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Abstract Highly birefringent photonic crystal fiber (PCF) is proposed and analyzed using
full vectorial finite element method. The reported design has a central large core filled with
nematic liquid crystal (NLC) which provides tunability with the external electric field and
temperature. In addition, the full permittivity tensor of the NLC material is taken into
account when we study the modal properties of the proposed PCF. The effects of the
geometrical parameters, rotation angle of the director of the NLC, and temperature on the
modal properties of the reported design are investigated. The suggested design offers high
birefringence of 0.191 at the operating wavelength of 1.55 lm with NLC diameter of
3.4 lm with low losses of the two polarized modes. As the NLC diameter decreases to
1.0 lm, high birefringence of 0.08 is obtained with single mode NLC PCF design, which is
significantly large birefringence to maintain polarization state.
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1 Introduction
Photonic crystal fibers (PCFs) are widely investigated in optical fiber devices and sensors
(Wang et al. 2011). PCF is a microstructured fiber consisting of air hole arrays running
along the entire length of the fiber. PCFs can be divided into two types according to the
guiding mechanism. The first is named index-guiding PCF (Sharma et al. 2013) which is
based on the modified total internal reflection (MTIR). However, the second kind of PCFs
is known as photonic bandgap (PBG) fiber (Cregan et al. 1999) which allows the light
propagation in a low-index core. PCF has unique properties that are not available in
standard optical fibers, such as endless single-mode operation (Birks et al. 1997), large
mode area (Napierała et al. 2010), and tailorable chromatic dispersion (Shi et al. 2011).
The waveguiding properties of PCF can also be controlled easily by varying geometrical
parameters. In addition, the PCF air-holes can be infiltrated by different materials such as
ethanol (Yiou et al. 2005), polymers (Huan et al. 2004), and liquid crystal (LC) (Hameed
et al. 2011a; Hameed and Obayya 2014). The LC is of particular interest since its refractive
index can be tuned either thermally or electrically (Ren et al. 2008).
High birefringence is one of the unique properties of PCF, therefore many research
projects are focused on this property. Birefringent PCF (Ren et al. 2008; Hansen et al.
2001; Chen and Shen 2007; Hameed et al. 2009, 2011b) can be realized by breaking down
the fiber’s structure symmetry either by changing structure parameters or by air-hole
infiltration with different materials. In (Hansen et al. 2001), the authors used an asymmetric
core PCF, with highly regular triangular lattice. They obtained a birefringence of
9.3 9 10-4 at the operating wavelength k = 1.55 lm. In addition, Chen and Shen (2007)
have obtained high birefringence larger than 0.01 by using PCF with circular and elliptical
air holes in the cladding and core regions, respectively. The LC is a birefringent material
due to the difference between its ordinary no and extraordinary ne refractive indices. In
2008, Ren et al. (2008) have presented LC PBG fiber with high birefringence of 0.02.
Additionally, Hameed et al. (2011b) have reported soft glass PCF with small LC core with
high birefringence of 0.042 at the operating wavelength k = 1.55 lm.
In this paper, highly birefringent nematic LC PCF (NLC–PCF) is presented and investigated. The simulation is obtained by using full vectorial finite element method
(FVFEM) (Zhang and Xu 1995; Obayya 2011) with arbitrary permittivity tensor and
perfectly matched layer boundary condition. The suggested design depends on using silica
glass and E7 nematic LC (NLC) core. Since the ordinary no and extraordinary ne refractive
indices of the E7 material are higher than the refractive index of the silica ns, the
propagation through the NLC–PCF occurs by MTIR. In addition, the NLC infiltration
(Hameed et al. 2009, 2011b; Haakestad et al. 2005; Hu et al. 2012) increases the birefringence between the two fundamental guided modes. As no and ne of the NLC can be
tuned either thermally or electrically, the presented design offers tunability with temperature and external electric field. This tunability makes the suggested design applicable
in optical communication and biosensing. The suggested triangular lattice silica NLC–PCF
can be realized by stack and draw method (Knight et al. 1996). Additionally, Huan et al.
(2004) demonstrated selective filling method in which only the central hole is filled. In
Gibson et al. (2005), the authors have manufactured a nano-structured holes in photonic
crystal fiber with hole pitch of K * 120 nm, hole diameter *60 nm, and with core size of
\100 nm. Therefore, the authors believe that the proposed design can be experimentally
achieved. In this investigation, the effects of design parameters, temperature, tilt angle H,
and twist angle u on the performance of the suggested design are studied in detail.
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2 Numerical method
Starting from Maxwell’s equations, the following vector wave equation of the magnetic
field can be obtained
r  ðe1 r  HÞ  x2 lo H ¼ 0

