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Abstract—The paper presents an analytical investigation of three-
layer twisted clad liquid crystal fiber in respect of its power propagation
characteristics. The fiber under consideration has dielectric non-
magnetic materials in its core and inner clad sections, whereas the
outermost clad is made of radially anisotropic liquid crystal material.
Twist in the fiber is introduced in the form of superfine helical turns at
the interface of the core and the inner clad regions with specified values
of pitch angle. Results demonstrate large confinement of optical power
in the outermost liquid crystal section. Further, the angle of twist is
seen to have its pronounced effect on controlling the flow of power as it
exhibits the ability of governing the propagation characteristics of the
medium. The observed propagation feature is attributed to the radial
anisotropy of the liquid crystal outer region as well as the amount of
twist introduced, and attracts useful applications of such complex fiber
structures in evanescent field optical sensing and other coupling devices
primarily used in integrated optics.

1. INTRODUCTION

Several research reports have appeared in the literature on the
development of different types of materials and composites to tailor or
manipulate the propagation characteristics of optical waveguides owing
to its greatly depending on the materials in use. In that stream, various
forms of complex structures have also been investigated. Indeed,
the use of materials as well as structures remains extremely purpose
oriented. Among the others, optical fibers made of liquid crystals have
been attractive for multifarious applications, particularly in the area
of integrated optics, because of their possessing distinct anisotropic
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characteristics in their physical properties [1–5]. Furthermore, the
macroscopic optical properties of liquid crystals can be greatly altered
under the influence of external electric field [6]. In reality, liquid
crystals exhibit the largest electro-optic effect among known materials,
which makes them much demanding for various technological needs.

Investigators have studied liquid crystal optical fibers (LCFs)
of different kinds of constructions in respect of geometry as well as
material distribution [7, 8]. High anisotropic property of liquid crystals
makes LCFs to be characterized by polarization anisotropy. The
efficacy of the use of LCFs has been in the fabrication of directional
couplers, optical switches, modulators, sensors etc. [9–14]. In most
of the applications, conventional optical fibers are cladded with liquid
crystals. However, studies have also been reported for LCFs with liquid
crystal core [4, 5].

Fibers with helical structures, which fall into the category of
complex mediums, have also attracted investigators primarily because
the angle of pitch of the helix in use exhibits dominant characteristics
to alter the wave propagation characteristics of the guide. This is based
on the conceptual understanding of low- and medium-power traveling
wave tubes (TWTs) [15], the analysis of which generally includes
waveguides under slow-wave structures with conducting sheath and
tape helixes. Implementing the concept in the case of optical fibers,
studies have been reported corresponding to dielectric circular and
elliptical fibers [16–22].

Motivation of the present paper comes from the idea of
amalgamating the properties of liquid crystals as well as helical
structures into the guide. The investigation is aimed at the propagation
characteristics of the three-layer fiber structure with liquid crystal
clad having twists imposed in the form of conducting helical wraps on
the core-inner clad boundary emphasizing the transmission of power
through it; the core and the inner clad section are assumed to be
homogeneous dielectrics. The implementation of helical windings
makes the analysis much rigorous. However, such purposely introduced
wraps develop the property to control the dispersion characteristics of
the guide.

In the present communication, we consider the case of sheath
helix [22] which has vanishing conductivity in a direction normal to
the direction of conduction. Furthermore, the liquid crystal section
of the guide is assumed to have radial orientation of molecules (i.e.,
the outermost section of the guide attains a radial anisotropy), which
may be evolved by capillary action after inserting the liquid crystal
section (of the fiber) into a capillary tube coated with N , N -dimethyl-
N -octadecyl-3-aminopropyltrimethoxysilyl chloride [8]. Since the
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propagation of power through a guide is greatly important to assess
the possible applications, the relative distribution of power has been
studied for the different sections of the guide under consideration
corresponding to the different values of pitch angle (e.g., 0◦, 45◦
and 90◦), and it has been found that the confinement of power
remains maximum in the outermost liquid crystal section. Further,
the propagation of power can be controlled by varying the angle of
pitch of the introduced helical wraps. This gives the illuminating idea
of applications of such type of guides for possible sensing needs where
the controls over the waveguide remain vital during the operation.

