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1  Introduction

Now a day, photonic crystal fibers (PCFs) exhibit a broad 
range of independence to guide the optical characteristics 
such as birefringence, dispersion, nonlinearity, effective 
area, endlessly single-mode operation, etc. [1, 2]. Among 
these dispersions, non-linearity and effective area are the 
most promising properties to obtain the robust PCF for the 
high-bit optical transmission system. PCF offers signifi-
cant variation in tuning dispersion. The dispersion can be 
considered as a crucial parameter in optical communica-
tion that asserts to improve data capacity has been broadly 
conducted. It spreads out the maximum transmission dis-
tance and the bit rate optical pulses when the pulse is being 
transmitted through the fiber. Hence to reduce the pulse 
broadening, dispersion must be compensated. According 
to this reason, dispersion compensation (DC) strategies are 
an extremely significant issue for fiber optic link. Around 
the last few years, some DC strategies have been extremely 
pursued such as dispersion-compensating fiber (DCF) [3], 
DC gratings [4], electronic DC [5] and optical phase conju-
gation [6] etc. Due to the manufacturing facilities as well as 
ease of applications, DCF is the most promising trick that 
has achieved advanced attention in the research field.

In recent years, Photonic crystal fibers (PCFs) or micro-
structured optical fibers (MOFs) have contained various 
numerous geometries applying the shape, size, pitch and 
number of air-holes rings around the core and position-
ing of air-holes in the micro-structured cladding [2, 7]. 
The flexible geometry of PCFs has not only overcome the 
limitation of conventional optical fiber but also maintained 
the light guiding transmission through the fiber. The flex-
ible geometry of PCFs offers a number of unique disper-
sion properties compared to conventional single modes 
fibers such as nearly zero ultra-flattened dispersion and 
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high negative chromatic dispersion. Generally, the ultra-
low negative dispersion is perused around a narrowband 
particular wavelength [8–13]. Therefore, our main goal is 
to achieve high negative dispersion over a spacious wave-
length range for the inflictions of broadband dense wave-
length division multiplexing (DWDM).

This dispersion compensating fibers (DCFs) follow a 
rule behind having an ultra-high negative dispersion and 
being the coupling between two spatially detached asym-
metric concentric cores which allow two leaky modes: (1) 
inner mode and (2) outer mode. Mode matching can occur 
between these two modes at the expected wavelength by an 
approximate design. To understand high negative disper-
sion with triangular lattice PCFs, a few explorations have 
been executed [11–13]. With the same d/Λ value compared 
to the triangular one, square-lattice PCF provides a wide 
range of single mode operation [14]. The effective area of 
regular square lattice PCF is larger than triangular lattice, 
thus for high power management square lattice based PCFs 
are better than triangular lattice PCF [15]. It can be seen 
that the in-line dispersion around the 1550 nm wavelength 
can be better compensated by square lattice based PCFs [3] 
than the triangular-lattice PCF.

At first, Birks et al. [16] had proposed dispersion com-
pensation (DC) PCF which suffers from its short effective 
area. Then another approach was proposed [10] in which 
the structured PCF was considered for broadband disper-
sion compensation with a small dispersion coefficient of 
approximately −475 ps/ (nm-km). It has high coupling loss 
with SMF, as well as a small effective area. To overcome 
those limitations, in the article [11], it has been investigated 
some approaches with the target of acquiring an ultra-high 
negative dispersion and an eligible bandwidth for DC. But, 
highly doped fibers provide large confinement loss as well 
as fabrication difficulties [17]. In recent year, a PCF has 
been theoretically proposed by Matsui et  al. [18] capable 
of dispersion compensation over three telecommunications 
bands together. The drawbacks of this type of structure are 
low dispersion coefficient [approximately −100  ps/(nm-
km)] and it needs to high-bit rate transmission fiber in a 
long distance to compensate for the collected dispersion.

