1

In-line Polarization Controller Based on
Liquid-Crystal Photonic Crystal Fibers
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Abstract—Compact polarization control elements based on
index-guiding soft glass photonic crystal fibers infiltrated with
nematic liquid crystals are proposed and thoroughly studied.
The nematic director profiles at the fiber’s cross-section are
consistently calculated by solving the coupled electrostatic and
elastic problem, in the context of an analysis on the tunability
of LC-infiltrated PCFs. The fiber’s dispersive properties and
light propagation in the proposed polarization controller are
studied by means of a fully-anisotropic finite-element-based beam
propagation method. The electrically-induced evolution of the
state of polarization is mapped on the Poincaré sphere. Efficient
polarization conversion is demonstrated, with a crosstalk of
−50dB, for a total device length of 4.65mm and a maximum
applied voltage of 150V. Crosstalk values lower than −20dB are
achieved over a 30nm window. The proposed devices are envisaged as compact all-in-fiber dynamic polarization controllers.
Index Terms—Photonic crystal fibers, nematic liquid crystals, highly-birefringent fibers, beam propagation method,
polarization-controllers.

I. I NTRODUCTION
Photonic crystal fibers (PCFs) constitute a special class
of optical fibers, characterized by a periodic transverse microstructure of air-holes, which has drawn particular scientific
attention during the last decade [1]. Light confinement in PCFs
is enabled either by index-guiding in a solid glass core, or
via the bandgap effect that originates from the presence of a
periodic microstructure in the fiber’s cladding, surrounding a
low-index defect core. Proper selection of the fiber’s structural
and material parameters allows for the tailoring of key optical
properties, such as dispersion, birefringence and nonlinearity,
to an extent unachievable by their conventional counterparts
[2]. Furthermore, the infiltration of the cladding’s capillaries
with thermally or electrically responsive materials – polymers
[3], liquids, and nematic liquid crystals – has been shown capable of infusing them with a remarkable degree of tunability.
Among the various candidate materials for infiltration, nematic liquid crystals (NLCs) are a promising solution, as they
offer a number of advantages, typical of LC-based optical
devices: high electro-optic and thermal response, low-power
consumption and potentially reduced fabrication cost. Their
inherent anisotropic properties, combined with their electrical
and thermal tunability, can be optimally exploited in the
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design of polarization control elements. Indeed, various NLCinfiltrated PCFs have been thus far demonstrated, showing
tunable control of transmission windows [4], [5], [6], [7],
[8] or values of modal birefringence [9], [10], [11], [12],
[13], [14], or aiming at the design of all-in-fiber components,
such as broadband polarimeters [15], polarization rotators
[16], [17], [18], [19] and tunable filters [20]. These elements
are invaluable for optical communication or sensing systems
having a wide range of applications, for instance to stabilize
the operation of polarization-sensitive devices, such as modulators, interferometers, and fiber laser systems, to suppress
polarization crosstalk and dispersion or to add an extra degree
of freedom in nonlinear applications [21].
In this paper, an electrically tunable polarization controller
based on the inifiltration of a soft glass PCF with a NLC is
proposed and analyzed. The lead silicate fiberglass SF57 has
been selected as the material for the fiber matrix, while the
PCF is infiltrated with the common nematic mixture E7. As
the fiberglass index is higher than both the ordinary and the
extraordinary indices of the NLC, the PCF is index-guiding,
regardless of the LC molecule orientation in the cladding’s
capillaries. The fiber is placed between electrodes, which
provide electric control over the orientation of the LC. The
voltage-dependent nematic director profiles at the fiber’s crosssection are consistently calculated by solving the partial differential equation (PDE) system, which describes the coupling
between the underlying electrostatic and elastic problems.
The LC-profiles are fed into a custom fully-anisotropic finite
element-based beam propagation method (BPM), which yields
the fiber’s modal properties and studies light propagation and
polarization rotation through the tunable birefringent LC-PCF.
Finally, the design of a polarization controller that provides
arbitrary-to-desired polarization conversion is considered and
investigated. Two indicative conversion examples are demonstrated, which target linear polarization at the output of the
component, for a total device length of 4.65mm and a maximum driving voltage of 150V. Conversion crosstalk values
as low as −50dB are predicted at the design wavelength of
operation, while less than −20dB crosstalk is achieved in
a 30nm window. The evolution of the state of polarization
(SoP) of light propagating through the controller is mapped
on the Poincaré sphere, demonstrating the functionality of the
proposed device.
The paper’s structure is organized in 5 sections. Following
an introduction, Section II provides an extensive analysis on
the tunability of LC-infiltrated capillaries in the context of LCPCF applications. The optical properties of the proposed LCPCFs are presented in Section III, while Section IV focuses on
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Fig. 1. (a) Tilt and twist angle definition for the nematic director and (b)
generic layout comprising a single capillary with radius r, infiltrated with a
LC material characterized by ordinary and extraordinary dielectric constants
εo and εe , respectively. The capillary is surrounded by an isotropic glass εr ,
and it is placed between two electrodes at y = 0 and y = d. Neumann
boundary conditions are applied for the voltage V (x, y) at x = 0 and x = d.