2. THEORY

Figure 1(a) shows the longitudinal view of the helical clad liquid crystal
fiber (HCLCF), which is essentially a three-layer cylindrical waveguide
with the outermost cladding filled with liquid crystal material, and
the fiber core is wrapped with a conducting sheath helix. We consider
the infinitely extended radially asymmetric liquid crystal clad, which
imposes the liquid crystal molecules to have radial orientation (the
cross-sectional view of the guide is depicted in Figure 1(b) where
the dashed lines indicate the orientation of liquid crystal molecules
in the radial direction). Thus, the structure essentially has a circular
cylindrical surface with high conductivity in a preferential direction,
and having helical windings at a constant angle (called as the helix
pitch angle) ψ around the core-inner clad boundary. It is noteworthy
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Figure 1. (a) Longitudinal view of the HCLCF under consideration.
(b) Cross-sectional view of a three-layer HCLCF with the outermost
section filled with liquid crystal (the dashed lines in the radial direction
indicate the orientation of liquid crystal molecules).
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Figure 2. The RI distribution pattern.

that the pitch angle can be effectively used to control the modal
behaviour of the HCLCF under consideration, and serves as an
additional controlling parameter, which may find great technological
importance [19–22]. We assume that the core and the inner clad regions
of the HCLCF are homogeneous, isotropic and non-magnetic with the
refractive index (RI) values as n1 and n2 (with n1 > n2), respectively,
along with their respective radii values as ρa and ρb. Furthermore, the
liquid crystal section has the respective ordinary and the extraordinary
RI values as no and ne. We consider the principal axes of the outer
clad to coincide with the optical axis along the z-direction, and the
extraordinary principal axis attains a radial orientation. As such, the
outermost liquid crystal clad will have the RI distributions as nρ = ne

and nφ = nz with ne > n1 > n2 > no, as illustrated in Figure 2.
The anisotropic nature of the HCLCF will make the modes to contain
the three electric field components Eρ, Eφ and Ez to face different RI
values in their respective directions.

Now, considering the time t- and the axis z-harmonic electromag-
netic fields to propagate through the HCLCF, the coupled equations
for the transverse field components can be written as [23, 24]
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with∇2
t as the Laplacian operator in the cylindrical coordinate system;

nρ, nφ and nz as the RI values along the ρ-, φ- and z-directions,
respectively, and k0 as the free-space propagation constant. Following
some tedious mathematical steps, it can be shown that, in the case of
transverse electric modes, the field components in the three different
regions of the HCLCF can be expressed as

Hρ1 =−Cφ1

β

ωµ0
J1(γ1ρ) exp {i(ωt− βz)} for ρ ≤ ρa (2a)

Hz1 =Cφ1

i

ωµ0

{
γ1J

′
1(γ1ρ)+

1
ρ
J1(γ1ρ)

}
exp{i(ωt−βz)} for ρ≤ρa (2b)
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β

ωµ0
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Hρ3=−Cφ4

β

ωµ0
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′
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In these equations, ω is the angular frequency of the wave in the
unbounded medium, β the propagation constant in the axial direction,
µ0 permeability of the free-space, and Cφ1 , Cφ2 , Cφ3 and Cφ4 are the
arbitrary constants to be determined by implementing the boundary
conditions. Also, the quantities γ1, γ2 and γ3 are defined as follows:

γ1 =
√

n2
1k

2
0 − β2 (5a)

γ2 =
√

β2 − n2
2k

2
0 (5b)

and γ3 =
√

β2 − n2
ok

2
0 (5c)

It is noteworthy that the conductivity of the sheath helix in use is zero
in a direction normal to the conduction. Considering the tangential
field components in the direction of conductivity, the continuity
conditions [25] for the guiding structure under consideration state that
the tangential components of the electric and the magnetic fields must
satisfy the following equations at the boundary:

Ez1 sinψ + Eφ1 cosψ = 0 (6a)
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Ez2 sinψ + Eφ2 cosψ = 0 (6b)

(Ez1 − Ez2) cos ψ − (Eφ1 − Eφ2) sin ψ=0 (7a)
(Hz1 −Hz2) sin ψ + (Hφ1 −Hφ2) cos ψ=0 (7b)

Ez2 sinψ + Eφ2 cosψ=0 (8a)
Ez3 sinψ + Eφ3 cosψ=0 (8b)

(Ez2 −Ez3) cos ψ − (Eφ2 − Eφ3) sinψ=0 (9a)
and (Hz2 −Hz3) sin ψ + (Hφ2 −Hφ3) cosψ=0 (9b)

