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Introduction
In the telecommunication market today, there are two main fibre optic waveguides.
These are the conventional optical fibre and photonic crystal fibre (PCF). The particu-
lar applications of PCF have championed the establishment of Blaze photonics in the
United Kingdom, Crystal Fibre A/S Denmark and many others for PCF manufacturing.
Furthermore, coming-United States, NTT Japan, and Mitsubishi Cable Japan are com-
panies known for producing conventional fibres and, as such, have also jumped into the
production of photonic crystal fibre structures (PCFs) [1].

Conventional optical fibres use a solid core, surrounded by cladding. The fibre core has
a refractive index higher than the cladding. The core is usually doped to realise a high
refractive index contrast. On the other hand, when it comes to PCFs, the core could be
either solid, called effective index PCE, or hollow-core, called bandgap guiding PCF [2].

In conventional step-index fibres, very high Birefringence and tuneable chromatic dis-
persion are challenging to obtain simultaneously. However, these can be achieved in PCF
due to the flexibility in design and guiding mechanism. Birefringence of PCFs maintains
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the propagation of two orthogonal linear polarisation states over long distances along
the fibre.

The contrast between the core and the cladding is higher in PCFs than in conventional
step-index fibres. This makes PCFs have higher Birefringence than their traditional step-
index counterparts. Birefringence finds applications in fibre lasers, switching, splitting,
sensors, telecommunications and supercontinuum generation [3, 4].

Research on PCFs has demonstrated that the core can employ elliptical holes to
increase the birefringence [2]. Lee et al. [3] demonstrated recently that a double clad-
ding structure could be used to achieve ultra-high birefringence and a significant nega-
tive dispersion. A hybrid cladding can also achieve a birefringence of 1072 [5]. The core
of the PCF can be designed in the shape of alphabets such as Y, T and D to realise a
birefringence of the order of 1072 as submitted by [6]. Also, the cylindrical symmetry
of an ideal fibre can be broken through manipulation of the cladding air holes to obtain
high birefringence [7]. These papers have shown photonic crystal structures that achieve
birefringence of 107! to 10™* [5, 8-16]. Also, it has been demonstrated by [17, 18] that
the inclusion of elliptical holes in the core can improve birefringence to a very high value
of 1072,

Chromatic dispersion control in optical communication is also critical. If chromatic
dispersion is not controlled, it will result in broadening of the optical pulse, which would
then cause inter-symbol interference [19]. In PCFs, dispersion consists of waveguide and
material. To control chromatic dispersion, the pitch, number of rings of the air holes, the
diameter of holes in the cladding, and the number of missing holes can be varied [20].
Dispersion compensation techniques have been investigated by adjusting the hole diam-
eter and hole-to-hole spacing [21, 22]. In [22], rectangular holes were utilised in a core
of hexagonal structure to get a birefringence of 1072, PCF in [23] has been infiltrated by
toluene (C,Hg) to demonstrate that ultra-flattened near-zero dispersion can be achieved.

A square PCF structure with five-air hole rings was utilised in [24] to get an ultra-
high birefringence of 4.404 x 1072, Another four-ring PCF designed by [25] obtained
a 0.6402 ps/nm km chromatic dispersion and 26.27 W~! km™! nonlinearity at 1.3 pm
wavelength. Ahmed et al. [24] demonstrated birefringence of 1072 and a zero-dispersion
compensation (DC) of 0.9 to 0.95 pm with confinement loss of 39 dB/m for x-polarised
mode. Several elliptical PCF structures have been designed by [26-28] to obtain 102 of
birefringence. However these structures and the designs in [17, 18, 25-29] are difficult
to fabricate due to the elliptical air holes. A seven-ring square to circular PCF designed
by [30] with a high value of birefringence 0.245, a significant negative dispersion of
—722.48 ps/km nm and a nonlinear coefficients value of 21.23 ps/km nm at 1.55 pm
has been obtained. However, the structure is bulky with several fabrication challenges. A
germanium-doped four-ring PCF structure proposed by [31] has reported a low disper-
sion value of —11.8 ps/km nm with a low nonlinearity of 0.0166 W' m™! at 1.55 um,
but the work did not report on birefringence. Furthermore, a five-air hole ring [32] with
a high nonlinearity value, high birefringence of the order 1072 and very high dispersion
of —753 ps/km nm has been suggested. However, this structure is also bulky with some
fabrication challenges.

