
*Corresponding author: Rajib Biswas, Applied Optics and Photonics Laborato-
ry, Tezpur University, Tezpur-784028, Assam, India, Tel: 03712-275564; E-mail: 
rajib@tezu.ernet.in

Citation: Paul D, Biswas R (2018) Multiple Material Domains Based Modal 
Parameter Analysis of Photonic Crystal Fiber. J Laser Res Appl 1: 002.

Received: November 23, 2017; Accepted: January 10, 2018; Published: Jan-
uary 25, 2018

Introduction
 In recent times, Photonic Crystal Fiber (PCF) has grabbed atten-
tion of many researchers’ in the field of optical communications as 
well as in sensing applications owing to their tunable configurations 
[1]. PCF comprises of wave-guiding core and cladding with periodic 
array of innumerable air holes. These air holes are generally char-
acterized by special lattice structures with diameter (d) and specific 
air hole to air hole spacing (pitch: ᴧ) [1-4]. Owing to their flexible 
design, tunability in parameters, endless single-mode operation and 
several other unique properties, they are now being implemented 
in multitude of schemes [5]. Unlike conventional optical fiber, PCF 
obeys two types of guiding mechanism, namely., (a) modified total 
internal reflection (index guiding) and (b) Photonic Band-Gap (PBG) 
effect [4-5]. The former generally indulges traditional Total Internal 
Reflection (TIL) in which the central core is produced by solid de-
fect in the central region being surrounded by numerous air holes in 
regular triangular lattice [6]. In the later, light guiding relies on co-
herent backscattering of light into the core [7]. Plentiful literatures 
deal with several well-known techniques, entailing fairly accurate 
study of PCF, such as Plane Wave Expansion method (PWE), Beam 
Propagation Method (BPM), Finite Difference Time Domain method 
(FDTD), finite element method (FEM) and Effective Index Method 
(EIM) [1-4,8]. Among them, EIM approach renders effortless compu-
tations of effective cladding index with specified effective core radii 
(Reff) consuming least amount of time. Given to these merits of EIM, 
there is a special need to tailor PCFs with structural parameters in dif-
ferent material domains which will prove beneficial to optical design-
ers for practical implementation. Accordingly, we have carried out a 
detailed study of modal parameters by adopting EIM with variable 
effective core radii (Reff), diameter (d) and pitch (ᴧ) in context of dif-
ferent material composites, encompassing second and third commu-
nication band (O to L band). As the second and third telecom window 
is known to be the active window for communication purposes due 
to possession of low losses, we have chosen this range. It is mention 
worthy that a new class of PCF in the context of two dissimilar mate-
rials (viz. crown and phosphate) has been reported earlier in Paul, et 
al., [9,10]. In our earlier study, the modal properties of PCF have been 
demonstrated by keeping constant ᴧ and Reff with respect to phosphate 
and crown glass materials. In this work, we have extended by utilizing 
variable geometrical parameters such as d, ᴧ, d/ᴧ and λ/ᴧ and with 
effective core radii (Reff) of ᴧ [11,12] ᴧ/√3 [13], ᴧ/2 [14] and 2ᴧ-d [15] 
in second and third communication band (O to L). With reference to 
the structural parameters, modal parameters have been studied, ana-
lyzed and compared with the proposed material based PCFs. The aim 
of this study is to investigate the diminution of losses during long-
term communication which will help the experimentalist in finding 
better candidate for practical applications. Additionally, we endeavor 
to investigate the variation of modal parameters related to PCF with-
in the proposed wavelength range as well as with variable structur-
al parameters (ᴧ and Reff). Towards this accomplishment, we assess 
modal parameters are such as V parameter [16], Mode Filed Diameter 
(MFD) [17-19], effective mode area (Aeff) [20-22], beam divergence 
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Abstract
We present here a complete modal parameter study of Photon-