ð1Þ

where x is the angular frequency, lo is the free space permeability, and e is the permittivity
tensor of the waveguide material given by:
0
1
exx exy exz
e ¼ eo er ¼ eo @ eyx eyy eyz A
ð2Þ
ezx ezy ezz
where eo is the free space permittivity and er is the relative permittivity of the waveguide
material. The cross section of the waveguide structure is discretized using vector finite
element method (VFEM) (Zhang and Xu 1995; Obayya 2011). Applying the standard finite
element method (FEM) procedure to the vector wave equation, the following eigenvalue
equation can be derived:
½KfHg  b2 ½MfHg ¼ f0g

ð3Þ

where [K] and [M] are the global stiffness and mass matrices, {H} is the global magnetic
field vector, {0} is the null vector and b is the propagation constant. The eigenvalue
equation can be solved to obtain the eigenvector H, and the corresponding eigenvalue b.
Additionally, the effective index of the propagating mode is calculated from b since
neff = b/k, where k is the free space wave number.
In this study, the computational window is equal to 21 lm 9 19 lm and the fiber cross
section is divided into 17,170 triangular elements, with 120,403 degrees of freedom for the
employed elements. Through the modal analysis, a set of modes is calculated by the
FVFEM (Zhang and Xu 1995; Obayya 2011), and the dominant mode is defined as the
mode with the highest real effective index value. Since rH = 0 and interface boundary
conditions are automatically satisfied in the formulation, then there is no chance for
spurious (nonphysical) modes to appear in the spectrum of the solution.

3 Design and numerical results
Figure 1 shows schematic diagram of the proposed highly birefringent NLC–PCF. All the
cladding air holes have the same diameter d and are arranged with hole pitch K = 2.9 lm
and d/K ratio = 0.8. The big central hole has a diameter do = 3.4 lm and is infiltrated
with E7 NLC material. The suggested PCF is index guiding, and can be placed between
two electrodes (Haakestad et al. 2005) to control the orientation of the NLC director
(Pitilakis et al. 2011). Depending on the applied voltage the NLC molecules can be tilted or
twisted. In addition, no, ne refractive indices of the E7 material are calculated using the
following Cauchy model (Li et al. 2005).

n o ¼ Ao þ

Bo Co
þ
k2 k4

ð4Þ
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Fig. 1 The structure of the suggested NLC–PCF. The tilt H and twist u angle definitions for NLC director
are shown at the right

n e ¼ Ae þ

Be Ce
þ
k2 k4

ð5Þ

where Ao, Bo, Co, Ae, Be, and Ce are the coefficients of the Cauchy model. These coefficient can be found in (Li et al. 2005) at different temperatures. The relative permittivity
tensor (Hsu et al. 2008) of the NLC is calculated as follows
exx ¼ n2o þ ðn2e  n2o Þ sin2 H cos2 u
exy ¼ eyx ¼ ðn2e  n2o Þ sin2 H sin u cos u
exz ¼ ezx ¼ ðn2e  n2o Þ sin H cos H cos u
eyy ¼ n2o þ ðn2e  n2o Þ sin2 H sin2 u

ð6Þ

eyz ¼ ezy ¼ ðn2e  n2o Þ sin H cos H sin u
ezz ¼ n2o þ ðn2e  n2o Þ cos2 H
where H is the tilt angle between the NLC director n^ and the z-axis as shown in Fig. 1.
However, u is the twist angle between the projection of crystal director on x–y plane and
the x-axis (Chen et al. 2009). The orientation of NLC molecules can be altered by the
applied field. The response of the NLC director axis to the applied field depends on the
dielectric anisotropy. Furthermore, no and ne of the E7 material are fixed to 1.5024 and
1.6970, respectively at the operating wavelength k = 1.55 lm and at temperature
T = 25 °C. The ns of Silica equals to 1.45 at the same wavelength. The birefringence can
be defined as
B ¼ jneffTE  neffTM j

ð7Þ

where neffTE and neffTM are the effective indices of the quasi transverse electric (TE) and
quasi transverse magnetic (TM) modes, respectively.

