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Abstract- In this paper, we present a solid-core Silica-based photonic
crystal fiber (PCF) composed of hexagonal lattice of air-holes and
calculate the effective index and chromatic dispersion of PCF for
different physical parameters using the empirical relations method
(ERM). These results are compared with the data obtained from the
conventional multipole method (MPM). Our simulation results reveal
that the ERM is an accurate and fast method for dispersion analysis of
PCFs with large pitch sizes. However, for small pitch sizes of PCFs, it is
not as accurate as the MPM method. Therefore, ERM is a fast, simple
and accurate method for modelling and analysis of Silica-based PCFs
with large pitch sizes.

Index Terms- Dispersion, empirical relations method, multipole method, photonic
crystal fiber, Silica.

L INTRODUCTION

Photonic crystal fiber (PCF) is a kind of optical fiber that uses photonic crystals to form the
cladding around the core of the cable. Photonic crystal is a low-loss periodic dielectric medium
constructed using a periodic array of microscopic air holes that run along the entire fiber length.Many
resarchs were done in this field of science.For example, zahedi et al Designed and simulated an

Optical Demultiplexer Using Photonic Crystals in 2017 [1] or many logic gates and logical circuits
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were designed and implemented based on photonic crystals such as XOR,NOR, decoder , encoder and
etc [2-4]by use of several methods [2-4]. Photonic crystal fibers (PCFs) as a new class of optical
waveguides have been studied by many research groups due to their wide applications in science and
technology [5-8]. The existence of various lattice structures of air holes such as circular [6], square
[9], and hexagonal [10, 11] in the cladding area of PCFs leads to the appearance of many unique
features such as dispersion engineering [12, 13], high or low nonlinearity [14], adjustable zero
dispersion wavelengths [15] compared to the conventional optical fibers.

Due to the small values of cladding index compared to the solid core of PCFs that usually made of
Silica, the guiding mechanism is provided by the total internal reflection (TIR) along the solid core of
the fiber [16, 17]. PCFs can be made of various materials such as Silica [14], Silicon [19-21],
Chalcogenide [15, 22-25], Fluoride [26], and Tellurite [27]. Many theoretical and experimental efforts
are still being pursued by the researchers and scientists to analyze the propagation characteristics of
PCFs made of different materials using various methods . There are several techniques to study the
PCF characteristics including: multipole method (MPM) [28, 29], finite element method (FEM) [30],
finite difference method eigenmode (FDE) [31], plane wave expansion method (PWM) [32] and
effective index method (EIM) [33]. Although they are very high accuracy methods, they have a lot of
time-consuming, and difficult calculations. There are several easier analytical and empirical methods
such as vectorial effective index method, scalar effective index method [34] and empirical relations
method (ERM) [35]. They are more cost effective than the numerical techniques. Several reports were
published about the propagation characteristics analysis of Silica-based PCFs using the ERM method
up to now [35-37]. Furthermore, there are some reports in which the accuracy of EIM was compared
with ERM that the results indicated ERM has more accuracy in comparison with EIM. Due to the
researchers’ tendency to provide easier and time-saving methods for analysis and design of
propagation characteristics of PCFs, a comprehensive study of these methods is required. To the best
of our knowledge, such analysis has not been studied so far. In this report, the linear profiles of a
Silica-based solid-core PCF for different values of physical parameters are calculated using the ERM.
The results are compared with the data achieved by MPM as a well-known and accurate method to

define the exact functional ranges of ERM. Totally this article includes the following points:

* The ERM and MPM accuracy Comparison for dispersion analysing of the Silica photonic crystal
fibers covering visible to NIR wavelengths.
* Defining the exact functional ranges of empirical relation method in dispersion and effective index

analysizng for the Silica PCFs.

II. PCF PHYSICAL STRUCTURE

Fig. 1 illustrates the cross-sectional view of solid core Silica-based PCF, under study, made by
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devising circular air-holes (white circles) of radii d in a Silica background. The PCF’s six circular air-
holes that are arranged in a hexagonal lattice of pitch size A, encompassing the solid core of diameter
d=24-d.

III. NUMERICAL METHODS

A. Empirical Relations Method
PCF parameterization using ERM in terms of the V is calculated as follows [11, 32,35]:
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where a,, is the core radius (g, = A/ 3 ). n,, is the core refractive index. It is supposed to be 1.45

for Silica at 1.55um [10]. V and W are normalized transverse and attenuation terms, respectively.