ic Crystal Fibers (PCF) entailing two different material compositions 
of distinct refractive indices. Incorporating second and third telecom 
window, the modal parameters have been analyzed utilizing Ef-
fective Index Method (EIM). Taking structural parameters such as 
pitch (ᴧ), effective core radius (Reff) and diameter (d) as variable, we 
have estimated the modal parameters corresponding to phosphate 
and crown based PCF. The results of these two material based ap-
proaches have been compared and analyzed based on aforemen-
tioned geometrical parameters (ᴧ, Reff and d). Here in, the lowest 
value of V parameter is found to be 1.3 and 0.22 at λ of 1.23µm for 
phosphate and crown based PCF which is below the cut-off range 
that can be utilizable in long term communication. Moreover, the dis-
persion value of phosphate and crown PCF is found to be ~ -0.55 x 
10-9 and -2.4 x 10-9 ps/nm-km at λ of 1.23µm. These estimates have 
so far revealed superiority of crown PCF over phosphate. It has been 
observed that crown PCF possesses better tunability as compared 
to phosphate PCF. The reported results can be of many interests 
to optical engineers such as designing low loss waveguides, large 
mode area PCFs etc.
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(θ) [9,10] and dispersion [23-24], respectively. Each parameter has 
been studied by changing ᴧ and Reff for second and third communica-
tion bands in the context of phosphate and crown based PCF.

Mathematical formulation:

 To study the modal property of photonic crystal fiber V parameter 
is considered to be one of the significant parameter. Further, the addi-
tional modal parameters such as Mode Field Diameter (MFD), beam 
divergence (θ) and effective area (Aeff) are associated to V-parameter 
[9,10]. Thus, alteration of V-parameter leads to alter the correspond-
ing modal parameters. V-parameter that has been utilized in here is 
given by:

 In equation (1), ngl is refractive index of cladding which is consid-
ered to be glass index that is linked to core index and Δnd (difference 
parameter) which is given by Δnd = nco - ngl and Δngc = ngl - ncl (function 
of two dimensionless parameters-d/ᴧ, λ/ᴧ). Also, the air hole spacing 
i.e., pitch, ᴧ=2.3 μm and radius of core Reff is ᴧ for proposed PCF 
structure (Figure 1). The additional modal parameters are given by:

Mode field diameter: MFD = 2weff                                        (2)

In which, weff is the spot size       of the 
proposed structure

  Beam divergence
 

  Effective area:

In which, kn [9, 10] is a constant.

  Dispersion: 

 Since the cladding structure of these PCFs consists of air holes, the 
effective index neff of the cladding shows strong wavelength depen-
dence and is given by:

 (1 )air mn fn f n= + −
 
Here nm is the refractive index of the ma-

terial of which PCF is made and λ is wavelength of propagation. Also, 
the air-filling factor fraction is given by 2( / )

2 3
f dπ
= Λ , where d is the 

air-hole diameter and Λ is the pitch.

 It is to be mentioned that below a certain cut-off region of V pa-
rameter, the beam is considered to be more focused towards the core 
as it falls under single mode region. Below the multimode region i.e., 
V < 2.45, the beam will be more confined and hence well guided 
and leading to decrease in loss. Thus, this particular parameter is a  

vital parameter to control during communication. Additionally, the 
mode radius determines the intensity of the propagated beam that has 
dropped down to 1/e2 of the intensity on beam axis which is associat-
ed with MFD (which is twice that of the mode radius). The effective 
area (Aeff) determines the energy in the electric field distribution of 
the fundamental mode. This gives the approachable effect towards 
the nonlinearity to the fiber optic system. This parameter also gives an 
estimate the area covered by the transverse dimension. Further, beam 
divergence confers expansion of beam from the beam waist, which is 
considered to be one of the vital parameter to control during commu-
nication. During the work, these aforementioned parameters has been 
evaluated with contribution of variable material composition as well 
as the geometrical parameters (ᴧ, Reff and d). 

 Adopting computationally efficient EIM technique, we have made 
an extensive study of the modal parameters of crown and phosphate 
PCFs by varying ᴧ and Reff. Utilizing EIM technique, the analysis has 
been done in second and third telecom windows. With variation of the 
structural entities the modal parameter analysis has been monitored in 
the context of different material perspective that has remained as one 
of our chief objectives. Here, we have reckoned V parameter, Mode 
Field Diameter (MFD), beam divergence (θ) and Dispersion (D) that 
depict the modal properties of PCF.