3.1 Temperature effect
The performance of the suggested design is affected by the temperature, since the effective
indices of the E7 material are temperature dependent. The ne of the E7 NLC decreases from
1.7096 to 1.6438 at the operating wavelength k = 1.55 lm as the temperature T increases
from 15 to 50 °C. On the other hand, as T increases from 15 to 35 °C, there is a slight
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decrease in no from 1.5034 to 1.5017 at the 1.55 lm operating wavelength. When T increases from 35 to 50 °C, the no increases from 1.5017 to 1.5089 at the same wavelength. In
this study, the fundamental quasi TE mode refers to the fundamental Hy11 or Ex11 modes,
while the fundamental quasi TM mode refers to the fundamental Hx11 or Ey11 modes according to the Cartesian coordinate shown in Fig. 1. The variation of the effective indices of
the quasi TE and quasi TM guided modes with the wavelength at different temperatures is
examined as depicted in Fig. 2. During this study the other parameters are fixed to
K = 2.9 lm, d/K = 0.8, NLC core radius ro = 1.7 lm, u = 90°, and H = 60°. At
u = 90°, and H = 60°, exx of the permittivity tensor is equal to n2o, therefore it is nearly
invariant with temperature variation. However, eyy is affected by the dominant n2e , and hence
it decreases with increasing temperature. As a result, the effective index of the quasi TM
mode decreases as the temperature increases. On the other hand, there is no temperature
effect on the quasi TE mode at u = 90°, and H = 60°. This implies that the birefringence
of the reported design decreases with increasing the temperature from 15 to 35 °C as shown
in Fig. 3. Figure 3 presents the wavelength dependence of the birefringence for different
temperatures from 15 to 35 °C with a 5 °C step. It is noted that the suggested design offers
high birefringence of 0.1556 at a wavelength of 1.55 lm and T = 15 °C. Also at
T = 25 °C, the birefringence is equal to 0.1466 at the same wavelength. On the other hand,
at u = 0°, and H = 60°, eyy of the permittivity tensor equals to n2o and hence it is almost
Fig. 2 Variation of the neff of
the quasi TE and quasi TM
modes with the wavelength at
different temperatures from 15 to
35 °C with a step of 5 °C

Fig. 3 Variation of the
birefringence with the
wavelength at different
temperatures, from 15 to 35 °C
with a step of 5 °C
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constant and is not affected by the variation of the temperature. However, exx is affected by
the dominant n2e and hence is affected by the temperature. Thus, the birefringence variation
with temperature at u = 0° results from the change of neff of the quasi TE mode only. It
should be noted that, exx and eyy depend on ne and no, respectively through the range of u
from 0° to 45°. In addition, when u is in the range from 45° to 90°, exx relies on no while eyy
depends on the dominant ne. Therefore, exx is almost constant, while eyy is affected by the
variation of the temperature. Hence, the birefringence variation is due to the change of the
quasi TM mode effective index in the range 45° B u B 90°.

3.2 Tilt angle effect
As previously mentioned, the NLC material can be tilted and twisted depending on the
applied voltage. The effect of the tilt angle H on the birefringence, Aeff, and neff of the
quasi TE and quasi TM modes is studied. The structure parameters used in this investigation are fixed to K = 2.9 lm, d/K ratio = 0.8, NLC core radius ro = 1.7 lm, u = 90°
and T = 25 °C. It is noted that at H = 0°, the effective index of the quasi TM modes is
equal to that of the quasi TE mode since exx = eyy = n2o. It is also found that the effective
indices of the quasi TM mode at u = 90° increases with increasing the tilt angle H while
the effective index of the quasi TE mode is nearly constant. Since at u = 90°, exx of the
permittivity tensor equals to n2o for any value of H. However, eyy increases with increasing
the angle H. Consequently, only the effective index of the quasi TM mode is affected by
the tilt angle variation as depicted in Fig. 4. Therefore, the birefringence of the proposed
design increases with increasing the tilt angle as shown in Fig. 5.
Figure 5 shows the variation of the birefringence with the wavelength at different tilt
angles 0°, 30°, 45°, 60°, and 90°. The reported design offers high birefringence of 0.101,
and 0.1911 at H = 45°, and 90°, respectively at the operating wavelength k = 1.55 lm.
As discussed previously, the effective index of the quasi TE mode is nearly invariant for
different values of H at u = 90°. For H in the range from 0° to \45°, eyy comparatively
relies on n2o, while it is more dependent on n2e in the H range from 45° to 90°. Therefore, the
core region’s effective refractive index and hence the effective index of the quasi TM
mode in the range of H from 45° to 90° is greater than that in the range from 0° to\45° as
shown in Fig. 4. Furthermore, the index contrast seen by the quasi TM mode in the range
from 0° to\45° is smaller than that seen in the range from 45° to 90°. As H increased from
Fig. 4 Variation of the neff of
the quasi TE and TM modes with
the wavelength at different tilt
angles H of the NLC director, 0°,
30°, 45°, 60°, and 90°
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Fig. 5 Variation of the
birefringence with the
wavelength at different tilt angles
H of the NLC director, 0°, 30°,
45°, 60°, and 90°