A tuneable zero dispersion was obtained by [33, 34], while [35] reported a large nega-
tive, tuneable dispersion by placing seven rectangular air holes inside the core. Despite
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these remarkable results, the rectangular holes complicate the fabrication process. High
negative dispersion and a birefringence of the order of 102 has been obtained by [36, 37].
Hassan et al. [38] designed a PCF structure that has demonstrated a high birefringence of
3.15x 1072 and two zero dispersion at a range of 0.88—1.20 pm and 1.08-1.29 um. How-
ever, the structure is bulky. Authors in [39] demonstrated that an ultra-flattened disper-
sion can be obtained in a systematic design of PCF which incorporates odd rings with
extra small holes between the lattice. The results also show a nonlinearity value of less than
1.10166W " km™.

Research has shown that obtaining high nonlinearity, high birefringence and negative
chromatic dispersion is difficult. PCF can be engineered to simultaneously achieve these
results. In this paper, step-by-step design has been done with the aim of improving the
PCF structure based on the optical properties realised. The optical properties of interest
for applications in optical communication, sensing and optical devices are investigated
with re-engineering design PCF1 through to PCF4. Hence, the proposed PCF has been
obtained from four PCF structures with each tailored towards an optimum structure. This
paper demonstrates that it is possible to obtain an ultra-high birefringence of 1.308 x 1072,
nonlinearity of 30.32W ! km™! and chromatic dispersion of —24.062 ps/km nm at 1.55 pm
with double zero tuneable dispersion at wavelength of 0.99 um and wavelength of 1.8 um.

Design methodology

In this work, circular air holes have been used with the air hole rings (Nr) =4. Silica is used
for the background. The refractive index of the silica is described to be wavelength depend-
ent. The Sellmeier equation considered for the structure indicates the relationship between
the wavelength and the refractive index which is given by [40] in (1), and the parameters
are defined in Table 1. The refractive index is denoted as #, and B; and C; represent the Sell-
meier coefficients with n=1.45 for pure silica:

B2 B2 B3 )2

2
-1 1
n +/12_61+12_C2+22_C3 (1)

Applying the anisotropic perfectly matched layer (PML) to Maxwell’s curl equation, the
vectorial equation can be proved in (2):

V x ([S*I}V X E) — kgnz[s]E =0 2)

Table 1 Sellmeier coefficients for pure silica material where n=1.45

Parameters Values

B1 0.69675

B2 0408218

B3 0.890815

Q1 4679148263
(@) 1351206312

a 97.9340025
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where E is the electric field vector, k,=27/A is the wave number in vacuum, [s] ! is an
inverse matrix of [s], A is the wavelength, # is the refractive index of the domain, and [s]
is the PML matrix.

Chromatic dispersion is considered the combination of waveguide dispersion and mate-
rial dispersion. Positive values of chromatic dispersion represent an anomalous dispersion,
while the negative values of chromatic dispersion represent normal dispersion. The mate-
rial dispersion hinges on the wavelength dependence on the refractive index of the material
which is a result of the interaction between the molecules or electrons in the material, light
and ions. The total dispersion of the PCF is computed using (3)

_ 4 0Re(neg)

D =
c 092

3)
where the operating wavelength is denoted by A. The velocity of light is represented with
¢, and R(n,g) is the real part of the complex effective index.

Perfectly circular core PCF supports two orthogonal linear polarised modes. These two
orthogonal linear polarised modes have the same spatial distribution [41]. These two modes
degenerate in an ideal fibre with cylindrical symmetry maintained across its length. Also,
the modes degenerate due to the refractive index and associated propagation constants of
these modes. These two modes have the same real refractive index values. However, inter-
nal stress, deviation in the geometry and bending can cause this symmetry to break, result-
ing in the two orthogonal linear polarised modes propagating with different velocities. The
modal birefringence can be obtained using the equation:

B =|n; —m| 4)

where the effective refractive indices are denoted as 7, for x-polarisation, and #, for
y-polarisation fundamental modes, respectively.