 Figures 2-4 illustrates the variation of the V parameter vs. λ in the 
range of O to L along with the additional fitting parameter ∆nd [5]. 
Hongbo Li et al., [5] have reported the fitting parameters ngc, ncl, ng 
and ∆nd for solving the effective refractive index of PCF and by fol-
lowing the fitting parameters. Moreover, we build up our formulation 
in different material domain. With variation in effective core radii, 
diameter and pitches, the corresponding changes have been observed. 
The V parameter is found to be growing slowly for phosphate based 
PCF in each set of radii and it is found to fall under multi-mode region 
for radius 2ᴧ-d with ∆nd = -7 x 10-4 and -15 x 10-4 [5]. On the contrary, 
crown PCF registers a characteristic fall under single-mode region, 
with a rapid variation within the considered range of wavelength. Be-
sides, as shown in figures 2-4; increase in ᴧ and Reff brings the pro-
posed PCF towards multi-mode region. This transition to multi-mode 
domain is realized by increase in number of modes which is caused 
by larger pitch values. Meanwhile, crown PCF, in this case, is found 
to follow single-mode operation in lower wavelength region in each 
set of pitch and effective core radii.

2 22 ( ) ( ) (1)eff gl d gl gcV R n n n nπ
λ

= + ∆ − −∆

3/2 6

1.619 2.879(0.65 )effw R
V V

 = × + + 
 

2 (4)eff n effA k wπ=

Figure 2: V vs. λ with ᴧ=2.3µm with (a) ∆nd=7 x 10-4 and (b) ∆nd=15 x 10-4 for 
phosphate based PCF (c) ∆nd=7 x 10-4and (d) ∆nd=15 x 10

-4 for crown PCF.
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Figure 1: Schematic of the proposed structure.
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 By inspecting the observable variation in V parameter with re-
spective change in geometrical parameter the study has been extended 
to an important parameter for propagation i.e., mode filed diameter. 
Mode Filed Diameter (MFD) is considered as a crucial parameter for 
super continuum generation, soliton pulse transmission and optical 
signal processing [17-19]. The variation of MFD vs. λ in the consid-
ered band for each material PCFs has been illustrated in figures 5-7 
respectively. The parameter is found to rise with increase in effective 
core radii and pitch. With increase in λ they show a rapid declining 
trend in case of crown PCF, whereas a moderate variation has been 
observed in phosphate PCF. During this study, it has been observed 
that MFD in both the PCFs decreases towards higher wavelength re-
gion. This trend can be utilized for a vast number of practical appli-
cations [10]. By considering the pattern of MFD vs. λ, it is evident 
that crown PCF exhibits an almost exponential decay pattern whereas 
phosphate PCF yields quite a steady linear decay instead. Higher val-
ues of refractive indices of cladding and core of crown PCF may be 
taken as one the plausible reason for this atypical decaying pattern 
of MFD vs. λ. In addition, it can be asserted that, with subsequent 
increase in pitch and core radii, the probability of the confinement of 
light towards the core decreases and that leads to diminution of MFD 
with respective change in wavelength band. The equation (1) shows 

that the V-parameter varies with neff which is a function of wavelength 
and the material index. Thus the V-parameter follows in figures 2-4 
where it increases with wavelength for both phosphate and crown 
glass. In accordance with equation (2) it can be observed that spot 
size (weff) and correspondingly MFD (MFD=2weff) varies inversely 
to the V-parameter, thus with increase in wavelength as well as with 
V parameter the spot size decreases. For very small fiber cores with 
large Numerical Aperture (NA); the MFD is expected to increase with 
longer wavelengths in case of conventional fiber but in this case with 
introduction of materials of variable RI alters the effective refractive 
index and thus the changes can be observed. Since spot size varies 
with neff in PCF, thus the characteristic behavior of crown and phos-
phate PCF is observed in figure 5. This justifies our findings towards 
material aspects. Further, the relation between wavelength and refrac-
tive index for propagation of light also establishes our outcome. Be-
sides, with increase in effective core radii (Reff) and ᴧ the parameter 
is found to increase in both the cases. One can also reckon this factor 
while going for fabrication and experimentations. 