Fig. 6 Variation of the Aeff of
the quasi TM mode with the
wavelength at different tilt angles
H of the NLC director, from 45°
to 90° with a step of 15°

45° to 90°, the index contrast between the core and cladding region is increased. Therefore,
the confinement through the core region increases. Consequently, the Aeff of the quasi TM
mode decreases by increasing H as shown in Fig. 5. For example, at H = 45°, and 90°, the
Aeff equals to 5.787, and 5.633 lm2, respectively at the operating wavelength
k = 1.55 lm as shown in Fig. 6.
The NLC orientation in the PCF can be implemented by the creation of an additional
orienting layer on the inner surface of the air hole of the LC-PCF. The alignment type
depends basically on the anchoring conditions, LC structure, and aligning material.
However, the orientational configuration of the LC is determined by balancing the elastic
forces and anchoring condition. In order to set the alignment direction, the PCF capillaries
with the aligning layers on their inner walls should be exposed to polarized light. The
alignment layer could be diazodyes (Chigrinov et al. 2002), or commercially available
polyimides SE1211 and SE130 (Chychłowski et al. 2011). In Chychłowski et al. (2011),
the authors have investigated experimentally the use of orienting layer to control and
improve the quality of the LC molecules orientation inside PCF capillaries. In this regard,
they have applied two indirect orientation methods within the capillaries: the photo-orientation and temperature induced orientation. On the other hand, these methods require
utilization of an additional layer of polyimide to induce an orienting layer. Moreover, the
authors have achieved both planar and transverse LC orientation by means of the photoorienting method (Chychłowski et al. 2010, 2011). However, the escaped radial (splay)
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orientation is obtained by temperature-induced alignment which creates homeotropic
boundary condition. It should also be noted that, the control of the twist and tilt angles can
be achieved as described by Chen et al. (2009) and Huang (2011).
At H = 90°, the full permittivity tensor of the E7 NLC is transferred to transverse
tensor as follows
0 2
1
no þ De cos2 u De sin u cos u 0
ð8Þ
er ¼ @ De sin u cos u n2o þ De sin2 u 0 A
0
0
n2o
where De = (n2e - n2o).
The effect of structure parameters on the effective indices of the guided modes, birefringence, and Aeff is next discussed. Throughout the following calculations the tilt angle
H is fixed to 90°.

3.3 Structure parameters effect
The effect of the design parameters on the modal properties of the proposed design is
considered at H = 90°. The effect of the hole pitch K is studied first. In this investigation
the d/K ratio, NLC core radius ro, temperature T, tilt angle, and twist angle are fixed to 0.8,
1.7 lm, 25 °C, 90°, and 90°, respectively. In addition the ns of silica material, no, and ne of
the E7 material are fixed to 1.45, 1.5024, and 1.6970, respectively. Figure 7 represents the
dependence of the birefringence on the wavelength at different hole pitches. It is evident
from this figure that the birefringence decreases by increasing the hole pitch. The birefringence at the operating wavelength k = 1.55 lm, is equal to 0.1911 at hole pitch of
2.9 lm which is greater than the high birefringence of 0.042 of a soft glass PCF with small
LC core (Hameed et al. 2011b).
Figure 8 displays the variation of the effective indices of the two guided modes with the
wavelength at different hole pitches. From this figure, one can reveal that the effective
indices of the quasi TE and quasi TM modes are slightly affected by the hole pitch since
these modes are well confined and propagated inside the NLC infiltrated core.
The effect of the NLC core radius ro, on the birefringence of the suggested PCF is
presented in Fig. 9. In this evaluation, the hole pitch, d/K ratio, twist angle, and temperature are fixed to 2.9 lm, 0.8, 90°, and 25 °C, respectively. It is noted that as the core
radius increases, the birefringence also increases. As the core radius increases, the amount
Fig. 7 The wavelength
dependent birefringence at
different hole pitches 2.9, 3.0,
and 3.1 lm
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Fig. 8 Variation of the neff of
the two polarized modes with the
wavelength at different hole
pitches 2.9, 3.0, and 3.1 lm

