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Abstract. COMSOL MULTIPHY SICS software based on the finite element method are using
to simulate the random anisotropy in diameters of the cores formed in multicore photonic
crystal fiber structures, and this may affect the coupling properties between the cores modes.
Consequently, this leads to a reduction in the coupling efficiency between the cores with
different structures. Because this anisotropy in diameters of the cores cause leads to create a
small mismatch between the modes of these cores is sufficient to inhibit coupling. The
coupling properties are affected hugely depending on the amount of the change in core
diameter and increasing the number of cores coupled inside the multicore structure. We also
found an improvement in the coupling efficiency when increasing the number of cores within
the structure of the multicore photonic crystal fibers; otherwise, the independent light
propagation of each core inside the multicore structure, with/ without a little penetration with
other adjacent cores. As the coupling efficiency of seven-core coupled is better than three-core,
and the latter may be better than two-core in which the cores appear decoupled and
independent in their propagated for the adjacent other cores. It can be considered this study a
novel characteristic of multiplexing-demultiplexing applications.

1. Introduction

These Photonic crystal fibers (PCFs) possess flexible design and unique propagation properties that
are not realized in conventional optical fiber, offering many possibilities for fiber-based devices [1, 2].
They consist of an array of air holes running along the fiber length and guiding light by total internal
reflection (TIR) between the solid core and the cladding region with multiple air-holes [2, 3]. The
usual PCF consists of one defect in the central region and the light guided along with this defect [2, 4].
Recently, PCF with two adjacent defect region (served as two core), called multicore PCFs (MCPCF)
[2, 5]. It is a possibility to use it as an optical fiber coupler [6-12]. These PCF couplers with identical
two cores possess the possibility of achieving a multiplexer- demultiplexer [2, 5]. Destroying the
symmetry of the PCF couplers is the key method to obtain anisotropy in the structure. In general, one
can introduce asymmetry in the structure by using different dimensions of the coupler or variation
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between the cores or using different index profiles [13, 14]. Here, to demonstrate our method, we
assume that the index profiles for all cores of the coupler are the same, and we introduce a change in
all core diameters of the coupler to become all non-identical, leads to unequal power distribution in
each core. The non-identical coupler can be also used for applications such as coupler [1, 10, 12, 14,
15], polarization beam splitter [16], switcher [17], multiplexer-demultiplexer MUX-DEMUX [13, 18-
20].

In our study, we design different geometrical structures, such as two-, three-, and seven-core PCFs
coupler to predict the mode behaviour in several of coupled MCPCF. Which have the potential to
affect the coupling properties between coupled cores, such that reduction of the coupling significantly,
so that the coupling non-existent between the cores and then the cores become decoupled,
consequently propagates the light independently essentially in all cores, as individual cores. In
isolation, we present our theoretical study using COMSOL MULTIPHYSICS software based on a
finite element method (FEM) to prove the accuracy numerical of this method to simulate an MCPCF.

2. Theory

We begin our analysis by designing different structures such as two-, three, and seven-core as the
MCPCF system. First, assume that we have an N-core MCPCF. We assume that the propagation
constant of each core is Bo; the coupling coefficient between the cores is xq, the evolution of the
modal field amplitudes in MCPCF coupler as U, can be described ‘as in equation (1)’ [13, 21, 22]:

du,

dz
Eigenvalues associated with the amplitude of the field at the nth core is U, =u, exp(if,z). The
coupling coefficients among different cores can calculate ‘as in equation (2)’ [13, 19, 20]:
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Where ko, between the core 0 and n, the waveguide index difference is A, =(n,, -n,,)/n,,, and ny,

and ny, are the refractive indices of the core and cladding, respectively. v, =k R;n, ,(2A,)"* is the

dimensionless ~ frequency ~number for the central core 0, W,=R,(5 —k’n;,)"?,

U, =R, (k’n, — B2)"?, The propagation constant 3 can be defined from the eigenvalue problem by

VZ=W?2+U?. While Wo=W,R. /R, Inx and kne both are the modified Bessel functions of the first

and second kind, respectively. k refers to is the free-space wavenumber, and both of Dy, and R,y refer
to the distance between core centres for 0 and n, and the core radii.
The power flow as a function of z is defined from by the Poynting vector using ‘as in equation (3) [1]:

Pcore(z) =1/2Re IJ. E(X, Y, Z)ﬁ(X, Y, Z).ZAdXdy (3)
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Where the guided fields are determined from the equation (1)

FEM solver can analyze the guided modes of two, three, and seven-core PCF by directly solving
Maxwell's equation [4, 6, 7, 9, 19-20]. Then, we get an approximate value of the effective refractive
mode index [7, 19], as mentioned in equation (4) that represents the vectorial wave equation for the
electric field E using COMSOL software based on FEM for modeling the mode analysis and
determine the effective refractive indices of modes for all structure “as in equation (4)’ shown below:
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Here k is the free space wave number, permeability and permeability of the material represent by p,
and e, with e, =n-ik and n represents the real part of the refractive index, 1=jf-oz. By assuming that
the multicore PCF is non-magnetic and non-conducting, i.e., 4y =1 and ¢=0. The FEM method is
utilized to solve light propagation in MPCFs due to its ability to simulate complex engineering
structures and because it allows us to divide the cross-section of PCF into a finite triangle mesh that
can be different in sizes and shapes [7, 19].The refractive mode indexes and modal field distributions
are evaluated. Then, the distributions of the power flow as a function of z in each core of two, three,
and seven- cores of MCPC are determined.