the study of the LC-PCF based polarization controller. Finally,
conlusions are drawn in Section V.
II. LC- SWITCHING INVESTIGATION IN
MICRO - CAPILLARIES FOR INFILTRATED PCF S
When nematic liquid crystalline materials are confined in
cavities, such as the capillaries of a PCF’s cladding, the
exact orientation of the LC molecules is determined by an
interplay among the physics of elastic theory, the geometrical
parameters, the anchoring conditions at the cavity’s walls
and the impact of electric or magnetic fields [22]. The local
molecular orientation, which coincides with the optical axis of
the anisotropy, is described via the nematic director n, which
can be expressed as
n = nx x̂0 + ny ŷ0 + nz ẑ0 =
cos θ sin φx̂0 + sin θŷ0 + cos θ cos φẑ0 ,

(1)

where θ and φ are the tilt and twist angles of the LC molecules
for a z-invariant geometry, as defined in Fig. 1(a). Our study
will focus on the structural layout shown in Fig. 1(b), that
is the switching of a NLC (εo , εe ) infiltrating a circular
capillary of radius r, within a surrounding glass matrix (εr ).
The permittivity values of both materials are evaluated at low
frequencies, in the order of KHz, which are commonly used to
electrically switch the LC molecules, and thus they should not
be confused with the squares of the material optical refractive
indices. The tunability of this basic stucture will be assessed
via a material parameter study, which covers the range of
NLCs and fiberglasses used in LC-PCFs [23]. The profile
of the nematic director in the infiltrated cavity is derived by
minimizing the total energy of the system, given by
ZZZ
ZZZ
Ftot =
Fd dV =
(Felast + Felec ) dV,
(2)
V

V

where Fd is the energy density function in the volume occupied by the LC, composed by two constituents, the elastic energy Felast , resulting from deformations of the LC molecules,
and the electric field energy Felec , in the presence of an applied
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Fig. 2. Fréederickz transition in a planar cell with d = 1 µm for a nematic
liquid crystal with εo = 5.42, εe = 19.16 and K = 12pN, confined between
two parallel plates. Calculations are initially made under the assumption of
constant electric field (E = Eŷ) and then by taking into account the coupling
between the electrostatic and elastic problems. Inset compares the tilt angle
profile along the cell for the two cases and for two values of voltage drop.

voltage. Assuming strong anchoring at the cavity’s walls, the
elastic energy density is described by
Felast = Fsplay + Ftwist + Fbend =
K11
K22
K33
2
2
2 (3)
(∇ · n) +
(n · ∇ × n) +
|n × ∇ × n|
2
2
2
and it involves three terms that refer to splay, twist and
bend deformations, with Kii being the corresponding elastic
constants. The electric field energy density equals
´
1
ε0 ³
2
2
Felec = − D · E = −
εo |E| + ∆ε (E · n) , (4)
2
2
where D = ε0 ε̃r E and the elements εij of the relative
permittivity tensor ε̃r depend on the local nematic director
via
εij = εo δij + ∆εni nj ,
(5)
∆ε = εe − εo being the dielectric anisotropy of the LC
material. The minimization of the total energy is achieved by
solving the Euler-Lagrange equations





∂  ∂Fd 
∂Fd
∂ 
 ∂Fd  = 0,
−
 ∂ξ  −

∂ξ 
∂ξ
∂x
∂y
∂
∂
∂x
∂y

(6)

ξ being either the tilt θ(x, y) or twist φ(x, y) angles. Equations
(6), along with electric Gauss’ law,
∇ · D = ∇ · (ε0 ε̃r E) = 0,

