/A=0.4, di/A=0.29, and A=2.8 um, while Fig 3(d) shows the
corresponding effective mode areas for the same set of design parameters as in Fig. 3(c). In
Fig. 3(e) we show the calculated dispersion curves for a different set of design parameters,
that is for d/A=0.45, d\/A=0.3, and A=2.8 pm, and for different values of the design parameter
d»/A, while in Fig. 3(f) we plot the corresponding effective mode areas for this set of design
parameters. Notice that the results concerning the chromatic dispersion in all cases have been
obtained using the knowledge of the effective index of the fundamental mode including the
wavelength-dependence of pure silica in the FEM modal solver. From the results in Figs. 3(a),
(c) and (e) we may observe that by decreasing the size of the air-holes in the artificially-
defected air-hole ring, the chromatic dispersion decreases, but without destroying the flatness.
The thick orange curves in Figs. 3(c) and (d) correspond to the optimum selection of the
design parameters as it will be explained later on. In Figs. 3(b), (d), and (f) we can examine
what happens to the effective mode area. From these results we can clearly see that the
continuous decrement of the design parameter-d, results in the continuous increment of the
effective mode area in all cases. Thus by an additional micro-adjustment of this design
parameter-d, we can obtain remarkable flat dispersion with low value, while at the same time
we can engineer the effective mode area to have a large value. It is worth to notice that for all
these groups of design parameters the effect to the modal area is almost the same. Further
increment of the effective mode area will result in the multi-mode operation of the proposed
fiber. A direct way to increase further the effective mode area, while keeping the single mode
operation, is by decreasing the air-hole diameters in the cladding-d, on the expense of
increasing the required number of air-hole rings, for compensating the higher leakage losses.
Keeping this limitation in mind, the finalized optimum values of the proposed PCF have been
derived as follows: A=2.8 um, d/A=0.4, d\/A=0.29, and d,/A=0.31. With this set of design
parameters the newly proposed HF structure has the following performance; flattened
chromatic dispersion of 6.3+£0.5 ps/km/nm between 1.45 pm to 1.65 pum, and effective mode
area as large as 100 um’ in the same wavelength. The choice of this set of design parameters
is not random, since it will additionally have an optimum influence to the leakage loss
property of the proposed PCF structure in conjunction to all the other sets of design
parameters, as will be demonstrated in the next section. In addition we would like to comment
on the obtained chromatic dispersion of about 6.3 ps/km/nm, which may seem somewhat large.
A direct way to reduce the value of the group velocity dispersion is by decreasing a little bit
the pitch constant A, on the expense of decreasing a little bit the obtained effective mode area.
Even in such case however, the flatness of the chromatic dispersion remains remarkably flat
and in addition the effective mode area has higher value than usual optical fibers.

4. Leakage loss properties of the proposed PCF

A very crucial factor that can ensure the potential use of the proposed large mode area PCF as
a platform for transmitting information is apparently that the fiber to be single moded and
additionally the total attenuation to be as low as possible. We will concentrate our analysis in
these factors, and we will show that indeed our proposed PCF structure has a low leakage loss
property, under the choice of the optimized design parameters from the previous section. In
Fig. 4 we plot the calculated leakage loss of the fundamental mode (circles), as well as the
higher order mode (triangles), as a function of the total number of air-hole rings, and for three
different operating wavelengths of 1.45 um (red color), 1.55 pm (blue color), and 1.65 pm
(green color), for (a) the following set of design parameters, A=2.8 um, d/A=0.35, d,/A=0.28,
d»/A=0.32, while the same calculation is repeated in Fig. 4 (b) for the optimized set of the
design parameters, A=2.8 um, d/A=0.4, d;/A=0.29, d,/A=0.31, and in Fig. 4(c) for the
following set of design parameters A=2.8 um, d/A=0.45, d;/A=0.3, d»/A=0.305. From these
results we can conclude that the set of design parameters in Fig. 4(b) corresponding to the
optimized set of the results in Figs. 3(c) and (d), which produces a low leakage loss of the
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the following set of design parameters, A = 2.8 um, d/A = 0.35, d\/A = 0.28, and d»/A = 0.32,
(b) the optimized set of design parameters A = 2.8 um, d/A = 0.4, di/A = 0.29, and d>/A = 0.31,
and (¢) A =2.8 um, d/A = 0.45, d\/A = 0.3, and do/A = 0.305. It is clear that the choice of the
set of design parameters in (b) results in a leakage loss of the fundamental mode of three orders