Figure 3: V vs. λ with ᴧ =3 µm with (a) ∆nd=7 x 10-4 and (b) ∆nd=15 x 10-4 for 
phosphate based PCF (c) ∆nd=7 x 10-4

 
and (d) ∆nd=15 x 10-4 for crown PCF.

Figure 4: V vs. λ and ᴧ =6.75 µm with (a) ∆nd=7 x 10-4 and (b) ∆nd=15 x 10-4 for 
phosphate based PCF (c) ∆nd=7 x10-4 and (d) ∆nd=15 x 10-4 for crown PCF. Figure 5: MFD vs. λ with ᴧ=2.3 µm with (a) ∆nd=7 x 10-4 and (b) ∆nd=15 x 10-4 

for phosphate based PCF (c) ∆nd=7 x 10-4 and (d) ∆nd=15 x 10-4 for crown based 
PCF.

Figure 6: MFD vs. λ with ᴧ=3 µm with (a) ∆nd=7 x 10-4
 
and (b) ∆nd=15 x 10-4

 
for 

phosphate based PCF (c) ∆nd=7 x 10-4 and (d) ∆nd=15 x 10-4 for crown based PCF.
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 Further, the geometrical parameters have been incorporated to an-
alyze beam divergence which is accountable to the quality control of 
the beam during propagation. In general, beam divergence in case 
of an electromagnetic beam implies the angular measurement of the 
radius with distance from the optical aperture as the beam propagates 
[9,10]. Figures 8-10 depict the corresponding plot of beam divergence 
vs. λ, entailing variable pitch and effective core radii. As evident in 
figures 8-10, beam divergence is found to increase with correspond-
ing increase in λ. It is found to increase fairly for phosphate PCF 
and rapidly for crown PCF with respective change in geometrical pa-
rameters. Further, it is worthwhile to note that, with increase in pitch 
and core radii, the beam divergence is found to increase in each case. 
Crown PCF possesses lower values than that of phosphate based PCF.

 In addition to the above parameters, the effective area (Aeff), as il-
lustrated in figures 11-13, rises in accordance with larger pitch values 
and effective core radii. However, it registers a declining trend with 
increase in λ. And a moderate variation has been observed in case of 
phosphate based PCF whereas a rapid variation has been visible in 
crown based PCF. Moreover, in each set of PCF the observed values 
are found to increase with increase in pitch and effective core radii.

 As the modal properties of PCF are also dependent upon disper-
sion. Thus, we assess dispersion for crown and phosphate PCF in the 
same structural domain. We have attained dispersion profile which is 
found to vary in large scale (Figure 14). As illustrated in figure 14(a), 
the variation of dispersion vs. λ has been considered in this context 
and it is seen that at higher wavelength region, dispersion estimates 
are considerably steady with respect to wavelength in phosphate PCF. 
However, crown PCF reveals negative dispersion. The dispersion 
provided in here depends upon the effective refractive index (neff) of 
the proposed photonic crystal fiber. Also, the change in material index 

Figure 7: MFD vs. λ with ᴧ=6.75 µm with (a) ∆nd=7 x 10-4 and (b) ∆nd=15 x 10-4 

for phosphate based PCF (c) ∆nd=7 x 10-4 and (d) ∆nd=15 x 10-4 for crown based 
PCF.

Figure 8: θ vs. λ with ᴧ=2.3 µm with (a) ∆nd=7 x 10-4 and (b) ∆nd=15 x 10-4 for 
phosphate based (c) ∆nd=7 x 10-4 and (d) ∆nd=15 x 10-4 for crown based PCF.

Figure 9: θ vs. λ with ᴧ=3 µm with (a) ∆nd=7 x 10-4 and (b) ∆nd=15 x 10-4 for 
phosphate based PCF (c) ∆nd=7 x 10-4

 
and (d) ∆nd=15 x 10-4 for crown based 

PCF.