Ny, is the cladding index. n,, is the effective refractive index that is a key parameter of every PCF
characterization profile. It is related to the propagation constant, f, through S =n,; xk where
k=27x/A is wave number in free space and finally X is wavelength of optical beam. From Ref. [35],

we realized that the V parameter of Silica-based hexagonal PCFs can be estimated as equation below

[28]. It is in terms of normalized hole diameter of d/A and normalized wavelength of /A :
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where 4;(i=1,..,4) are fitting parameters and can be derived from trial and error method for different
values of d/A in a wide range of wavelengths by considering Ref. [35]. As a sample, in this study, the
fitting parameters ofd/A =0.8, 0.6, and 0.4 and A=850nm for a central wavelength of 800nm are

presented in Table 1. By calculating the desired V' parameter of the fiber, the values of the cladding
index can be found through Eq. (1) as follows [35]:

Moy = (145 =V (d/A,A/A) 22 [12A° 3)

The attenuation constant () of the fiber for different values of d/A in a wide range of wavelengths
can be computed as follows [35]:
d 4 27a il 2 2 B
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where B;(i =1,2,3,4) are fitting parameters which are related to 7 parameter.
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Fig. 1. Cross-sectional view of solid core PCF with six hexagonal rings of air-holes.

TABLE 1. FITTING PARAMETERS OF EQ. (2)

Parameters A1 Az As A4
d/A=038 1.1045 13.7830 1.6108 1.4947
d/A=0.6 0.7281 5.7153 1.0300 1.2638
d/A=04 0.5844 2.6392 0.5622 1.5363

TABLE II. FITTING PARAMETERS OF EQ. (4)

Parameters B B2 B3 B4
d/A=038 0.0143 15.1949 1.5343 1.3731
d/A=0.6 -0.1922 5.4698 0.6930 1.3662
d/A=04 -0.1123 2.3700 0.3301 2.0709

As a sample, In this study, the fitting parameters of d/A=0.8, 0.6, and 0.4 and A=850nm for a

central wavelength of 800nm are presented in Table II. From Refs .[34] and [35], we realized that

these parameters can be calculated for different values of d/A and wavelengths. Consequently,
using Eq. (3) for given cladding index and W, the effective refractive index of our PCF for d/A=0.8

,0.6 and 0.4 at different wavelengths can be achieved.
The chromatic (total) dispersion of the proposed PCF is calculated as follows:
A d

D,(1)= 7 Re| n (4)] (5)
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B. Multipole Method

In multipole method (MPM), each of the air holes that is embedded in the cladding region of the PCFs
plays the role of scattering cell. The electromagnetic field can be described by the Henkel function in
the cylindrical system. Thus, boundary conditions can be the solutions of the Helmholtz equation. The

description of the electric field in the z -direction of the nth air holes of the PCF can be defined as:

0

E, =Y. a,(n)J, (k) exp(i,é,)exp(ifz) (6)

m=—0o0

The electric field around »™ air hole inside the Silica background is given by:

E, = 2 b, J, (ki) exp(i,8,) exp(ifz)+ C", H",, (kir,) exp(i, g, ) exp(ifiz) (7)
where
k| =(k;n’, = )k = (kin®, - B°)° ®)

Where n; and n, are the refractive indices of the air and Silica, respectively. As mentioned earlier, k
parameter is responsible for the wavenumber in free space and f stands for propagation mode

constant. The components of electric and magnetic fields have the same definitions, thus, in this case

using boundary conditions, the coefficients of a,,b,,c,can be found. By calculation of the
mentioned coefficients and using B =n,, xk, the effective refractive of the related PCF can be

accurately defined. In this paper, the most widely used CUDMOF software based on Multipole

method is applied to analyze the related optical properties of the fiber rigorously.

IV. RESULTS AND DISCUSSION

Our simulation results compare the effective refractive index and total dispersion of the proposed

Silica-based PCF for A=0.85, 1 and 2um with a fixed normalized air-hole diameter (air-hole
diamater to pitch ratio) of d/A=0.8 using MPM and ERM. Fig. 2 depict the calculated effective

refractive index, i, , including two-period moving average lines based on ERM and MPM. Trend

line analysis of these figures clearly show that the deviation of the lines increases when the pitch size
of the fiber decreases. The smaller pitch size of the PCF results in more deviation of the effective
refractive index. It means that the mentioned deviations make more difference when the design is
based on smaller pitches (especially for A <1 pum). It is because of the fitting parameter deviations
which occur in smaller pitch sizes. But the accuracy of ERM method becomes closer to MPM using

pitches more than 1um. For instance, PCF withd/A =0.8, A =0.85um and the central wavelength of
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Fig. 2. The effective refractive index of the proposed Silical-based PCF for d/A=0.8 and (a) A = 0.85 um, (b) A=1 um,
and (c) A =2 all using MPM (orange circles) and ERM (blue circles).
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Fig. 3. Total dispersion of the proposed Silica-based PCF for d/A = 0.8 and (a) A =0.85pum, (b) A=1um,
(¢) A=1.5pumand (d) A =2 pm all using MPM (orange circles) and ERM (gray circles).