3. Design mythology

We are designing the methodology using COMSOL MULTIPHYSICS software that based FEM to
engineer structures with different configurations, such as two, three, and seven-core with introducing a
random anisotropy in all core diameters for these structures. The diameters of the cores were in the
different structures as follows, for a structure consisting of two cores with diameters such as 3.2um
and 3.5um, while a structure consisting of three cores with diameters would be like 3.2um, 3.5pum,
3.8um. As for the structure consisting of seven cores with diameters such as 3.2um, 3.47um, 3.48um,
3.49um, 3.5um, 3.51um, and 3.52um, respectively. The refractive index of silica core is 1.45 is
slightly higher than the refractive index of cladding 1.4 at a wavelength of 1.55um, with the structural
parameters are the hole diameter d=1.16um; the pitch is aA=4um, core separation D= 2.5A at a
wavelength of 1.55um, as in figure 1, figure 2, figure 3, that show represents the engineering design of
three different structures in terms of the formation, such as two, three, and seven-core, then, we
material insertion of the core and cladding as in figure 1 (a) and (b), figure 2 (a) and (b), figure 3 (a)
and (b) of the figure. Then we choose the physical model as the electromagnetic waves-domain
frequency to study the mode analysis, then, we set the boundary condition like a perfectly matched
layer (PML). FEM allows us to divide the cross-section of two, three, seven-core PCF structures into
small finite elements by using mesh-free triangular (maximum and minimum element size of mesh are
2.68um and 0.012 with curvature factor 0.3) as in figure 1, figure 2, figure 3 (c) of the two-, three-,
and seven cores. After that, we select the study as the mode analysis.
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Figure 1. Cross-section of two-core PCF coupler with a three-ring hexagonal lattice, the geometry of
PCF design characterized by the structure parameters, such as the core diameters of 3.2 um, 3.5 um; hole
pitch A=4 pum, hole diameter d=1.16 um, the air-filling fraction d/A=0.29 and core separation D=2.5 pm,
at the wavelength A=1.55um, respectively. (a) Insert core material; (b) Insert cladding material; (c)
Mesh triangular finite element.
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Figure 3. Cross-section of three-core PCF coupler with a three-ring hexagonal lattice, the geometry of
PCF design characterized by the structure parameters, such as the core diameters of 3.2 um, 3.5 um, 3.8 um;
hole pitch A=4 pum, hole diameter d=1.16 um, the air-filling fraction d/A=0.29, and core separation D=2.5
pm at the wavelength A=1.55um, respectively. (a) Insert core material; (b) Insert cladding material;
(c) Mesh triangular finite element.




Figure 3. Cross-section of seven-core PCF coupler with a five-ring hexagonal lattice, the geometry
of PCF design characterized by the structure parameters, such as the core diameters of 3.2 um, 3.47 um,
3.48 um, 3.49 um, 3.5 um, 3.51 um, 3.52 um; hole pitch A=5.6 pm, hole diameter d=4.48 um, the air-
filling fraction d/A=0.8 and core separation D=2 pm at the wavelength A=1.55um, respectively. (a)
Insert core material; (b) Insert cladding material; (c) Mesh triangular finite element.

4. Simulation results and discussion

Using COMSOL multiphysics software that based on FEM, we modeled carry out simulated by
introducing a small and random anisotropy in cores diameters whatever their structure, i.e., we change
the diameters of all cores a little bit more than others, to see intuitively how this affects the coupling
properties between the cores of MCPCF with different structures. The numerical results from the
simulation presented as in figure 4, figure 6 and figure showed how affected the coupling properties
between cores in different structures. As a result in occurring a slight change in cores diameters of
MCPCF become each core diameter differing adjacent cores diameters for it and this leads to a small
mismatch between the modes of these cores. In turn, prevents the coupling between these cores, the
cores become decoupled, and independent in the light propagation from their neighbours.

