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Abstract- This paper introduces a unique hybrid cladding photonic crystal fibre (PCF) design using only circular air-holes in 
an undulate lattice with hexagonal core structure. Such PCF has broadband dispersion compensation from 1340 nm to 1670 
nm i.e. 330 nm wavelength. A numerical simulation shows a negative dispersion coefficient of ‒75 ps/(nm.km) with an 
absolute dispersion variation of 5 ps/(nm.km) over E+S+C+L+U communication bands. Also a matched relative dispersion 
slope (RDS) has been found that is approximately 0.0036 nm-1 at the operating wavelength of 1550 nm. This undulate 
cladding PCF can be considered as a good candidate for dispersion compensating applications in WDM system. 
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I. INTRODUCTION 
 
Photonic crystal fibres (PCFs) or microstructure 
optical fibres (MOFs) have drawn researcher’s 
attention over the past few decades. It has offered 
wide range of optical properties, such as such as 
wideband dispersion flattened characteristics, high or 
low birefringence, wide range single mode operation 
etc. These can be obtained from different geometrical 
characteristics of different values of air hole to air 
hole spacing [1, 2, 3] or also known as pitch, air hole 
diameter which are impossible to achieve using 
conventional optical fibre technology. Index-Guiding 
Photonic crystal fibers (IG-PCFs) have a microscopic 
structure of air channels around a central pure silica 
core. It can provide a low index cladding throughout 
that solid core [4] and its optical properties can be 
used in different areas of optical system including 
sensing, nonlinear optics and high-bit-rate 
transmission [5]. The unique construction of 
claddings offers the opportunity of tuning dispersion 
[6, 7, 8], birefringence [9], nonlinearity [10] and 
controlling confinement losses [11] in a way that was 
not possible in conventional optical fibers [12, 13]. 
By changing the position and number of air-holes, 
PCFs offer more flexibility in tailoring different 
optical guiding properties. 
Standard single-mode fiber (SMF) has positive 
chromatic dispersion that introduces greater 
dispersion magnitude as the optical signal travels 
over longer distances. In the long distance optical 
data transmission system the dispersion caused by 
pulse spreading can be compensated by inserting 
dispersion-compensating fiber (DCF) with negative 
dispersion in the transmission link [14, 15, 16]. The 
magnitude of negative dispersion should be as high as 
possible [17] so that the DCF can be kept as short as 
possible to minimize the insertion loss and reduce the 
cost. 

 
It was recently reported that a high negative 
dispersion of approximately ‒250 to ‒300 ps/(nm.km) 
[18] can be achieved from all glass (solid) DCFs. 
PCFs with large flattened negative dispersion was 
proposed by many research groups. Varshney et al. 
[19] proposed a design which offers flat negative 
dispersion of 150 nm with average of - 98.3 
ps/(nm.km) and absolute variation of 1.1 ps/(nm.km) 
over S+C+L bands [19]. In another work, Franco et 
al. [20] showed a design with negative dispersion of -
179 ps/(nm.km) with absolute dispersion variation of 
2.1 ps/(nm.km) over S+C+L+U communication 
bands of 215 nm wavelength. A flat negative 
dispersion of 210 nm with -212 ps/(nm.km) 
dispersion and absolute variation of 11 ps/(nm.km) 
over S+C+L+U wavelength bands was proposed by 
Silva et al. [21]. Last year, our team Sharafat et al. 
proposed a defected core PCF design with a 
birefringence of 2.75×10-2 along with -331 
ps/(nm.km) dispersion [22]. Same year another PCF 
design was proposed by 
Sharafat et al. with both birefringence and negative 
dispersion [23, 24]. We have also proposed a hybrid 
cladding design for zero dispersion flattened PCF of 
450 nm [25] last year. In our recent work [17] we 
showed negative dispersion coefficient in the range of 
approximately ‒134 to ‒385 ps/(nm.km) over E and 
U bands a birefringence in the order of 2.13×10-2 at 
the operating wavelength of 1.55 µm. Another recent 
work [26] by Sharafat et al. recently published in 
Optical Engineering in 2014, we proposed a design 
with a flattened negative dispersion of 225 nm of -
390 ps/(nm.km) chromatic dispersion and an absolute 
dispersion variation of 7.0 ps/(nm.km) over 
E+S+C+L communication bands but with no 
birefringence for sensing applications. Same year in 
another proposed design [27] we achieved -868 
ps/(nm.km) dispersion over E to L bands with 
1.06×10-2 birefringence. This time we are showing a 
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new PCF design with negative dispersion along with 
RDS matched dispersion flattened characteristics. 
In this paper, we propose an exclusive hybrid design 
composed of circular air holes around the undoped 
silica core region. Our proposed design offers a 
ultraflattend negative dispersion of 330 nm of -75 
ps/(nm.km) chromatic dispersion and an absolute 
dispersion variation of 5 ps/(nm.km) over 
E+S+C+L+U communication bands. At the operating 
wave length of 1550 nm this design has a matched 
RDS which is 0.0036 making the proposed design a 
very good candidate for communication applications. 
Also this design has a marginal confinement loss 
along with good non-linear properties. 
 