of magnitude lower than that of the higher order mode for a total number of eleven air-hole
rings.
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fundamental mode which is found to be lower than three orders of magnitude (10~) than that
of the higher order mode with the number of air-hole rings to be 11, while on the other hand
the results in Fig. 4(c) show that the difference of the leakage loss of the fundamental and the
higher order modes is less than one order of magnitude (107"). It is worth to notice that with
the optimized set of design parameters and for a total number of eleven air-hole rings we
could achieve a leakage loss of less than 0.03 dB/km at a wavelength of A=1.55 pm. In order
to study in a more detailed way the mechanism of the electromagnetic field confinement in
this type of PCF, in Fig. 5 we examine the electric field distribution for the x-polarized mode
in (dB) at fixed wavelength of A=1.55 um and for fixed cladding air-hole diameters d/A=0.4,
for different values of the design parameter d)/A, specifically in Fig. 5(a) for d»/A=0.4 with
corresponding effective mode area of 35 um?, (b) d»/A=0.34 with an effective mode area of
55 um?, and (c) d»/A=0.31 with effective mode area of 100 um’. As a conclusion we can say
that the effect of the design parameter d,/A to the enlargement of the effective mode area is
dominant. In addition we can see that as soon as the effective mode area takes higher values
the light tends to be confined in a larger area, and therefore is strongly enhanced into the
cladding. The proposed PCF architecture operates as an effectively single mode fiber in the
S+C+L telecommunication band, because the calculated leakage loss of the higher order mode
was found to be larger than about 100 dB/km in the C+L telecommunication window, while at
the beginning of the S-band the calculated value is 32 dB/km. At this point we would like to



address a possible limitation of our proposed PCF structure associated with the existence of
the additional air-holes in the central region of the fiber. The inclusion of these air-holes is
expected to give rise to an additional loss mechanism, known as scattering loss [6]. This
additional loss mechanism is unavoidable in this type of PCF and surely will affect the overall
loss performance of the proposed structure. The theoretical estimation of the scattering loss
level is quite a difficult task and we believe that only experimental results can show the real
picture concerning this loss mechanism.

x [pm]

(©)

Fig. 5. Normalized electric field distribution of the x-polarized mode in (dB) at a wavelength
of A= 1.55 um, for (a) do/A = 0.4 (effective mode area of 35 um?), (b) do/A = 0.34 (effective
mode area of 55 um?), (c) do/A = 0.31 (effective mode area of 100 um?), while the other
parameters were fixed at values of d/A = 0.4, and d,/A = 0.29. Notice that once the effective
mode area increases the light confinement is strongly enhanced into the cladding.

5. Feasibility and compatibility of the proposed PCF with conventional fibers

Once we proposed a new device concept it is very important to examine the feasibility and the
compatibility of the proposed PCF structure with other conventional optical fiber components.
This study is very important in justifying weather our proposed PCF is compatible with other
optical cables and can characterize the robustness and/or identify possible flaws during
bending operation or during splicing mode. Therefore we concentrate our investigation to
characterize the proposed fiber in splicing as well as under bending operation. For this
purpose in Fig. 6(a) we plot the calculated bending loss (dB/km) of our PCF structure as a
function of the bending radius (cm) at a fixed operational wavelength of A=1.55 um. For
calculation of the macro-bending induced loss we employ the tilted index model described