Fig. 9 Variation of the
birefringence with the
wavelength at different core
radii, ro = 1.7, 1.6, and 1.5 lm

of the NLC infiltration increases. Consequently, the asymmetry of the structure and hence
the birefringence increase. At NLC core radius ro = 1.5, 1.6 and 1.7 lm the birefringence
equals to 0.1875, 0.1895, and 0.1911, respectively at the operating wavelength
k = 1.55 lm.
Figure 10 presents the wavelength dependence of the birefringence for three different
d/K ratios. In this study, the hole pitch, core radius, twist angle, and the temperature are
fixed to 2.9, 1.7 lm, 90°, and 25 °C, respectively. As the d/K ratio increases, the effective
refractive index of the cladding region decreases. Therefore, the index contrast between the
core and cladding regions increases. As a result, the modes will be more confined through
the NLC core region. Consequently, the birefringence increases by increasing d/K ratio as
shown in Fig. 10. However, the Aeff of the quasi TM mode decreases by increasing d/K
ratio as shown in Fig. 11. The proposed design with d/K = 0.8 offers high birefringence of
0.1911 at the operating wavelength k = 1.55 lm.

3.4 Twist angle effect
The effect of the twist angle u of the director on the birefringence is investigated. Four
different values of u, 0°, 30°, 60°, and 90° are discussed. The hole pitch, d/K ratio, core
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Fig. 10 Variation of the
birefringence with the
wavelength at different d/K
ratios, 0.8, 0.7, and 0.6

Fig. 11 Variation of Aeff of the
quasi TM mode with the
wavelength at different d/K
ratios, 0.8, 0.7, and 0.6

radius, and temperature, are fixed to 2.9 lm, 0.8, 1.7 lm, and 25 °C, respectively. It is
found that at the range of u from 0° to \45°, the effective index of the quasi TE mode is
greater than that of the quasi TM mode. When u is in the range from 0° to \45°, exx
depends on n2e while eyy relies on n2o. However, when u is in the range from 45° to 90°, exx
is more dependent on n2o while eyy is dependent on n2e . Figure 12 shows that the difference
between the effective indices of the quasi TE and quasi TM modes in the range of u from
45° to 90° is equal to that in the range of 0° to\45° but with opposite sign. At u = 90°, the
permittivity tensor er is diagonal of [n2o, n2e , n2o], while at u = 0°, er is a diagonal of [n2e , n2o,
n2o]. It is evident that eyy at u = 90° equals to exx at u = 0°. Hence, the effective index of
the quasi TM mode at u = 90° is equal to that of the quasi TE mode at u = 0°. Therefore,
the differences between these indices are equal but with opposite sign.
One of the important parameters in the design and operation of many optical devices
(Rajarajan et al. 2000; Somasiri et al. 2002; Hameed and Obayya 2010) is the modal hybridness. The modal hybridness (Somasiri et al. 2002; Hameed et al. 2010) may be defined as
the ratio of the maximum values of the minor to the major fields components. For the quasi
TM mode the major field is Hx while the minor field is Hy, and hence the hybridness is equal to
Hy/Hx. However, the hybridness of the quasi TE mode is equal to Hx/Hy.
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Fig. 12 Variation of the
birefringence with the
wavelength at different twist
angles

Fig. 13 Variation of the modal hybridness of the two polarized modes with the twist angle at the operating
wavelength k = 1.55 lm