If the PCF jacket is considered far from the cladding and the core regions, the guidance of
light would be due to the cladding air hole rings which prolong to infinity. Since the layers
of the air holes are finite, there is leakage of light from the core to the exterior matrix of the
material through the links between the air holes, causing confinement loss [42]. The clad-
ding, made up of finite air holes, causes light to leak from the core towards the exterior, giv-
ing rise to confinement loss. Confinement loss can be determined by using the imaginary
value of the complex refractive index. Confinement loss (Cy,) is calculated by (5)

Closs = A0m ~Im(7ef) |:dB:| (5)
In (10)4 m
The imaginary part of the effective refractive index is denoted as I, (n.¢)-
Effective mode area is determined by computing the integral transformation to the ends
and face of the whole fibre. The effective mode area is given by equation in (6), where E
gives the amplitude of the transverse electric field.

 (JS1EPdxdy)” ©6)
T IEdady
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Nonlinear optical effects are noticed when the power density of the light is large
enough, no matter the type of material used. The nonlinear coefficient is a parameter
that is inversely proportional to the effective mode area [43] and given by Eq. (7);

2z ,
Y E T A 7)

where the nonlinear refractive index coefficient of the material is denoted n, which in
this work relates to 2.76 x 1072 m*/W.

Design and method for proposed structure

A hexagonal structure with circular air hole cladding and a solid core is presented. The
optimised design starts with PCF1, which has the lattice, A, of the cladding region at
2.3 um. This structure is designed with an air filling fraction of 0.6. The holes in the
rings have been drawn with an air hole size of diameters: d,=1.5d, d,=1.25d, ds=d
and d,=0.75d, respectively, as shown in Fig. 1a, where diameter d=1.38 pm. It is well
known that a large index contrast cannot be obtained in conventional fibres. In PCF
however, significant refractive index contrast can be realised with large holes in the clad-
ding, which give rise to a very high birefringence and large chromatic dispersion.

On the other hand, a small refractive index contrast between the cladding and the
core can be realised by using small air holes in the cladding, reducing birefringence. A
descending air hole ring is used for this work to realise a refractive index contrast that
would achieve a very low confinement loss and low effective mode area. Figure 1b shows
the fundamental mode profile of x-polarisation at the wavelength of 1.55 pum, indicat-
ing very high light confinement in the core. The other three PCFs have been designed
to help improve the properties of interest. All four PCFs have been surrounded by PML
of regions 1-3 with the computational domain in the direction x and y, marked as W,
and W), respectively. The parameters W=2 pm, W, =20.6 pm and W, =24 pm, and the
refractive index of air is 1.0. Propagation in the Z direction is assumed throughout the
analysis.

The design is continued as shown in Fig. 2a (PCF2), which has the lattice, A, of the
cladding region at 1.7 pm. This structure is designed with an air filling fraction of
0.6. The holes in the rings have been drawn with air hole size of diameters: d, =1.5d,
d,=1.25d, ds=d and d,=0.75d respectively, where diameter, d=1.02 pm. The PCF2
has been designed to improve the birefringence in PCF1. To accomplish this, the holes
at orthogonal axes between rings one and two were changed to have an air filling frac-
tion of d,/A =0.45 and ds/A =0.55 as shown in Fig. 2a. In Fig. 2b (i), (ii), (iii) and (iv) are
profiles of the fundamental mode at the wavelength of 1.55 um for x and y-polarisation
modes which indicates high light confinement in the core.

Further to the PCF2 structure, PCF3 is designed with tiny holes introduced between
the holes at the orthogonal axes (rings 1 and 2) to improve birefringence further
and decrease the value of the confinement loss. The tiny holes of air filling fraction;
d,/A=0.22 and d¢/A =0.9 have been introduced into the holes in the middle of the first
and second ring to improve the dispersion. The structure of PCF3 is illustrated in Fig. 3a.
The rest of the air holes have been maintained as indicated in PCF2. The fundamental
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Fig. 1 aThe cross-section of the descending hole arrangement, PCF1. b Fundamental mode profile at
1.55 um of x-polarisation mode PCF1

mode profile of the PFC3 at x- and y-polarisation for wavelength at 1.55 pm is shown in
Fig. 3b, c, respectively.

The final design, shown in Fig. 4a (PCF4), is the optimised PCF structure obtained
from PCF1 through to PCF3. The tiny holes introduced in PCF3 between the first and
second ring of the orthogonal axes have been removed to study the dispersion further,
even though the birefringence is very high. The fundamental mode profiles of x- and

y-polarisation modes at 1.55 pm are represented in Fig. 4b, c.