recently in [17]. From the results in Fig. 6(a) we can see that even under a drastic bending
operation (for bending radii around 3 cm), the corresponding bending losses remain less than
0.1 dB/km, a result which shows that the proposed PCF structure doesn’t suffer much from
macro-bending losses. This observation was actually expected, since the difference between
the effective cladding index and the effective index of the fundamental core mode of our
proposed PCF, is larger than that of the conventional single mode fibers (SMFs), and this
results in the reduction of the bending losses. To justify the compatibility with standard SMFs
in Fig. 6(b) we plot the calculated splice loss between the proposed PCF structure and a
standard SMF having core radius of 4.8 um and index difference of 0.3% by adapting the
method proposed in [18]. From this analysis we can see that the splice losses remain in a
relative low level of about 0.6 dB. As a conclusion we can fairly say that the proposed PCF
does not have serious integration issues when splicing to standard SMFs.
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E A=1.55 um L SMF parameters
= [ 0.8+ core radius: 4.8 um
% 3 = index difference: 0.3 %
= = 06fF
g 107 g - PCF parameters
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g | 02 di/A=0.29
I dy/A=0.31
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Fig. 6. (a) Calculated bending loss of the proposed PCF with eleven air-hole rings, as a
function of the bending radius at fixed operational wavelength of A= 1.55 um for the
optimized design parameters, A = 2.8 um, d/A = 0.4, di/A = 0.29, d,/A = 0.31, (b) splice losses
between the proposed PCF and a standard single mode fiber (SMF) with core radius 4.8 um
and index difference 0.3%. It is evident from these results that the bending losses remain in a
lower level compared to standard SMFs, while the splice losses also remain in a relatively low
level of about 0.6 dB.

6. Sensitivity analysis of structural disorders to the PCF performance

In the previous sections we have theoretically demonstrated that a PCF having exceptional
chromatic dispersion flatness, as well as large effective mode area and low leakage losses in
the S+C+L telecommunication band, could be realized using the intriguing approach of
incorporating artificial defects into the core and the cladding of a PCF. A crucial question
arises however regarding the inevitable imprecision introduced during the fabrication process
of such a PCF in the design space variables, which will affect the final performance of the
fiber. In order to investigate how such structural disorders affect the overall performance of
the proposed PCF architecture, we have performed sensitivity analysis regarding the impact of
the fluctuation of the design parameters to certain quantities related to the PCF performance,
such as the effective mode area and the chromatic dispersion. Before proceeding we need to
identify at the first stage which of the design parameters will have a dominant effect during
their possible fluctuations to the above mentioned quantities. Recently it has been pointed out
by many research groups [19], that PCFs can demonstrate high lattice uniformity, meaning
that the pitch constant-A as a design parameter can be consider fairly constant along the PCF
cladding. Also for maintaining the effective single mode operation, the air-hole diameters in
the cladding-d of the fiber must be kept within very low tolerances. Experimentally it has
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Fig. 7. Sensitivity performance of the chromatic dispersion at a wavelength of 1.55 um as a
function of the design parameter space formed by the variables di/A and d,/A, (a) a three-
dimensional plot and (b) a contour map of constant dispersion curves. It is evident from these
graphs that the variation to both structural imperfections is linear. In addition we can see that
the dynamic rate of change of the chromatic dispersion remains within a £0.5 ps/km/nm of its
nominal optimized value and therefore we can fairly say that the chromatic dispersion is
insensitive to both structural fluctuations.
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Fig. 8. Sensitivity performance of the effective mode area at a wavelength of 1.55 um as a
function of the design parameter space formed by the variables d,/A and d»/A, for (a) a three-
dimensional plot and (b) a contour map of constant effective mode area curves. It is evident
from these graphs that the variation to both structural imperfections is linear. In addition we
can see that the dynamic rate of change of the effective mode area is more sensitive to the
variations of the structural parameter d»/A and less sensitive to the fluctuations of the parameter
di/A.