Recently, in the article [19], it has been represented that 
all glass (solid) DCFs can acquire a large negative disper-
sion of approximately −250 to −300  ps/(nm-km). Addi-
tionally, traditional DCFs have some drawbacks related to 
their design [20], materials of diverse thermal expansion 
coefficients (i.e. silica cladding regions and germanium-
doped core). Moreover, several structures for single-
material PCFs have been offered to gain a large negative 
dispersion coefficient, as well as a broad compensation 
bandwidth (CB) [3]. Those triangular lattice PCFs reflect 
air-holes including different diameters as well as same air-
hole diameter or a dual concentric core. But they have not 

investigated a negative dispersion coefficient higher than 
600 ps/(nm-km) as well as a CB broader than C-band. For 
a broad compensation bandwidth, as well as high nega-
tive dispersion coefficient [−1350  ps/(nm-km)], a honey-
comb structure PCF [21] has been offered which contains 
a Ge-doped central core. The proposed PCF with doped 
core governs to fabrication difficulties. Recently, in the 
article [22], the geometrical structure of the proposed PCF 
which contains the first ring of special ‘grapefruit’ holes for 
broadband dispersion compensation.

However, to overcome the above limitations (low dis-
persion, non-linearity, and effective area) a square lat-
tice photonic crystal fiber (S-PCF) has been offered. In 
this paper, we have proposed a regular square-lattice PCF 
which has not only high negative dispersion coefficient of 
about −1694.80 ps/(nm-km) at the wavelength of 1550 nm 
but also high non-linearity compared to prior PCF. For 
certain properties, square lattice based PCFs are more 
superior to triangular-lattice PCFs [14, 15]. We have suc-
cessfully investigated tracing the dispersion compensa-
tion properties of the S-PCF over wavelength range about 
1340–1640  nm. Besides, nonlinearity is one of the most 
hopeful applications of photonic crystal fibers which have 
accepted momentous attention in telecommunication and 
super-continuum generation (SCG) applications. Undoubt-
edly, our proposed structural PCF will be comprehensively 
applicable to the optical transmission system.

2 � Geometry

Figure 1 shows the cross sectional view of the proposed 
square lattice PCF (S-PCF) with air hole distribution. For 
lower refractive index and higher air-filling ratio around 
the core region, thereby providing strong confinement 
ability. Adjacent air-holes near to the core are trans-
formed to circular air holes (circle) that have achieved 
large negative dispersion. It is informed that the disper-
sion property is affected by the size of the air holes near 
core [21]. It is also evident that when the elliptical air 
holes are replaced with several circular air holes near 
the core, it can be gained better dispersion compensation 
characteristics. Besides, when applying a traditional PCF 
topology, it is hard to engineer a large negative dispersion 
and inspect dispersion slope, high nonlinear coefficient, 
and polarization-maintaining characteristics simultane-
ously. Consequently, it is essential to incorporate a design 
with a large degree of independence regarding the entire 
geometrical structure parameters. Hence, the proposed 
structure parameters are namely pitch Λ, air-hole diame-
ters d, da and db. It can be suitably designed for transmis-
sion characteristics such as dispersion, non-linearity and 
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effective area which simultaneously acquire a large nega-
tive dispersion coefficient, high non-linear coefficient as 
well as the effective area.