Figure 10: θ vs. λ with ᴧ=6.75 µm with (a) ∆nd=7 x 10-4 and (b) ∆nd=15 x 10-4 for 
phosphate based PCF (c) ∆nd=7 x 10-4 and (d) ∆nd=15 x 10-4 for crown based PCF.
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relates to neff of cladding which correspondingly alters dispersion. 
Since the dispersion depends upon RI and wavelength of propagation, 
thus introduction of variable RI can correspondingly change the dis-
persions in each case. The values of dispersion in case of phosphate 
and crown based PCFs are found to be ~7.43 x10-11 (0.0743 x10-9) 
and -0.904x10-10 (0.0904 x10-8) at 1.63 µm respectively over O to L 
communication band. So far, long-term communication is concerned, 
negative dispersion is very essential and crown PCF can be a better 
candidate for communication purposes. This validates our approach 
towards long-term communication purposes. As with increase in λ, 
the proposed PCFs can work under single-mode operation as well as 
it can be utilized for other practical applications. The overall changes 
in modal parameters that has been observed during this study have 
been enlisted in table 1.

Figure 11: Aeff vs. λ with ᴧ=2.3 µm with (a) ∆nd=7 x 10-4 and (b) ∆nd=15 x 10-4 

for phosphate based PCF (c) ∆nd=7 x 10-4
 
and (d) ∆nd=15 x 10-4 for crown based 

PCF.

Figure 12: Aeff vs. λ with ᴧ=3 µm with (a) ∆nd=7 x 10-4 and (b) ∆nd=15 x 10-4 for 
phosphate based PCF (c) ∆nd=7 x 10-4 and (d) ∆nd=15 x 10-4 for crown based PCF.

Figure 13: Aeff vs. λ with ᴧ=6.75 µm with (a) ∆nd=7 x 10-4 and (b) ∆nd=15 x 10
-4 

for phosphate based PCF (c) ∆nd=7 x 10
-4 and (d) ∆nd=15 x 10

-4
 for crown based 

PCF.

Figure 14: Dispersion (a) dispersion vs. λ/ᴧ (b) dispersion vs. λ.