(7)

where E = −∇V (x, y), form a PDE system of the variables
θ, φ, and the field potential V .
The resulting equation system is solved in our study by
means of a commercially available FEM-based PDE solver
[24]. As a reference problem, we provide the solutions for the
case of Fréedrickz transition in a planar NLC cell. Liquid crystal switching in a confined geometry, such as the cylindrical
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capillaries under investigation, shares many common features
with the classical Fréederickz transition in planar cells and,
as it will be confirmed from the subsequent calculations, it is
almost identical, at least from the qualitative point of view.
Under the one-elastic constant approximation, the governing
equations that describe the planar-cell problem are
µ
¶2
∂2θ
ε0 ∆ε
∂V
+
cos θ sin θ
=0
(8a)
∂y 2
K
∂y

Fig. 4. (a) Tilt and (b) twist angle profiles for the switched LC capillary of
Fig. 3 at V = 9V, and the corresponding electric field, (c) Ex and (d) Ey
components.

Average Tilt Angle (deg)

Fig. 3. Average tilt angle for different values of applied voltage for the layout
of Fig. 1(b), for r = 0.5µm, d = 2µm. The capillary is infiltrated with E7,
characterized by εo = 5.4, εe = 19.54 and K11 , K22 , K33 equal to 11.4,
6.6, and 18.2pN, respectively. The matrix glass is assumed to be fused silica
(εr = 3.91). Calculations are compared to those performed under
P the one
elastic constant approximation, namely K11 = K22 = K33 =
Kii /3 =
12.066 pN. Inset shows the resulting relative error.
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where only the tilt angle θ(y) is sufficient to describe the LC
transition. In case the constant electric field approximation is
adopted, equations (8) reduce to
Ãr
!2
∂2θ
ε0 ∆ε
+
E cos θ sin θ = 0,
(9)
∂y 2
K
and the threshold electric field Eth required for switching the
LC molecules is given by
r
π
K
Eth =
.
(10)
d ε0 ∆ε
Figure 2 shows the variation of the average tilt angle with
the voltage drop across a planar LC-cell by comparing the
solution of the coupled problem with the constant field approximation. The LC is characterized by εo = 5.42, εe = 19.16
and K = 12 pN, resulting in a threshold value for the electric
field equal to Eth = 0.987V/µm. The cell thickness d is set
to 1µm, and homogeneous anchoring conditions are assumed
at the cell boundaries. The voltage drop equals ∆V = Ed
in the constant field case, while in the coupled problem it is
given by the value of the applied voltage V0 . For relatively
low values of voltage drop, the constant field approximation
overestimates the switching performance of the LC material,
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Fig. 5. Comparative study of LC switching in a single capillary, under the
assumption of constant electric field and by solving the full problem. The
average tilt angle is calculated over the voltage drop across the capillary,
R d/2+r
which equals ∆V = 2Er and ∆V = d/2−r Ey dy with respect to the two
cases under study. Inset shows the actual applied voltage V0 that is needed
in the coupled problem in order to induce a voltage drop ∆V across the
capillary. Material and structural parameters are as in Fig. 3.

while above a certain voltage drop the tilt values are lower
than those predicted by solving the fully coupled problem.
The analysis is extended to the case of the single LCinfiltrated capillary embedded in a glass matrix shown in Fig.
1(b). The capillary’s radius is fixed at r = 0.5µm and the
distance between the two electrodes is 2µm. The capillary is
filled with the nematic material E7, its parameters given in
[25]. Homogeneous anchoring conditions are assumed for the
LC molecules at the cavity’s surface, their orientation being
parallel to the fiber axis. The fiberglass matrix is silica, characterized by εr = 3.91. Figure 3 shows the average tilt angle,
calculated in the capillary’s cross-section, for different values
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Fig. 6. (a) Tunability factor and voltage drop ∆V for a LC capillary at V =
14V for different values of LC relative electric birefringence ∆ε. Although
for higher values of ∆ε the voltage drop across the capillary is reduced,
the tunability of the LC is enhanced due to more intense reorientation of
the LC molecules owing to the high relative electric birefringence. Material
parameters are εr = 3.91, εo = 6, K11 , K22 , K33 equal to 10, 7, and 17
pN, respectively. (b) Tunability factor for different values of applied voltage
V and electric birefringence ∆ε.