The proposed PCF contains five air hole layers in 
which three layers (1st, 2nd and 4th) consist of circular 
air holes and rest of the layers (3rd and 5th) are elliptical 
air holes. The reason behind replacing circular air holes 
(3rd and 5th layers) by elliptical air holes is to gain large 
negative dispersion and high non-linearity. To make the 
inner core, the central air-hole is missed which forces 
to achieve high negative dispersion. The proposed PCF 
consists of 5 rings in which the air holes diameters of 
three rings (1st, 2nd and 4th) are equal which denoted by 
d and rest of the elliptical air holes diameters (3rd and 
5th layers) are same. The major and minor axes of ellipti-
cal air holes are defined as da and db, respectively. In this 
case, the square-lattice geometry of the proposed PCF, 
the hole-to-hole distance both in horizontal and vertical 
directions [23, 24] is denoted as Λ. The first two air-hole 
rings have contained with circular rings in inner clad-
ding. Moreover, the 3rd and 5th air-hole rings are attenu-
ated with leading elliptical holes in vertical and horizon-
tal manner, respectively, in the outer cladding. For the 
design flexibility, this proposed structure can be gained 
excellent characteristics like large negative dispersion 
and high nonlinear coefficient. Due to the great influence 
on the dispersion properties, only a single material usu-
ally silica is used for the proposed PCF. The refractive 
index of silica has been considered through Sellmier’s 
equation.

3 � Synopsis of numerical method

The FEM (Finite Element Method) belongs to a circu-
lar perfectly matched layer boundary condition is applied 
to carry out the numerical simulation for investigating the 
guiding characteristics of the proposed structure for disper-
sion compensation. By applying FEM, Maxwell’s vecto-
rial equation [25] is solved to best approximate the value 
of modal effective refractive indexes neff. Once, the modal 
effective indices (neff) are obtained by Eq.  (2). Moreover, 
the dispersion coefficient D(�), nonlinear coefficient (γ) 
and effective area (Aeff), effective V parameter (Veff) can 
be determined using the Eqs.  (3)–(6) formulated in [26, 
27]. To investigate the modal characteristics of the pro-
posed PCF, commercial full vector finite-element software 
(COMSOL 4.2) is used. The background of the proposed 
square-lattice fiber usually is taken to be silica whose 
refractive index has been obtained through the following 
Sellmier’s equation:

In addition, some vital issues of designing the PCFs 
such as dispersion coefficient D, nonlinear coefficient γ, 
effective area Aeff and effective V parameter Veff will be 
described.

The model effective indices (neff) are gained as the func-
tion of wavelength and material dispersion [nm(λ)]. So that

where, � is the propagation constant, k0 = 2�
�

 is the wave 
number of free space and nm (�) can be estimated using the 
Sellemeier’s formula.

The dispersion characteristics can be easily controlled 
by changing the shape, size and pitch of the air holes. The 
dispersion coefficient D(�) is calculated from the effective 
index of the fundamental mode neff versus the wavelength 
using the following equation:

where, λ is the wavelength, c is the velocity of light 
in vacuum, Re

[
neff

]
 is the real part of effective indices 

obtained from simulations.
However, the nonlinear coefficient γ is evaluated as:

where, Aeff is the effective area which can be determined 
by the following equation.
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Fig. 1   Transverse cross sectional view of proposed square PCF
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where, E is the electric field.
Now, it was consciously investigated the mode property 

of the proposed S-PCF. According to effective V parameter, 
it is seen that single modes of the fiber is changed inside 
the telecom band. Veff parameter for the S-PCF can be cal-
culated [28] by applying the following equation,

Equation (6) is applied to verify the single mode behav-
ior of the proposed design where 2�Λ

�
 denotes the wave 

number in the free space and Λ is the pitch; neff and ncore 
represent the effective index and refractive index of core, 
respectively.

4 � Numerical results and discussion

At the operating wavelength of 1550 nm, the fundamental 
mode field distribution of the proposed S-PCF is exhibited 
in Fig. 2 for both x and y polarization modes. For broad-
band dispersion compensation, it is observed that the dis-
persion curve influences a negative dispersion slope of 
standard photonic single mode fiber. The observation 
results clearly represent that optical field is closely confined 
to the core region due to high-index contrast in the center 
than the cladding. The dispersion coefficient is achieved 
to be −1694.80  ps/(nm-km) at the operating wavelength 
of 1550 nm, which is higher than [29]. The proposed PCF 

(5)
Aeff =

(∫ ∫ |E|2dxdy)2

∫ ∫ |E|4dxdy
�m2

(6)Veff =
2�∧

�

√
(ncore

2 − neff
2)

exhibits tumid design pliability in tailoring dispersion coef-
ficient and nonlinearity in an advanced way in contrast to 
the standard SMF.