The variation of the modal hybridness of the two polarized modes with the twist angle u
is depicted in Fig. 13. Throughout this study, the operating wavelength k, hole pitch K, d/K
ratio, core radius ro, and H are fixed to 1.55, 2.9 lm, 0.8, 1.7 lm, and 90°, respectively.
From this figure, one can reveal that the modal hybridness increases with increasing u in
the range from 0° to 45°, while it decreases with increasing u from 45° to 90°. The
hybridness equals to 0.0206 and 0.0349 at u = 0° and 90°, respectively. The reported
design offers high hybridness of 0.9999 and 0.9954 for the quasi TM and quasi TE modes,
respectively at u = 45°. This is confirmed by the field plot of the quasi TM and quasi TE
modes at the central line of the NLC–PCF at u = 45° and 90° shown in Fig. 13.
The dependence of modal hybridness on the tilt angle H of the NLC director is investigated at two different twist angles u = 45° and 90° as shown in Fig. 14. It is evident
from Fig. 14a that at u = 45° and at H = 0°, er = [n2o, n2o, n2e ] and the modal hybridness is
very low. In addition, er is independent on the twist angle u. As H is increased over 10°,
the modal hybridness is nearly constant at unity. Moreover, the modal hybridness of the
quasi TE and quasi TM modes are approximately equal. On the other hand, at u = 90° the
quasi TE mode has more hybridness than the quasi TM mode as shown in Fig. 14b.
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Fig. 14 Variation of the modal hybridness of the two polarized modes with the tilt angle at the operating
wavelength k = 1.55 lm at a u = 45°, b u = 90°

Fig. 15 Variation of number of
modes with the core radius at the
operating wavelength
k = 1.55 lm

The effect of the NLC core radius on the number of modes is also investigated as shown
in Fig. 15. It is revealed from this figure that the number of supported modes increase with
increasing the central NLC radius. Additionally, the proposed design supports only the
fundamental modes when the NLC core radius is equal to ro = 0.5 lm with birefringence
of 0.08. In order to increase the birefringence at NLC core radius ro = 0.5 lm, the other
geometrical parameters can be optimized. The numerical results show that the birefringence at NLC core radius ro = 0.5 lm is increased to 0.1143 at the operating wavelength
k = 1.55 lm as shown in Fig. 16. In this study, the hole pitch, d/K ratio, core radius,
rotation angle, and temperature are fixed to K = 2.7 lm, d/K = 0.6, ro = 0.5 lm,
u = 90°, and T = 25 °C, respectively. Further, the structure is squeezed in y direction so
pﬃﬃﬃﬃ
that the distance between holes in y-direction is equal to ð 3 =4Þ K.
The effect of the number of rings of the microstructured cladding on the confinement
losses of the proposed design have been investigated. It is found that the confinement loss

123

Analysis of ultra-high birefringent fully-anisotropic...

3005

Fig. 16 Variation of the
birefringence with the
wavelength at K = 2.7 lm,
d/K = 0.6, ro = 0.5 lm,
and u = 90°

have decreased from 3.721 9 10-5 to 3.692 9 10-11 dB/m by increasing the number of
rings from one ring to three rings only, respectively.
It is worth noting that, the scattering losses and absorption of the NLC material are
much greater than that of the background material such as silica, FK51A, and Pyrex
(Alkeskjold et al. 2004). Consequently, the loss of background material can be neglected.
Besides that, Hu and Whinnery (1974) have reported that the scattering loss of the bulk
NLC is between 15 and 40 dB/cm which is much larger than its absorption losses at the
visible and near-infrared wavelengths. However, the scattering loss of the NLCs can be
decreased from 3.25 to 1.3 dB/cm by filling the capillaries with diameters of 4 and 5.1 lm,
respectively with LC materials as reported by Green and Madden (1989). In this study
(Green and Madden 1989), the authors have used Pyrex fiber having refractive index of
1.47 with a core diameter of 4 lm. The capillary rise method has been used to fill the fiber
with an E47 mixtures whose director was along the fiber axis. In addition, the scattering
losses of silica fiber filled with NLC have been analyzed (Green and Madden 1989)
scattering losses from 1.5 to 2.4 dB/cm have been obtained for estimated insertion efficiencies of 0.2–100 % using fiber length of 30 cm. The authors (Green and Madden 1989)
have revealed that the scattering loss is affected by the filling technique.

4 Conclusion
An index guiding NLC–PCF with high birefringence is proposed and analyzed using
FVFEM. The reported design has a silica background material with a large central hole
filled with an E7 NLC material. High birefringence of 0.191 is achieved at the operating
wavelength k = 1.55 lm when the NLC diameter is equal to 3.4 lm at temperature
T = 25 °C, H = 90° and u = 90°. In addition, the birefringence can be increased to
0.2025 by decreasing the temperature to 15 °C. Moreover, high birefringence of 0.08 is
obtained with single mode NLC–PCF at k = 1.55 lm and NLC core diameter of 1.0 lm.
Ethical standard The authors would like to ensure the objectivity and transparency in the submitted
research paper. Additionally, the authors would like to ensure that accepted principles of ethical and
professional conduct have been followed through the preparation of the proposed paper. Further, we would
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