II. DESIGN METHODOLOGY 
 
In this design we have used eight air hole rings that 
include two hexagonal rings in the core and six 
undulate lattice structure rings in the cladding. Two 
different pitch values have been taken such that 0.8 
µm and 1.0 µm respectively for the hexagonal core 
and for the cladding air holes. The air hole diameter 
of the first ring d1 is 0.2 µm and the second ring d2 is 
0.4 µm. The rest of the air holes have the same 
diameter (d) of 0.95 µm. 
The number of air holes in the core region is 6 in the 
first ring and 12 in the second ring. In the cladding 
third and fourth rings have 12 air holes each and fifth 
to eighth rings have 24 air holes each. Such high 
number of rings and air holes will result in a higher 
ratio of air-filling along with a lower refractive index 
around the core as well as strong confinement 
capability resulting in low confinement loss. Also the 
diameters of the core region air holes are kept small 
to achieve flat negative dispersion. 
 

 
Fig. 1. Transverse cross section of the proposed PCF structure 

with detail of central core region. 

We have used undulate design cladding structure in 
this PCF. The main difference between this undulate 
cladding design and spiral design is that in spiral 
design all the air-holes in an arm circulate in a single 
direction, but in case of undulate design the air-holes 
in an arm first circulate in one direction and then after 
an interval of a few air-hole rings they circulate in the 
opposite direction. The air-holes of third and fourth 
rings are kept 300 apart and in all other rings the air-
holes are placed 150 apart in such a way that 
altogether they form an undulate cladding design. In 
Fig. 1 we can see the air hole distribution in the 
proposed PCF. 
 
III. SIMULATION RESULTS 
 
In this work, COMSOL Multiphysics 4.2 software 
has been used as the simulating software. Using the 
PML boundary conditions, the propagation 
characteristics of leaky modes in PCF, as well as the 
dispersion and loss properties, can be accurately 
evaluated [23]. Using the anisotropic PML and 
Maxwell’s curl equations, the following vectorial 
equation was obtained: 

 
 
Where Ē denotes the electric field, k0 =2π/λ is the 
free space wave number, n is the refractive index of 
the domain, [s] is the PML matrix, [s]-1 is an inverse 
matrix of [s], and λ is the operating wavelength. 
 
Fig. 2 is showing the fundamental optical field 
distribution for x-polarized and y-polarized modes at 
the operating wavelength of 1.55 µm. 
 
We have already seen from different past related 
works that the size and arrangement of the air holes 
near the PCF core mostly affects the birefringence 
and dispersion characteristics [23-26]. Here we have 
used a symmetric structure in the core region of the 
PCF. Thus there will very negligible difference 
between the effective index profiles of the x & y 
polarized lights inside this fiber. This can be seen 
from Fig. 3 that the effective refractive index for x & 
y polarized lights are overlapping one another. Thus 
the birefringence of the proposed design will be very 
small to be considered. 
 
The chromatic dispersion D(λ) of PCFs was 
calculated using the following equation, where 
Re[neff] is the real part of the effective refractive 
index neff, λ is the wavelength in vacuum, and c is 
the velocity of light in vacuum [31]. 

 
 
The material dispersion can be obtained from the 
three-termed Sellmeier’s formula and is directly 
included in the calculation. Assuming a fibre link 
consists of a transmission fibre SMF of length LSMF 
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with dispersion DSMF (λ) and a DCF of length 
LDCF with dispersion DDCF(λ), the effective 
dispersion after compensation, De(λ), on the fibre 
link in series can be written as [31] 

 
 
Where SSMF(λ) and SDCF(λ) are the dispersion 
slopes for the SMF and DCF, respectively. To 
compensate for the accumulated dispersion of the 
SMF over a range of wavelengths, the following 
conditions must be satisfied [31]: 

 
 

 
Fig. 2. Time-averaged power flow profile for the (a) x and (b) y 

polarizations. 
 

 
Fig. 3. Effective index of x & y polarizations. 

 

 
Fig. 4. Chromaic dispersion curve of the proposed PCF. 