In these equations, the suffices 1, 2 and 3, respectively, represent the
situations in the core, the inner clad and the outermost liquid crystal
regions. Using these field components, as stated in Eqs. (2), (3)
and (4), and implementing the conditions of continuity in Eqs. (6)–
(9), the values of the arbitrary constants Cφ1 , Cφ2 , Cφ3 and Cφ4 can
be determined. Finally, after some tedious mathematical steps, the
power [26] transmitted through the different sections of the HCLCF
can be deduced as
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In the above Eqs. (10), (11) and (12), ν is the mode-designating
parameter that can take only discrete values and various other symbols
have their meanings as follows:
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In Eqs. (10), (11) and (12), Pic, Pc and Poc are, respectively, the
power propagating through the HCLCF core, the inner dielectric clad
and the outermost liquid crystal clad sections. It is to be noted at
this point that, for the evaluation of power, the values of all the
arbitrary constants (Cφ1 , Cφ2 , Cφ3 and Cφ4) are evaluated in terms of
one constant (say Cφ1), which can be determined by a normalization
condition taking into consideration the input power. If Pt describes
the total power transmitted by the transverse electric modes through
the HCLCF under consideration, i.e.,

Pt = Pc + Pic + Poc, (13)
then Pc/Pt (≡ ξc), Pic/Pt (≡ ξic), and Poc/Pt (≡ ξoc) will, respectively,
represent the relative power distributions in the HCLCF core, the inner
clad and the outermost liquid crystal regions.
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Figure 3. (a) Core confinement power versus propagation constant
for different pitch angles. (b) Inner cladding confinement power versus
propagation constant for different pitch angles. (c) Outer cladding
confinement power versus propagation constant for different pitch
angles.

3. RESULTS AND DISCUSSION

We are now in a position to analyze the effect of helical windings on the
power confinement factors in the three different sections of the HCLCF.
Within the context, we emphasize on the relative power distribution
upon which the helix pitch angle is considered to have the controlling
property. As stated earlier, for the sake of simplicity, we assume that
the core/clad sections are non-magnetic in nature, which leads to the
situation µ1 = µ2 = 0. Figures 3 and 4, respectively, show the variation
of the power confinement factors (or the relative power) with the
propagation constant β corresponding to the azimuthal index values
as ν = 1 and ν = 2 under the situation of transverse electric (TE)
mode excitation. The RI values of core and the inner cladding sections
are considered as n1 = 1.462 and n2 = 1.458, respectively. In our
illustrative case, for the outermost section, we used the nematic liquid
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crystal as BDH mixture 14616, which has ordinary and extraordinary
RI values as no = 1.457 and ne = 1.5037, respectively. The operating
wavelength λ0 is kept fixed as 1550 nm since most of the optical
components operate at this wavelength. Also, the introduced values of
the angle of pitch are taken to be 0◦, 45◦ and 90◦. We now concentrate
on the illustration of the power confinement factor ξ, the variation of
which is plotted against the allowed values of the propagation constant
β corresponding to the different values of pitch angle ψ. Further, in
our illustrative case, the core and the inner clad diameters are taken
to be 90µm and 120µm, respectively.

Figures 3(a), 3(b) and 3(c), respectively, illustrate the variation
of the power confinement factors (against the propagation constant
β) in the core, inner clad and the outer clad sections of the fiber
under the excitation of low order TE modes, and the helix pitch angles
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as 0◦, 45◦ and 90◦. We observe from Figure 3(a) that the power
confinement in the fiber core generally increases with the increase in
propagation constant. Furthermore, the minimum amount of power is
transported corresponding to the situation when the helix pitch angle
is 0◦, i.e., when the windings are perpendicular to the optical axis.
Corresponding to 90◦ pitch angle, the power remains maximum in this
region; in this case the windings are parallel to the optical axis of the
guide, which virtually retains the physical properties of the structure
under the usual circumstance. As such, the helical windings at the core
and the inner clad boundary essentially play the role to attenuate the
power in the core section of the guide. In other words, the pitch angle
of the helix can be adjusted according to the operation/measurement
needs.

In the inner clad region too (Figure 3(b)), the power patterns
generally exhibit an increase with increasing β-values; however, the
increase is much smaller as compared to what observed in the core
region of the HCLCF. We find that the variation of power in this
region remains primarily within the range of 20% to 50% except a
blow-up near the higher tail of the allowed values of β corresponding
to the situation when the windings are parallel to the optical axis of
the guide. Also, the angle of helix pitch certainly has the effect on the
control of power as the 0◦ pitch angle attenuates the power much near
the higher tail of the propagation constant; 45◦ pitch makes to release
the power a little.

Corresponding to Figure 3(c), which depicts the power pattern
in the outermost liquid crystal section of the guide, we observe that
the power decreases with the increase in propagation constant. Also,
within the allowed values of the propagation constant, almost 50%
to 85% of power exists in this section. The high amount of power
confinement in this region is essentially attributed to the existence of
the radial anisotropy in this section. Furthermore, not much difference
is observed in the power pattern corresponding to the situations of
0◦ and 45◦ pitch angle; helical wraps parallel to optical axis certainly
reduces the power a little. Thus, the noticeable fact can be drawn
that the structure allows to confine the maximum amount of power in
the outermost liquid crystal section of the guide, and the confinement
pattern can be altered by changing the pitch angle of the helical wraps
loaded on the interface of the core and the inner dielectric clad sections.