of applied voltage, comparing the results with the one-elastic
P
constant approximation (K11 = K22 = K33 =
Kii /3).
The tilt angle values predicted in the latter case underestimate
the switching efficiency of the structure, although in both
cases the same trend is demonstrated, very much similar to
the Fréedrickz transition studied in Fig. 2. The tilt and twist
profiles in the capillary, as well as the distribution of the
electric field for V0 = 9V are shown in Fig. 4. The tilt angle
profile exhibits azimuthial symmetry, reaching a maximum at
the axis of the capillary, while the twist angle, which results
from the presence of the Ex field component at the silica/LC
interface, obtains very low values, below 1◦ .
Since the dielectric permittivities of the fiberglass and
the LC are different, the electric field does not obtain the
same values in the LC and fiberglass regions. The actual
voltage drop across the capillary, which is responsible for
the switching of the LC molecules, depends on the materials
used, and the nematic director distribution. Figure 5 shows
the dependence of the average tilt angle, for the structural and
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Fig. 7. (a) Tunability factor for different values of the splay elastic constant
K11 and applied voltage, for εr = 3.91, εo = 7, εe = 17, K22 /K11 =
0.7 and K33 /K11 = 1.7. Higher values of the elastic constants inhibit the
switching efficiency of the nematic material. (b) Tunability factor for different
ratios of the LC elastic constant K22 /K11 and K33 /K11 , for εr = 3.91,
εo = 7, εe = 17, K11 = 10 pN and V P
= 9V. Dashed lines show contours of
constant average elastic constant K̄ =
Kii /3. Nematic materials with the
same K̄ show more enhanced tunability when K33 > K11 and K22 < K11 .

material parameters of Fig. 4, over
the voltage drop across the
R d/2+r
capillary, estimated as ∆V = d/2−r Ey dy, and the results
are compared with the constant electric field approximation,
where ∆V = 2Er. The average tilt angle curves show a direct
resemblance to those of the planar LC-cell studied in Fig. 2, as
the constant field assumption overestimates the degree of LCswitching for low values of ∆V , while it shows the opposite
trend for larger values. The inset shows the actual voltage V0
that needs to be applied in order to obtain the corresponding
voltage drop ∆V , with reference to the coupled problem. Just
above threshold, the LC molecules lie mostly parallel to the
capillary’s axis, the effective LC permittivity tends to εo , and
the ratio ∆V /V0 can be approximated by εr /(εr +εo ) = 0.42.
As the LC is switched, the effective permittivity tends towards
the limiting value of εe and ∆V /V0 to εr /(εr + εe ) = 0.17.
This could imply that much higher values of voltage are
needed in order to further switch the LC molecules, since
for the case of silica, the electric permittivity εr can be
significantly lower than εe for common positive dielectric
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Fig. 8. Tunability factor for lead silicate glasses with variant PbO content
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voltage. The capillary is infiltrated with E7. Higher values of glass dielectric
permittivity significantly improve the tunability of the structure.

anisotropy nematic materials. Nevertheless, higher values of
εe also increase ∆ε, which in turn favors the switching of the
LC molecules. Figure 6 investigates the impact of ∆ε on the
tuning efficiency for a typical range of LC material parameters,
and for an applied voltage of 14V. Although the actual voltage
drop in the LC region is reduced, higher values of ∆ε improve
the overall tunability of the structure, assessed via a factor q
¢
RR ¡√
RR
1 − cos θ cos φ dS
|n − ẑ0 | dS
LC
q = RR
=
, (11)
πr2
|ŷ0 − ẑ0 | dS
which takes into account the vectorial nature of the nematic
director and expresses the angular deviation of the director
with respect to the rest case (n ≡ ẑ0 ), normalized over the
maximum switching state where the LC molecules are fully
aligned with the y-axis. According to this definition, the fully
switched state corresponds to a tunability factor equal to unity.
Figure 6(b) shows the tunability for a range of values in terms
of the applied voltage and the dielectric anisotropy.
The impact of the LC’s elastic constant values on the
tunability is investigated next, with respective results shown
in Fig. 7. Keeping the ratios K22 /K11 and K33 /K11 fixed
at the typical values 0.7 and 1.7, respectively, Fig. 7(a)
shows the tunability factor for various values of K11 and
applied voltage. Higher values of elastic constants inhibit the
switching performance of the LC material. By fixing K11
at the value of 10pN, Fig. 7(b) investigates the influence of
the elastic constant ratios, for a range of values covering the
material properties of common nematic LCs. Higher values
lead to lower tuning efficiency, although this is intuitively
expected, since they raise the overall value of the average
elastic constant of the LC. In order to facilitate the assessment
of the impact of the elastic constant ratios, the dashed lines in
Fig. 7(b) are marked, which correspond to constant values of
the average elastic constant. Results demonstrate that for the
same average elastic constant value, tunability is enhanced for
higher values of K33 /K11 and lower of K22 /K11 . This finding
is consistent with the results shown in Fig. 3, where the single