To control dispersion coefficient, there are four degrees 
of independence in the proposed structure denoted as Λ, 
d, da and db. For x-polarization and y-polarization modes, 
the dispersion coefficient of the proposed S-PCF as a func-
tion of wavelength with the considered design parameters 
of Λ = 0.76  μm, db/da = 0.67, da = 0.72  μm, db = 0.48  μm 
and d = 0.72 μm is shown in Fig. 3. From this figure, it can 
be seen that the proposed PCF represents a large negative 
dispersion coefficient about −1694.80 and −1051.60  ps/
(nm-km) for x-polarization and y-polarization modes, 
respectively, at the operating wavelength of 1550  nm. 
The dispersion values vary from −584.60 to −2337.60 ps/
(nm-km) and −540.80 to −1323.30 ps/(nm-km) for X and 
Y polarization, respectively, around the spectral range of 
1340–1640 nm. It is explicit that the x-polarization mode 
shows higher dispersion compared to that of the y-polari-
zation mode. From above investigation, it is figured out 
x-polarized mode to acquire optimum results like large 
negative dispersion, as well as high non-linear coeffi-
cient which overcome the limitation of [29] that contains 
low dispersion coefficient (approximately −555.93  ps/
(nm-km)).

Figure  4 demonstrates the effect of air holes on dis-
persion coefficient in the position of 3rd and 5th layers. 
In the operating wavelength of 1550  nm, the dispersions 
are −1694.80 and −862.38 ps/(nm-km) if the air holes in 
the position of 3rd and 5th layers are elliptical and circu-
lar, respectively. From above figure, it is evidently repre-
sented that it can be achieved large dispersion coefficient 
by arranging the air holes at 3rd and 5th layers which 
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are compatible for optical communication. The disper-
sion value of the proposed PCF at 1550  nm is about 
−1694.80 ps/(nm-km) which exceeds the dispersion values 
of conventional dispersion compensating fibers (typically 
−588 ps/(nm-km)) [30].

Figure 5 exhibits the effect of da on the dispersion behav-
ior when the other parameters (Λ = 0.76 μm, da = 0.72 μm 
and db = 0.48 μm and db/da = 0.67) are kept constant. Now, 
the variations of d as 0.71, 0.72 and 0.73  μm, the calcu-
lated dispersion coefficients at the wavelength 1550 nm are 
−1563.10, −1694.80 and −1861.50  ps/(nm-km), respec-
tively. From above investigation, it is clearly reported that 

dispersion coefficient negatively promotes by increasing the 
air holes diameter d. Due to this, the optical field is strongly 
absorbed into the core region which leads to achieve highly 
negative dispersion, as well as very high nonlinear coeffi-
cient than [31].

From Fig.  6, it can be seen that dispersion coefficient 
negatively increases by decreasing the elliptical air holes 
diameter (da) at 3rd and 5th layers in the direction of the 
major axis. According to the variation of da as 0.71, 0.72 
and 0.73  μm, the calculated dispersion coefficients at 
1550  nm are −1761.00, −1694.80 and − 1635.50  ps/
(nm-km), respectively, by keeping other parameters 
(Λ = 0.76  μm, d = 0.72  μm and db = 0.48  μm) to constant. 
By the comparison of Figs.  5 and 6, it can be seen that 
the diameter of circular air holes at 1st, 2nd and 4th layers 
should be increased and alleviated the elliptical air holes at 
3rd and 5th layers, as much as possible to achieve highly 
negative dispersion for the purpose of broadband commu-
nication [32].