Symbol Quantity
Material 

Composition
Pitch Overall Incremental Value

 V  V parameter Phosphate

Δnd= 7x10-4 Δnd= 15x10-4

2.3 1.53-2.02 Δnd= 15x10-4

3 3.05-4.04 1.49-1.99

6.75 0.69-0.918 2.98-3.98

2.3 0.207-1.36 2.26-3.02

3 0.413-2.71 0.348-1.39

 Crown

6.75 0.094-0.617 0.695-2.77

2.3 2.16-2.24 0.158-0.629

3 4.19-4.26 2.16-2.25

 
MED 

Mode field 
diameter

Phosphate

6.75 0.963-0.947 4.195-4.27

2.3 2.29-4.46 0.965-0.948

3 4.31-7.36 2.28-3.54

Crown
6.75 0.974-1.68 4.301-5.96

2.3 0.16-0.18 0.972-1.36

θ Beam divergence

Phosphate 

3 0.173-0.192 0.159-0.177

6.75 0.038-0.042 0.171-0.191

2.3 0.095-0.153 0.171-0.191

3 0.0898-0.164 0.101-0.154

Crown

6.75 0.0898-0.165 0.101-0.166

2.3 4.032-4.19 0.021-0.036

3 7.84-7.97 4.039-4.21

Aeff Effective area

Phosphate

6.75 1.77 - 1.799 7.84-7.99

2.3 4.28 -8.339 7.841-7.986

2.3 4.28 -8.339 4.267-6.624

Table 1: Estimated values of the phosphate and crown based PCF.
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 As reported elsewhere, the modal parameter analysis has been per-
formed from L to C band i.e., 1.5-1.6µm and E to L band i.e., 1.36-
1.63µm wavelength range in the context of two different materials 
[9,10]. The present work has focused on 2nd and 3rd communication 
window i.e., 1.23-1.63µm (O to L) λ range. The variation in V param-
eter in earlier study has been observed to be moderately rising in case 
of phosphate based PCF with lowest value ~2.59 in L to C and rapidly 
in case of crown based PCF with lowest value of ~1.58 in L to C for 
constant variation in parameter. And the lowest value of V was found 
to be ~2.52 and ~1.49 for phosphate PCF and crown based PCF re-
spectively in E to L range. Similar kind of variation has been observed 
in present work too. But, in this study, the lowest value for phosphate 
and crown based PCF is found to be ~1.3 and 0.22 respectively for 
ᴧ=2.3 µm. Besides, MFD of phosphate and crown based PCF is found 
to be ~2.8 µm and ~4.84 µm in E to L band and is found to be 2.82 µm 
~ and ~5.12 µm in L to C band respectively. Whereas, in this present 
work for ᴧ=2.3 µm, the values of MFD is found to be ~2.98µm and 
~5.54µm for phosphate and crown based PCF. In L to C and E to 
L band the lowest value of effective area was found to be ~5.4µm2 
and ~ 5.3µm2 for phosphate based PCF. And the values are found to 
be ~9.5µm2 and ~9.2µm2 for crown based PCF in L to C and E to L 
band respectively. In effective area (Aeff) variation with wavelength is 
found to decrease moderately in phosphate based PCF and rapidly in 
case of crown based PCF. The lowest value of phosphate and crown 
based PCF is found to be ~5.2µm2 and 10.1µm2 in O to L band at 
ᴧ=2.3 µm. The beam divergence of phosphate and crown based PCF 
is found to be ~0.34 (rad) and ~0.2 (rad) in L to C band and is found 
to be ~0.336 (rad) and ~0.21 (rad) in E to L band respectively. Be-
sides, variation in dispersion is found to vary rapidly in crown based 
PCF. Whereas, in earlier established results the dispersion variation is 
found to be moderate in both the cases. The overall change in modal 
parameter values are enlisted in table 2.

 Noteworthy fact is that, the modal analysis performed for phos-
phate and crown based PCF follow the earlier trend as claimed in 
our previous work [9,10]. The previous works have been performed 
by encompassing constant pitch and effective core radii. Howev-
er, a comprehensive study onto the modal parameter has been fur-
nished in broader wavelength region and in variable geometrical 
parameters (ᴧ, d and Reff) domain in the context of phosphate and 
crown material. Also, it has been noticed that the parameters behave 
in accordance with our earlier published results [9,10] and further 
change in wavelength range has improved the quality of the proposed 

microstructured fiber. The attained results show that wavelength range 
has an impact onto the modal parameter. Further, it gives prominence 
to crown based PCF, which can be considered as a better candidate for 
future. In addition to that it has been observed that crown based PCF 
has more control over parameters than that of phosphate based PCF.

Conclusion
 A comprehensive analysis of photonic crystal fiber has been ac-
complished utilizing Effective Index Method (EIM) in two material 
domains viz. phosphate and crown within a broad wavelength range 
(2nd and 3rd communication band). Throughout the study, three differ-
ent air holes spacing (ᴧ) and diameters (d) have been considered along 
with different effective core radii (Reff). Based on these, all the com-
puted parameters are studied, and a comparative analysis has been 
performed. As reported earlier in [9,10], it has been found that crown 
based PCF is preferable to that of phosphate based PCF which ac-
commodate a higher mode field diameter and beam divergence which 
is indicative of low loss also. For, long haul communication purpose, 
both two materials based PCFs offer good standing while surpassing 
one another in some modal attributes. These results will prove bene-
ficial for experimentalists to design PCFs for long distance commu-
nication purpose. Besides, the whole work covers the entire telecom 
window entailing all possible structural entities; hence, optical engi-
neers can tailor their fibers according to their requirement based on 
the established results in this study and design them according to their 
requirement.
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Symbol Quantity
 Pitch
))µM

 Material
Composition

 Lowest Value of Each
Parameter

Δnd= 7x10-4

2.3 Phosphate
L to C E to L O to L

V V parameter
2.59 2.52 1.3

Crown 1.58 1.49 0.22

MFD
 Mode field

(diameter (µm
-do-

Phosphate 2.82 2.8 2.98

Crown 5.12 4.84 5.54

θ
 Beam

 Divergence
((radian

-do-
Phosphate 0.34 0.336 0.345
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Aeff

 Effective area
((µm2
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Table 2: Comparative analysis study of previous work.
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