(b)

(c)

Fig. 9. (a) Layout of the proposed infiltrated PCF: the pitch of the triangular
lattice in the cladding equals Λ = 3 µm, the hole radius is r = 0.25Λ.
The optical glass is the lead silicate SF57 fiberglass and the capillaries are
infiltrated with the nematic compound E7. The fiber is placed between a pair of
electrodes at a distance D = 45µm and it is surrounded by an index-matching
gel. Other alternatives with respect to the fabrication of the proposed structure
include: (b) polishing a standard 125µm fiber and depositing the electrodes
on the polished surfaces or (c) integrating the electrodes in the fiber’s cladding
beyond the microstructured region.

elastic-constant approximation led to an underestimation of
the tunability of the NLC E7, for which K33 /K11 ' 1.6 and
K22 /K11 ' 0.6.
The analysis thus far has been carried out assuming that
the fiberglass material is silica, and focused on the impact of
the LC material properties. Nevertheless, there is a variety of
available fiberglass materials for the design and fabrication
of PCFs [26]. Figure 8 studies the impact of the fiberglass
permittivity on the tuning efficiency for a capillary infiltrated
with E7, demonstrating that glasses with higher εr offer an
extensive degree of tunability. As the value of εr tends towards
εe , the voltage drop in the LC capillary is increased, as
discussed in the context of the results presented in Fig. 6.
This particular variation of εr corresponds to lead-oxide (PbOSiO2 ) glasses, whose dielectric permittivity depends on the
content of PbO [27]. Thus, in terms of the tunability efficiency
of LC-infiltrated PCFs, high-index glasses are shown to be
more promising than silica.
III. T UNABLE BIREFRINGENCE IN LC- INFILTRATED
INDEX - GUIDING PCF S
The structural layout and parameters of the proposed LCinfiltrated PCF are shown in Fig. 9. The fiber’s cladding
consists of a triangular lattice of air-holes that extends around
a solid glass core. The lattice pitch Λ equals 3µm and the
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capillaries, with radius r = 0.25Λ, are infiltrated with the
nematic compound E7. The lead silicate soft glass SF57 is
selected as the matrix material. The refractive index ng of
SF57 remains higher than both indices (n0 , ne ) of E7 in
the infrared [28], [29], which implies that the PCF is indexguiding, regardless of the nematic director configuration of
the LC. The fiber is placed between a pair of electrodes at
a distance D = 45µm, and it is assumed to be surrounded
by an index-matching gel [5], [9]. Such a configuration can
be achieved, for instance, by polishing a standard 125µm
PCF and depositing the electrodes close to the cladding’s
microstructure, as shown in Fig. 9(b) or by integrating the
electrodes directly in the fiber’s cladding [30], as in Fig. 9(c).
Figures 10(a,b) show the tilt and twist angle profiles over the
PCF’s cross-section for an applied voltage of 75V. Taking into
account the PbO content of SF57, the fiberglass permittivity
was set to εg = 15 [28], [27]. The twist angle profile is shown
to be more sensitive to the variations of the electrostatic field,
although obtaining very low values, below 2◦ . The profile for
the tilt angle is almost uniform with respect to each individual
capillary over the PCF’s cross-section. Indeed, the average
tunability factor was found to deviate less than 1% among
various rings. The tilt angle profile in the first two rings
surrounding the PCF’s core, which primarily determine its
waveguiding properties, are shown in Fig. 10(c) for values of
the applied voltage ranging from 30 to 150V. The threshold
voltage for switching the LC-molecules was found to be
approximately 27V.
The calculated nematic director profiles were consecutively
fed into a fully-anisotropic BPM formulation [31], capable of
accounting for the out-of-plane anisotropy resulting from the
molecular orientation of the LC [32]. The dispersive properties
of the LC-PCF were investigated in the wavelength window
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Fig. 11. (a) Modal birefringence ∆n = nHEy − nHEy of the proposed
LC-infiltrated index-guiding PCF versus (a) wavelength for various values of
applied voltage, and (b) applied voltage for various wavelengths. As the LC
molecules are switched, the y-polarized mode senses a higher index in the
cladding’s capillaries and its effective index is higher than the x-polarized
mode.