Figure  7 represents the variation of elliptical air holes 
diameter (db) at 3rd and 5th layers in the direction of the 
minor axis that have a great effect on dispersion coefficient 
when the other parameters (Λ = 0.76 μm, d = 0.72 μm and 
da = 0.72  μm) are kept fixed. From this figure, it can be 
noticed that by reducing the air holes diameter (db) large 
negative dispersion coefficient as well as high non-linearity 
can be achieved. It can be also regarded that the effect of 
db is more significant on dispersion than da to acquire the 
expected dispersion coefficient. According to this figure, 
the variation of db as 0.47, 0.48 and 0.49 μm considered the 
dispersion coefficients at 1550 nm are −1892.60, −1694.80 
and −1543.40 ps/(nm-km), respectively.
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Figure 8 shows the effect of pitch variation on disper-
sion coefficient when the other parameters da = 0.72 μm, 
db = 0.48  μm and d = 0.72  μm are kept constant. Now, 
the pitch (Λ) variations are considered as 0.75, 0.76 and 
0.77 μm, as well as the calculated dispersion coefficients 
at 1550  nm are −1877.80, −1694.80 and −1539.30  ps/
(nm-km), respectively. It is definitely represented that the 
large negative dispersion coefficient can be achieved by 
reducing pitch for broadband dispersion compensation. 
For broadband communication, it is also regarded that the 
PCF can compensate the dispersion coefficient about 2.93 
times than [34].

The single-mode operation of the proposed S-PCF can 
be evaluated using V effective (Veff) parameter. Figure 9 

demonstrates the Veff parameter as a function of wave-
length with optimized design parameters of Λ = 0.76 μm, 
d = 0.72  μm, da = 0.72  μm and db = 0.48  μm. The Veff 
parameter can be achieved by the expression (6). With 
approximate perfect electric and magnetic conductor 
boundary condition, it has been used FEM at the outer 
enclosure to obtain the index of space-filling mode [28]. 
At operating wavelength 1550  nm, the Veff parameter 
for a single mode fiber (SMF) is Veff ≤2.405 [32]. From 
Fig. 9, it can be seen that the achieved Veff value is about 
1.26 at wavelength 1550 nm which is less than 2.405 in 
the whole band of interest. According to simulation, it is 
clearly investigated that the proposed S-PCF acts as an 
SMF over the whole bands.
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Figure  10 illustrates the effective area and nonlin-
ear coefficient of the proposed S-PCF as a function of 
wavelength for the optimized parameters, Λ = 0.76  μm, 
da = 0.72  μm, db = 0.48  μm and d = 0.72  μm. The figure 
also represents that effective area enhances according to 
the wavelength. The mode power closely demarked in the 
core region at the longer wavelength, so the guiding waves 
diverse largely. Due to this, the propagating modes retain 
larger effective area. An opposite behavior can be seen for 
the nonlinear coefficient, which is also demonstrated in 
Fig. 10. The effective area at 1550 nm has been achieved 
to be about 1.35 μm2 and the coinciding nonlinear coeffi-
cient is about 92.83 W−1 km−1 which is higher than [34]. 
The inflictions of such higher nonlinear coefficient can be 
seen in the super continuum generation and optical code-
division-multiple-access [35].

The dispersion coefficient is achieved to be −1694.80 ps/
(nm-km) at the operating wavelength of 1550  nm which 
is definitely higher than [29]. After plotting the disper-
sion curve to the expected level (Fig. 3), then it has been 
investigated, the dispersion validity of the proposed design 
S-PCF. During the fabrication process, ±1% variations of 
global parameters may occur in a standard fiber draw [30]. 
To ensure dispersion tolerance, there may require an accu-
racy of ±2%. In our proposed PCF, global parameters are 
varied up to 2% to gain better dispersion accuracy. Fig-
ure  11 demonstrates the corresponding dispersion curve 
with variations of global parameters ±1% and ±2%. At 
the wavelength 1550 nm, the dispersion coefficient can be 
achieved −1844.80, −2006.60 ps/(nm-km) and −1546.60, 
−1409.80  ps/(nm-km) by decreasing and increasing the 
global parameters order of 1 and 2%, respectively. In such 
situation, it is proven that the dispersion curve provides a 

negative dispersion which is a precondition for wide-band 
dispersion compensation of usual single mode fiber.