 

 
Fig. 5. Chromatic dispersion characteristics of x & y 

polarization. 

 
 

 
Fig. 7. Effect of d2 variation on chromatic dispresion. 

 
We have taken the core region air hole diameters in 
the first and second rings relatively smaller to get a 
flat dispersion curve. From Fig. 4 we can observe the 
dispersion characteristics of the proposed design. 
Simulation results show that this PCF has a flat 
negative dispersion of almost 330 nm wavelength 
from 1340 nm to 1670 nm. Also the absolute 
dispersion variation of 5 ps/(nm.km) which is very 
reasonable for a dispersion compensating fiber. The 
dispersion characteristics for both the polarized light 
will be almost same as their effective refractive index 
profiles are similar. This can be seen from Fig. 5 
where dispersion for x & y polarized lights are 
overlapping each other. 
 
The effects of changing the diameter of the air holes 
can be seen from Fig. 6, Fig. 7 and Fig. 8 on 
chromatic dispersion. Here Fig. 6 is showing the 
effect of changing the first ring air hole diameter d1. 
From the figure it can be seen that when the diameter 
of the air holes of the first ring is increased the 
maximum value of the negative dispersion increases. 
 

 
Fig. 8. Effect of d variation on chromatic dispresion. 
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Fig. 9. Effect of core pitch variation on chromatic dispresion. 

 
And this effect is less severe with the increased 
wavelength. Almost a similar scenario can be 
observed in case of changing the air hole diameter of 
the second ring d2. With the increasing diameter of 
the air holes of the second ring the maximum value of 
the negative dispersion also increases. But it can be 
seen from Fig. 7 that this effect is more severe with 
the increasing wavelength which is just the opposite 
of effect of d1 on dispersion in case of change in 
wavelengths. The effect of changing air hole diameter 
in the cladding d is totally different from the effects 
of changing d1 or d2. Simulation shows that for 
increasing the diameter d the maximum value of the 
negative dispersion decreases. This effect can be seen 
from Fig. 8. 
 
Fig. 9 and Fig. 10 are showing the effects on 
dispersion curve for changing the pitch value of the 
core and cladding respectively. We already know 
from many related previous works that the air hole 
arrangements in the core has more effect on 
dispersion that the arrangements in the cladding 
region. 
 

 
Fig.10 Effect of cladding region pitch variation on chromatic 

dispresion. 
 

 
Fig. 11. Confinement loss of the proposed PCF. 

Our proposed work also shows the similar 
phenomenon. Comparing between Fig. 9 and Fig. 10 
it can be clearly seen that the pitch value of the core 
region has established larger effect on dispersion. But 
in both cases the maximum value of the negative 
dispersion rises with the increasing pitch value.  
The confinement loss Lc is obtained from the 
imaginary part of neff as follows [17]: 
Lc = 8.686 × k0 Im[ neff ] dB/m (5) 
 
Here Im[neff] is the imaginary part of the refractive 
index. The complex refractive index of fundamental 
mode has been solved from Maxwell’s equations as 
an eigenvalue problem using FEM. Fig. 11 is 
showing the confinement loss of the proposed design. 
The effective area Aeff is calculated using the 
following equation [26], where Ē is the electric field 
amplitude in the medium 

 
 

 
Fig. 12. Effective area of the proposed PCF. 

 

 
Fig. 13. Non-linear coefficient of the proposed PCF. 

 
Fig. 12 is showing the effective area of the proposed 
design. And Fig. 13 is showing the nonlinear 
coefficient of the PCF. 
Table1: Effect of Changing Second Ring Air Hole 
Diameter And Pitch of Hexagonal Core on RDS 
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Table 2: Comparison of Different Optical 
Properties 

 
 
To match the RDS value with SMF we have to vary 
two different parameters; the diameter of the second 
ring air hole in the hexagonal core d2 and the pitch of 
this region. After several variation the simulation 
results shows the value of the RDS is approximately 
0.0036 nm-1 which is equal to that of a SMF. Table I 
is showing the effects of changing d2 and pitch of the 
hexagonal core region. Finally Table II has been 
arranged to show the difference of various optical 
properties between other proposed PCFs and this PCF 
design. 
 
CONCLUSIONS 
 
We have proposed a hybrid design PCF including 
only circular air holes around the undoped silica core 
region for fabrication simplicity.This proposed design 
PCF can be considered as a very good dispersion 
compensating fiber for having noteworthy negative 
dispersion coefficient value along with covering large 
communication bands for residual dispersion. The 
overall design parameters and optical properties make 
this PCF a very good dispersion compensating fiber 
for telecommunication band. 
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