been demonstrated that this is partly true. So at this stage we can fairly say that the critical
parameters which their variations may affect drastically the PCF performance are the air-hole
diameters in the defected ring-d, and the defected air-hole diameters in the core-d;. So we will
focus our sensitivity analysis on these parameters. Furthermore we have to estimate the rate at
which the tolerances may occur in a real design. Following the fabrication data in [20] we see
that acceptable tolerances during fabrication did not exceed +2%. So in our sensitivity
modeling we assume that the mean absolute value of the design parameters d; and d, remains
within a tolerance of +2% around their nominal values. In order to understand how this level



of structural fluctuation affects the chromatic dispersion, in Fig. 7(a) we plot in a three-
dimensional graph the variation of the calculated chromatic dispersion at a wavelength of 1.55
um over the two-dimensional space formed by the design parameters, d;/A and d»/A, while
Fig. 7(b) shows the map of constant dispersion curves. From the results in Figs. 7(a) and (b)
we can conclude at first that the chromatic dispersion changes in a linear fashion with respect
to the design parameters di/A and d>/A. In addition we can determine that the dynamic change
of the chromatic dispersion remains within a range of +£0.5 ps/km/nm from its nominal
optimized value, a fact that supports the conclusion that indeed the proposed PCF structure
produces a chromatic dispersion profile which is insensitive to the structural variations.

Next we focus our sensitivity calculations to the effective mode area. With respect to the
critical design parameters di/A and dy/Ain Fig. 8(a), we plot the effective mode area
fluctuation at a wavelength of 1.55 um as a function of the design parameters, d;/A and
do/A, while Fig. 8(b) shows the map of constant effective mode area curves. From the
resulting behavior we can clearly see that the effective mode area changes almost linearly as a
function of the design parameters. In this case however we observe that as soon as the
structural variations of the design parameter-d, significantly increase from its nominal value,
the dynamic behavior of the effective mode area will deviate from its linear behavior in a
quadratic fashion. The quadratic behavior of the effective mode area for larger values of the
tolerance was confirmed by fitting quadratic functions to the calculated by the FEM solver
effective mode curves. On the other hand the effect of the structural disorders of the design
parameter-d; can be considered negligible. As a conclusion we can say that regarding the
dynamic rate of change of the effective mode area the design parameter-d, has to be kept at
low tolerances if we want our design to be robust in terms of information transmission. This
result is actually something that we expected to observe, since the results in Figs. 5(a)-(c)
suggest that the optical field enhancement into the cladding of the proposed PCF associated
with the possibility of the effective mode area enlargement is indeed sensitive to the size of
the air-holes in the defected ring.

As a general conclusion of this section, we have estimated the impact of the structural
tolerances to important parameters of the PCF’s performance, such as the effective mode area
and the chromatic dispersion. We showed that the chromatic dispersion flatness of the
proposed PCF architecture seems insensitive to possible variations for both design parameters
di/A and d,/A, while on the other hand the effective mode area of the proposed PCF seems to
be sensitive only to the structural tolerances of the air-hole diameters in defected ring in the
cladding.

7. Conclusions

To summarize this paper we have demonstrated an outstanding approach for realizing PCFs
with flat chromatic dispersion, large effective mode area, and low leakage losses. The design
principle is based on a novel idea of incorporating various types of artificial defects such as a
defected air-hole ring in the cladding, and additional defected air-holes in the core of the fiber.
Extensive numerical simulations have been performed from which we conclude that this novel
type of PCF is suitable for applications in reconfigurable optical transmission systems or as an
information platform in wide-band high speed data transmission systems. Fabrication of the
proposed PCF topology and experimental verification of our numerical results is a
technological challenge, and the realization of our PCF structure remains an open task.
Sensitivity analysis showed that our proposed structure results in a robust design and possible
structural disorders may affect the overall response of the PCF, but in an acceptable way for
most practical applications. The continues improvement of the fabrication technology of PCFs
is expected to reduce further the total attenuation to the level of the conventional optical fiber,
and further regulate additional loss mechanisms such as scattering losses from the defected
air-holes in the core of the fiber, thus making our proposed PCF an ideal candidate as a
platform for transmitting information in high speed transmission systems. We believe that the



inclusion of artificially-defected air-hole rings in the cladding as well as in the core of PCFs
can bring considerably freedom in designing various types of PCFs having exceptional
propagation characteristics. To this end, the inclusion of artificially defected air-holes in
various types of PCFs is currently an active research topic in our group.
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