Although, the anisotropy in all core diameters essentially reduces the coupling efficiency between
cores, where the modes of these cores become decoupled from their adjacent, and hence these cores
remain in isolation in their structure. On the other hand, we noticed from the results; there is an
improvement in the coupling efficiency when increased the number of cores within the MCPCF
structure, as figure 4, figure 6, figure 8, and their equivalent as figure 5, figure 7 and figure 9. From
these figures, we found that the coupling efficiency of a structure consisting of a non-identical seven-
core coupling, it is almost relatively high from a structure consisting of a three-core coupling, and
therefore the latter is better than a structure consisting of two-core coupling. Where we find that there



is a coupling between two cores without or with a slight penetration of neighbouring cores from
among seven-core coupled, or perhaps we find that the coupling is completely absent between the
seven cores in a multicore structure of seven cores and each core propagates independently and
individually from its neighbours. While the structure consists of three-core coupled, we find a small
coupling efficiency between two cores without or with very simple penetration with other core.
Concerning the structure consisting of the coupled of two cores, we find that the coupling efficiency
between them is completely non-existent, and each core propagates independently from the other.
Depending on the results, we demonstrated that the coupling efficiency depends on the number of the
coupled cores. It changes with the change of the number of cores that exist within a multicore
structure, even if all the cores are different diameters.
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Figure 4. Power flow of the z-component (W/m?2) in each core of a two-core of the PCF coupler
overlapping with the contour of distributions of electric field norm |[E| (V/m). The effective mode
indices corresponding to the modes of two-core are 1.4295 and 1.4269, respectively.

Figure 5 represents a structure consisting of two cores, and each core has two modes represented in
the form of colored lines. For example, the first core represents its modes in blue and green color lines,
while the second core represents in light blue and red color lines, we notice that there is no coupling
between the modes of these cores and consequently the two cores to become decoupled and individual
in isolation so that the propagation of light in each core is independent of the other inside the structure.
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Figure 5. The evolution of the power flow of each core represents in the
distribution of the unique power for two-core PCF where each core supports
two propagation modes when input is to the central core.
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Figure 6. Power flow of the z-component (W/m?2) in each core of a three-core of the PCF coupler
overlapping with the contour of distributions of electric field norm |E| (V/m). The effective mode

indices corresponding to the modes of three-core are 1.4268, 1.4293, and 1.4322.

Represent figure 7 a structure consisting of three cores, and each core has two modes, i.e., six
modes of three cores, and these modes represent in colour lines. For example, first, we see the modes
of the central core represent yellow and pink lines with a slight penetration of the modes of the left
cores presented in green and blue lines and also with a very slight penetration of the mode of the right
core that represented in light blue and red. Second, the modes of the left core have the same situation
as the first case. While the modes of the right core are presented in colours with light blue and red,
these modes are decoupled and independent from other modes of the cores and remain isolated inside

the structure.
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Figure 7. The evolution of the power flow of each core represents in the
distribution of the unique power for three-core PCF, where each core supports
two propagation modes when input is to the central core
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Figure 8. Power flow of the z-component (W/m?) in each core of a seven-core of the PCF coupler
overlapping with the contour of distributions of electric field norm |E| (V/m). The effective mode
indices corresponding to the modes of seven-core are 1.4418, 1.4427, 1.4427, 1.4427, 1.4428, 1.4428,
1.4428, respectively.

Figure 9 a structure consisting of seven cores and each core have two modes, i.e., fourteen modes
of seven cores and these modes represented in the colour lines. We found that there is coupling only
between the four modes of the two adjacent cores, which are represented in green and blue and also in
light blue and pink. Alternatively, we found each cores decoupled from others, and light propagation
in each core is independent, representing this in the rest extended colours.
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Figure 9. The evolution of the power flow of each core represents in the
distribution of the unique power for two, three, seven-core PCF, where each
core supports two propagation modes when input is to the central core.

Figure 10 shows the refractive mode index that corresponds the random changes in the diameters of
the cores within multicore PCF, such as a multicore structure consisting of two-core coupled that
possess random diameters such as 3.2 um and 3.5 um, and the refractive indices for corresponding
modes of these cores are 1.4269 and 1.4295. While the structure consists of three-core coupled with
random core, such as 3.2 um, 3.5 um, and 3.8 um, the refractive indices of the cores modes are
1.4268, 1.4293 and 1.4322. For a structure that consists of seven- core coupled with the random core
as 3.2 um, 3.47 um, 3.48 um, 3.49 um, 3.5 um, 3.51 ym and 3.52 um, the refractive index coefficients
are 1.4418, 1.4427, 1.4427, 1.4427, 1.4428, 1.4428, and 1.4428, respectively.
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Figure 10. Scheme showing the relationship between the refractive mode
index and the random changes of the diameters of the core in the multicore
PCF for structures consisting of two, three, and seven cores.

5. Conclusion

COMSOL MULTIPHYSICS software based on the finite element method we are using to simulate
multicore photonic crystal fibers with different structures and introducing random variation into their
core diameters. The results we showed that the coupling efficiency is changed in the multicore
structures by happening anisotropy in their core diameters and depends this on the amount of the
change in the core diameter and how can this change affects the coupling properties between the cores,
and then on the coupling efficiency between them. Our results indicate that the coupling efficiency in
the multicore structures is possible to improve by increasing the number of cores within it; otherwise,
the light-independent core propagation with or without a little penetration of adjacent cores, where
the power of each mode is almost totally focused on one core as individual cores, hence coupling
efficiency between cores becomes approximately zero, as a result, all the coupling can be neglected
and this is shown in our results when we have reduced the number of the cores to two cores. This
characteristic could be excellent in an application such as multiplexing—demultiplexing.
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