Results and analysis

Analysis of PCF1

The chromatic dispersion investigated relates to the real part of the complex effec-
tive index. In Fig. 5, which refers to PCF1, it can be observed that the effective index
values decreases with an increase in the values of the wavelength. At 1.55 pm, the real
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Fig. 2 a Cross-section of the PCF2 structure. b The fundamental mode profiles at 1.55 um for X-polarisation (i,
ii). Y-polarisation (iii, iv)

effective index of 1.3928 um for both x- and y-polarisation is obtained. It can be seen
from Fig. 5 that there is no difference in the x- and y-polarisation modes, indicating
that the birefringence is very low or insignificant. The descending air hole arrange-
ment gives a very low birefringence at a pitch of 2.3 pm.

Cioss 0of the fundamental mode is calculated using the imaginary part of the
complex effective index. C for PCF1 is very low, as seen in the mode profile
Fig. 1b, which shows the high confinement of light inside the core. A low C  of
7.48843937 x 107® dB/m and 1.53051855 x 10~ dB/m for x- and y-polarised modes
at 1.55 pm have been achieved. The descending air hole arrangement demonstrates
very low C.,, as shown in Fig. 6.

Figure 7 depicts the effect of the descending hole arrangement on the effective mode
area. The effective mode area grows as the wavelength gets longer. PCF1’s effective mode
area at 1.55 pm is 3.83 x 10 m?, showing a small effective mode area.

The chromatic dispersion of PCF1 is depicted in Fig. 8. At 1.55 pum, the chromatic dis-
persion value is 175 ps/km nm. This indicates that chromatic dispersion is positive for all

wavelengths between 1.0 and 1.8 pm.

(See figure on next page.)

Fig. 3 a Cross-section of the structure of PCF3. b The field profile of the fundamental mode at the
wavelength of 1.55 um for X-polarisation mode. ¢ The field profile of the fundamental mode at the
wavelength of 1.55 um for Y-polarisation mode
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Fig. 4 a Cross-section of PCF4. b Fundamental mode profile at the wavelength of 1.55 um for X-polarisation
mode. ¢ Fundamental mode profile at the wavelength of 1.55 um for Y-polarisation mode
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Analysis for PCF2 and PCF3

Birefringence performance analysis of PCF2 and PCF3

Figure 9 demonstrates the link between birefringence and wavelength for PCF2 and
PCF3. In PCF2, the birefringence of 1072 is recorded at all the wavelengths, but for
PCF3, 1072 is realised only at shorter wavelengths and 1072 for longer wavelengths.
The influence of the change of hole sizes on the orthogonal axes has yielded an
improvement. Also, the results show that changing the air filling fraction d,/A =0.45
and d¢/A=0.55 has increased the birefringence significantly. In PCF3, holes with air
filling fractions d,/A=0.22 and d;/A=0.9 have been introduced, causing the bire-
fringence to increase further. The birefringence at 1.55 um is 0.003446 for PCF2 and
0.013565 for PCF3. This means the value of birefringence increased from 1072 to
1072 which is better than [44]. The birefringence of PCF3 is in agreement with [45],
while that of PCF2 is in agreement with [46].



Akowuah et al. Journal of Electrical Systems and Inf Technol (2023) 10:25 Page 12 of 20

T T T T T

100 4
B
< 50 i
€
£
%]
2 0 /
5 1 1.367um i
[2]
5 50
Qo
.é’ 0.8367um
o 1004 —a— PCF2x 1
© 10.8669um —e— PCF2y
g —A— PCF3x
2 150
= —v— PCF3y
O 4

1.512um
-200
-211ps/nm.km
-250 L———1—7+—"+—"—1-"—""""7"—"—""1"——— 11
0.90 1.05 1.20 1.35 1.50 1.65

Wavelength (um)
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Chromatic dispersion for PCF2 and PCF3

Figure 10 shows chromatic dispersion for both PCF2 and PCF3. The modal fields are
confined to the silica at shorter wavelengths, whereas the effective cladding index falls
at longer wavelengths. The zero chromatic dispersion (ZD) changes as the diameter
of the air hole and the pitch change. The graph also shows how changing the geo-
metrical parameters can shift the zero-dispersion wavelength from visible to infra-
red regions. According to the results, zero-dispersion wavelength is realised for
x- and y-polarisation of PCF2 at 0.8669 pm and 0.8367 pm, respectively. In the x-
and y-polarisation modes, PCF3 registers zero-dispersion at wavelengths of 1.512 um
and 1.367 um, respectively. These demonstrate a double tuneable zero dispersion. A
very high negative dispersion of —211 ps/nm km can be observed at a wavelength of
1.7 um for PCF3 at y-polarisation mode. Also, the chromatic dispersion for the PCF2
is higher than that of PCF3 at 1.55 pm. The chromatic dispersion at 1.55 pum for PCF3
is —9.55 ps/nm km. Therefore, the air hole d; has reduced dispersion along longer
wavelengths.