800nm, the relative difference between ERM and MPM (ERM-MPM) for the effective index is 0.016
and it becomes 0.00029 and zero for A =1and 2pm respectively.

It should be noted a small error in the calculations of the effective refractive index results in the
difference between other parameters such as total dispersion, higher order dispersions. The chromatic
dispersion of the fundamental mode using ERM and MPM are shown in Fig. 3. In these figures, we
can see a perceptible decrease in the difference between these two methods by increasing the pitch
size. As expected, the accuracy of the dispersion of both methods are not acceptable at smaller values
of pitch sizes (specifically for A <1 pm). For instance, at wavelength of 850nm the calculated value
for total dispersion based on MPM is 104.68 ps/km.nm and based on ERM is 55.33(ps/km.nm) for
PCF with d/A=0.8and A=0.85um which shows a large difference of 49.34 (ps/km.nm).
Therefore, ERM accuracy cannot be acceptable for an accurate design in this range of pitch sizes.
While by choosing A =1, 1.5 and also 2.5um , the values of total dispersion change to 106.5768
(ps’km.nm), 76.6073 (ps/km.nm) and 25.4183 (ps/km.nm )based on ERM and 126.809 (ps’km.nm),
71.296 (ps’km.nm) and 23.0689 (ps’km.nm )based on MPM which show acceptable relative
difference values of 20.23 (ps/km.nm), -5.311 (ps/km.nm) and -2.34 (ps/km.nm), respectively. We
repeated our calculations for d/A =0.6, 0.4 and A =0.85,1 and 1.5um. The results are shown in Fig.

4. Comparing the results clearly show that, the pitch size plays an important role on the analysis of
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Fig. 4. Total dispersion of Silica-based PCF based on (a) ERM, and (b) MPM. The inset of Fig. 4(a) shows 2D view of
fundamental mode distribution inside the PCF. Green line is for A=1.5um, d=0.9um, dark blue line is for A=1.5um,
d=0.6um, yellow line is for A=1pm, d=0.6um, orange line is for A=1pm, d=0.4pm, gray line is for A=0.85um, @=0.51pm
and blue line is for A=0.85um, and d=0.34pum.

the dispersion. Also, it is obvious that, even for different values of pitch sizes and normalized air hole
diameters the difference between the accuracy of MPM and ERM increase with decreasing of the
pitch sizes for A <1 um. For example, at the central wavelength of 850nm and structure parameters
of d/A=0.6 and A =0.85um, the calculated values of the total dispersion is -121.5 (ps/km.nm)
based on MPM while this value changes to -62.421(ps/km.nm) based on ERM which shows a large
difference of 59.133(ERM-MPM) or in another case, for structure parameters of d/A =0.4

and A =1.5 um, the calculated values of the total dispersion is -79.9(ps/km.nm) based on MPM while
this value changes to -88.2879(ps/km.nm) based on ERM at 850nm which shows a negligible
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difference of 8.3(ps/km.nm). Finally, we can present the value of A =1um as the border point of
ERM accuracy in which by increasing the values of pitch sizes over than it, the accuracy starts to
approach MPM and by decreasing the values of pitch sizes less than 1pm the accuracy begins to

decrease from the MPM.

V. CONCLUSION

In summary, the linear parameters of a Silica-based solid-core PCF including effective refractive
index and chromatic dispersion were studied using empirical relations method (ERM) and compared
with multipole method (MPM). We demonstrated that although ERM is an easy and fast method, its
application is limited to PCFs with pitch sizes less than lum and studying the propagation
characteristics of light in this range of pitch sizes faces our designed PCF with challenges. Our
numerical calculations illustrated that ERM’s accuracy becomes closer to MPM for PCF with pitch
sizes more than 1um. This accuracy is even much closer to MPM for the PCF with pitch sizes more
than 1.5um. Consequently, this method is recommended to be used for modelling and analysis of

Silica-based PCFs with large pitch sizes because of its simplicity and high speed.
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