Considering the case of the next higher order modes corresponding
to ν = 2, we observe that, within the fiber core, the power pattern
remains oscillatory (Figure 4(a)) with minimum oscillations for the
case of helical windings in the perpendicular direction, i.e., ψ = 0◦.
Further, the power in this region remains extremely small with the
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minimum amount of power corresponding to the situation with 0◦ pitch
angle, which determines the power attenuation property of the helical
windings. At this point, it is to be noted that the fiber parameters
as well as the operating wavelength are kept unchanged, and the
oscillatory behavior of the power pattern may be attributed to the more
dispersion of waves happening in the case of higher order modes. From
Figure 4(b) we find that the confinement increases with the increase
in the values of the propagation constants, and it remains within the
range of 25%–45%, which is in the almost similar range as observed
in Figure 3(b) corresponding to the situation of low order modes with
ν = 1; the minimum power is transported during the situation when
the helical wraps are perpendicular to the direction of propagation.
However, the shoot-up of power is not observed in the case of higher
order modes. Instead, the power is distributed in this case, which is
very much expected.

In the outermost liquid crystal clad (Figure 4(c)), we observe that
the trend of the power pattern is similar to that observed in the case
of Figure 3(c), i.e., it decreases with the increase in the values of
β. Moreover, the power is enormously increased, and it lies almost
within the range of 57%–77%, which is certainly a little less than that
observed in Figure 3(c) corresponding to the situation of modes with
the azimuthal index ν = 1. This is essentially due to the reason of
considering higher modes, which generally reduces the transportation
of power owing to possible dispersion inside. We further observe that
the minimum amount of power is transported when the helical windings
are parallel to the longitudinal axis of the fiber, which is similar
to the situation noticed in the case of Figure 3(c); the fiber under
perpendicular helical wraps transmits the maximum amount of power,
and the wrapping with 45◦ pitch angle makes the guide to sustain the
power to lie in between the situations of parallel and perpendicular
(to the optical axis) wraps. We, thus, observe that the liquid crystal
section makes the guiding structure to confine the maximum amount
of power, and also, the helical windings have the feature to control the
transmission of power through the guide.

It is to be noted at this point that Choudhury et al. reported earlier
the investigations of multilayered cylindrical dielectric fibers [27, 28]
with annular core geometry. It was reported that the confinement
of power in the core section (which is sandwiched between two
dielectric clads) increases for annular core fibers of larger cross-
sectional dimensions. Such annular core fibers with different types
of materials (e.g., chirowaveguides made of chiral materials [21, 29]
having optical activity) in the core and the cladding sections have also
been reported with the mention of their potentiality in the area of
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optical sensors based on the study of evanescent wave spectroscopy,
e.g. chemical sensing. In reality, various forms of waveguides made
of chiral metamaterials have been reported in the literature, and their
potentialities have been discussed [30–40].

The use of liquid crystal fibers in optical sensing has been reported
before. However, by making the liquid crystal fiber loaded with helical
windings is essentially a new concept which, to the best of knowledge
of the author, has not yet been discussed in the literature. In the
present study of twisted clad liquid crystal fibers, we observe that much
amount of power is confined in the outer liquid crystal section, which
can further be controlled through the proper structuring of the helical
wraps. This way, the guide enhances the sensitivity, as demonstrated
in the present paper through rigorous analytical treatments. Chemical
sensing may be one of the areas where such fibers could be used, as
these would be greatly useful in sensing even weak chemical reactions
because of sustaining very high amount of power confinement in the
outermost liquid crystal section. Apart from that, such structures may
be effectively used as field coupling components. As to the optical
sensing needs, it is presumed that the implementation of such twisted
clad liquid crystal fibers for sensing would be comparatively easier as
the launching of optical power would not be that difficult which one
may face in the case of annular core fibers.

4. CONCLUSION

From the foregoing discussion, it can be inferred that HCLCFs can
support a very high amount of power in the outermost region of the
guide — the phenomenon that would find prominent applications in
the area of integrated optics and/or optical sensing. The presence of
helical windings at the core-inner clad boundary allows to control the
flow of power through the guide by suitably adjusting the angle of
pitch, which is effective in the outermost liquid crystal section as well.
It has been observed that the excitation of higher order modes reduces
the transportation of power, which is as usually observed in the study
of the propagation characteristics of optical fibers.
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