Confinement loss for PCF2 and PCF3

Closs is determined by the imaginary part of the complex effective index. The perfor-
mance of the confinement loss is demonstrated in Fig. 11. The analysis of confine-
ment loss on the PCF2 and PCEF3 as regards the change of d,/A =0.45 and d¢/A =0.55
in PCF2 to d,/A=0.22 and d;/A=0.9 in PCEF3 is indicated in Fig. 11. At a wave-
length of 1.55 um, PCF2 performed better than PCF3. At a wavelength of 1.55 pm,
PCE3 achieved a C,, of 33.65 dB/m. However, the air holes with d,/A=0.45 and
d¢/A=0.55 reduced the confinement loss to 0.2631 dB/m. This shows that the air
with d,/A =0.45 introduced into the first ring at the orthogonal axes and the air hole
ring with d¢/A =0.55 introduced into the second ring at the centre demonstrate low
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confinement loss. The performance of PCF2 and PCF3, as seen in Fig. 11, shows that
as the wavelength increases, the confinement loss also increases.

Analysis of PCF4

PCF4 is the optimised structure from PCF1 to PCF3. The real effective index, the
Birefringence, Effective mode area, C,,,, nonlinearity, and chromatic dispersion for
PCF4 are discussed in this section. The pitch is varied from 1.7 to 2.3 pm to analyse
the effect of change in Pitch with respect to the wavelength on the optical properties.
In addition, the effect of the change in pitch on the real part of the effective index is
analysed in this section.
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Real effective index and birefringence for PCF4

The results obtained for the performance of PCF4 in terms of the real portion of the
effective refractive index in Fig. 12 shows that refractive index decreases monolithi-
cally with respect to increase in the operating wavelength. The graph also indicates
that the real effective index increases as hole-to-hole spacing increases.

In Fig. 13, the results show an ultra-high birefringence of the order of 1072 at
1.55 um for a hole-to-hole spacing of 1.7 um, 1.8 um and 1.9 pm, which agrees with
(17, 19, 24, 27, 37, 38] and better than [15, 47, 48]. Also, Fig. 13 indicates birefrin-
gence of 1072, which is maintained over the O to U optical communication band for
the hole-to-hole spacing of 1.7 pm, 1.8 um and 1.9 pm. The Birefringence for PCF3
is in the same range as PCF4. The Birefringence value decreased at the pitch 2.3 um
from 1072 to 1072,
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Effective mode area and nonlinearity for PCF4

Nonlinearity is not examined in PCF1, PCF2 and PCF3 because the focus is to exam-
ine the performance of birefringence, C,, and chromatic dispersion as the key optical
parameters. Following a significant improvement in birefringence in PCF3 and PCF4,
the work is broadened to include effective mode area and nonlinearity to determine the
performance of the optimum PCF4 structure. Figure 14 shows the effective mode area as
a function of wavelength, indicating that the effective mode area increases as the oper-
ating wavelength increases. The reason is that, as the wavelength increases, the mode
leaks through the air holes. A nonlinear coefficient of 30.32 w™! km ™! is obtained for the
hole-to-hole spacing of 1.7 pm. The effective mode area that is used to calculate the non-
linearity is shown in Fig. 15. The nonlinearity decreases with an increase in the operating
wavelength. The nonlinearity for PCF4 with pitch value of 1.7 um is 30.32 w™! km™! bet-
ter than [25] and close to [37, 38].

Chromatic dispersion and confinement loss for PCF4

Figure 16 indicates the chromatic dispersion, which increases at the shorter wavelength
from negative steadily, crossing the zero line for all the values of A=1.7 pm, 1.8 pm,
1.9 pm and 2.3 pm. The graph indicates a double negative chromatic dispersion for
all the hole-to-hole spacing from —263.87 to —2.6845 ps/km nm and from —22.907
to —234.055 ps/km nm at wavelength ranges of 0.8—0.9 um and 1.5-1.8 pm, respectively.
Also, double zero dispersion is realised at the pitches of 1.7 pm and 1.8 um.