Finally, a comparison is applied between characteris-
tics of the S-PCF and some other conventional design for 
dispersion compensation applications. Table  1 represents 
the discrimination taking into account dispersion (D), the 
nonlinear coefficient (γ) and effective area (Aeff). From 
Table  1, it is clearly visualized that our proposed PCF 
exhibits superior result not only in case of dispersion but 
also in the case of nonlinear coefficient. Our proposed PCF 
gains about 2.14, 1.61, 3.05 and 2.93 times higher negative 
dispersion compared with [29–32, 34] respectively. In addi-
tion, the nonlinear coefficient is about 2.38 and 1.75 times 
higher than [30, 34] respectively. So, it definitely demon-
strates that the proposed PCF is better for dispersion com-
pensation, as well as highly nonlinear coefficient than prior 
PCFs. Our proposed PCF also exhibits simplicity in design 
compared to prior PCFs [29, 30]. So the fundamental task 
likes fabrication process comparatively easy.

Finally, it will be investigated the fabrication flexibility 
of the proposed structure. In Fig. 1, it can be represented 
that it forms of square lattice in the cladding that gives 
additional efficiency during fabrication. The conventional 
stack and draw technique is perfect for fabrication of the 
PCF because this method gives a good degree of exactness 
for closed-packed geometry like triangular or honeycomb 
lattice [31]. On the other hand, the drilling method offers 
adjustment of both holes size and spacing, as well as can 
procreate circular shapes perfectly. In such situations, PCFs 
that consist of elliptical holes were experimentally fabri-
cated in 2004 [36]. However, by current advanced technol-
ogy, the proposed structure can be fabricated for technolog-
ical advancement in the fabrication of PCFs. The sol–gel 
technique provided by Bise et al. [33] is used to fabricate 
the PCFs with all structures and they also offer the freedom 
to adjust air-hole size, shape, and spacing. In addition, the 
sol–gel casting method offers design flexibility that will be 
perfect for the proposed PCF.
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Fig. 11   Dispersion properties of S-PCF: optimum design parameters 
and fiber’s global parameters variations of order ±1 and ±2% around 
the optimum value

Table 1   Comparison between properties of the proposed S-PCF and 
prior PCFs at 1550 nm wavelength

Ref. D [ps/(nm-km)] γ(W−1 km−1) Aeff (μm2
)

[29] −555.93 – 2.63
[30] −588.00 – 3.43
[31] −790.12 – 1.64
[32] −1054.40 39.00 –
[34] −578.50 53.10 2.44
Proposed PCF −1694.80 92.83 1.35
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5 � Conclusion

In this article, a single-mode large negative dispersion, as 
well as high non-linear coefficient wide-band dispersion 
compensating S-PCF has been offered based on square-
lattice geometry PCF. The numerical investigations 
reveal that the proposed design offers highly negative dis-
persion and very high non-linear coefficient ranging from 
about −584.60 to −2337.60  ps/(nm-km) and 131.91 to 
61.40 W−1 km−1, respectively, over 1340–1640 nm wave-
length bands. The investigations definitely exhibit that 
at the time of drawing the fiber, the dispersion conduct 
does not vary much even if there are several variations of 
the design parameters. Due to the luscious index-guiding 
characteristics, the proposed design will be compatible 
for broadband dispersion compensation in polarization-
maintaining and high-speed transmission system applica-
tions. It is also expected that the proposed S-PCF will be 
effective for numerous future applications like wide-band 
dispersion compensation in PM devices, high-bit-rate 
transmission networks, and sensing systems.
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