In Fig. 17, the value of the confinement loss is 37 dB/m at 1.55 pm for a pitch of
1.7 um. Figure 17 also shows that confinement loss increases as the hole-to-hole spacing
at the cladding decreases [49]. The confinement loss at hole-to-hole spacing of 2.3 pum is
0.200725 dB/m at x-polarisation mode, which is better than PCF2 and PCF3.

Hole pitch as a function of real effective index
The effect of pitch on the real part of the complex effective index can be observed in
Fig. 18. The results indicate that the hole-to-hole spacing (A) increases with an increase
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Fig. 15 Change of nonlinear coefficient as a function of wavelength A of 1.7 um, 1.8 um, 1.9 umand 2.3 um
for PCF4
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Fig. 16 Change of chromatic dispersion as a function of wavelength at the pitch; 1.7 um, 1.8 um, 1.9 um, and
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Fig. 17 Change of confinement loss as a function of wavelength at pitch 1.7 um, 1.8 um, 1.9 um and 2.3 um
for PCF4

in the real effective index. This demonstrates that the hole sizes at the core affect the
effective index.

Table 2 compares the performance of the proposed design PCF4 results against other
related works.

PCFs are made in a variety of ways, including stack and draw, mechanical drilling [8],
Sol-gel [50, 51] and extrusion [52]. The traditional stack and draw approach is appropri-
ate for fabricating the proposed PCF structure because the circular air hole and triangu-
lar lattice make manufacturing simple and precise [53]. Mechanical drilling can also be
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Table 2 Evaluation of the proposed PCF with other published designs

Study Confinement Wavelength at  Birefringence Nonlinearityat Ring
references loss (dB/m) at ZD pm at 1.55 pm 1.55 pm
1.55 pm
[29] X=190.28 0.9,0.95 693 x 1073 - 2-circular holes
y=3922 and 3 elliptical
holes
[38] X=894,y=176 X=108,1.29 3.15% 1072 58 w=!km™! 6-circular holes
Y=0.88,1.20
[9] - - 8x 1073 - 6-elliptical and
rhombic holes
8] 187 923x107° - 9- circular holes
[25] - - - At 133 um=26.7 4-circular holes
w™ km™!
[32] - - 387 x 1072 9651 w~'km™'  5-circular holes
[30] 0.11 - 245x 107" 2123w~ km™'  7-square to circu-
lar holes
[31] - - - 00166w~"'m~"  4-circular holes
Proposed PCF Fig. 4a 4-all circular holes
A=1.7um X=376x 10 x=099,1.8 1308x 1072 X=3032
Y=134x10° y=0.90, 142 Y=21.90
A=18um X=853 x=0.99 1.188x 1072 X=27.89
Y=3.77 y=0.90,1.52 Y=21.66
A=19um X=155 x=0.99 1086x 1072 X=2564
Y=185x10° y=0.90, 1.64 Y=21.05
AN=23 X=020075 x=1 70x1073 X=1895
Y=5584 y=0.95 Y=17.23

employed to make the suggested PCF because the hole sizes and spacing can be changed
[50]. PCFs with triangular lattice structures have been made using the stack and draw
technique [54-58], indicating that the proposed structure can be fabricated.

Conclusion

Optical fibre structures suffer from the dispersion of signals leading to inter-symbol
interference; hence, a zero chromatic dispersion at a specified wavelength is desirable.
An ultra-high Birefringence is a property that is essential in sensing applications. In
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this paper, multiple optical properties of fibre structure are obtained. A single design
presented in some works to demonstrate some optical properties does not show how
the various placement of holes influences the optical properties and how the final struc-
ture is optimised. The proposed PCF is a step-by-step design approach. Four struc-
tures have been considered and configured. The results show a nonlinear coefficient of
30.32 w~! km™, a negative chromatic dispersion of —24.062 ps/km nm and ultra-high
Birefringence of 1.308 x 102 at 1.55 pum with double zero tuneable dispersion at wave-
lengths of 0.9 ym and 1.8 pm for x-polarisation and 0.99 pm and 1.42 pm for y-polar-
isation. The proposed PCEF is suitable for high-speed communication systems, optical
communication, optical devices and sensing. This proposed PCF structure with circular
air holes can be fabricated using the stack and draw method.
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