1200−1700nm, the effective propagation indices of the LCPCF modes being calculated by propagating in imaginary
distance, which is a standard BPM practice and consequently
avoids the need to employ a separate mode solver [33].
Material dispersion of both SF57 and E7 was taken into
account via the corresponding Sellmeier and Cauchy equations
[28], [29]. The increase of the applied voltage switches the
LC-molecules in the cladding, which progressively align with
the y-axis. The vertically-polarized HEy fundamental mode
senses a higher refractive index (no < nLC,HEy < ne ) in the
capillaries, compared to the horizontally-polarized HEx -mode,
which in all cases senses an index very close to no . As a
result, the fiber’s modal birefringence ∆n ≡ nHEy − nHEx
rises for higher values of the applied voltage. Figure 11(a)
shows the values of ∆n in the wavelength window under study
for the LC-profiles of Fig. 10. For applied voltage values less
than 50V the modal birefringence remains below 2 × 10−4
for λ < 1.65µm, while for 150V the values of ∆n raise
by almost an order of magnitude. The electrically-induced
variation of ∆n is clearly demonstrated in Fig. 11(b), for
four different wavelengths. The highest confinement losses
for the investigated range of parameters, associated with the
HEy mode at 1.7µm for V = 150V, were found to lie
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Fig. 13. Schematic layout of the proposed LC-PCF polarization controller.
The device is composed by three consecutive sections of the index-guiding
LC-PCF under study, whose length is equal to the fiber’s beat length LB .
The nematic director axis in the middle section is rotated by 45◦ with respect
to the input and output sections.
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Fig. 12. (a) Crosstalk of the HEx →HEy conversion calculated via vector
overlap integrals along the propagation direction for different rotation angles
γLC of the LC nematic director principal axis. A minimum crosstalk of
−53 dB is observed at Lπ (λ0 ) = 775 µm, where λ0 = 1550nm.
(b) Polarization conversion crosstalk at Lπ (λ0 ) in the wavelength window
1.5µm< λ <1.6µm. A crosstalk below −25 dB is predicted in the entire
C-band.

below 0.3dB/m, which is one order of magnitude lower than
the material losses of PCFs fabricated with SF57 [34]. At a
wavelength of 1.55µm and for V = 75V the confinement
losses for the HEy mode drop at 1.5dB/km.
The slow axis of the highly birefringent LC-PCF is determined by the overall alignment of the nematic director, which
is parallel to the applied electric field. When light is launched
in the birefringent LC-PCF polarized at an angle with the
slow-axis, polarization rotation occurs along the propagation
direction due to the different phase-velocity of the fiber’s
dual non-degenerate orthogonal modes. Maximum polarization
conversion is achieved for a propagation distance Lπ , given
by
LB
λ
Lπ =
=
,
(12)
2
2∆n
LB being the beat length of the highly birefringent fiber. The
efficiency of polarization conversion depends on the angle
between the input polarization and the slow-axis. In order to
achieve maximum efficiency, light should be launched at 45◦
with respect to the main orientation of the nematic director
[19]. The principal orientation of the LC-molecules can be
controlled in general by properly selecting the applied voltages

in a configuration with two pairs of electrodes [15], [35].
The HEx to HEy polarization conversion crosstalk for different
angles of the nematic director with respect to the y-axis has
been evaluated at 1.55µm by BPM simulations. Figure 12(a)
shows the evolution of the power transfer between the two
modes, when the HEx mode, calculated at the rest state of the
fiber (V = 0), is launched in the input. It should be stressed
that for V = 0 the HEy and HEx modes are degenerate, as the
optical axis of the anisotropy coincides with the fiber axis. The
wavelength of operation is 1.55µm and the applied voltage
is 150V. The power transfer is calculated via the following
vector overlap integrals (VOI) between the field at propagation
distance L and the HEx and HEy reference modes of the fiber
for V = 0,
¯RR
¯2
¯
¯
¯ A∞EL × H∗ref ·ẑ dS¯
¯
¯
¯
¯ , (13)
VOI = ¯RR
¯¯RR
¯
¯ A∞EL × H∗L ·ẑ dS¯¯ A∞Eref × H∗ref ·ẑ dS¯
where the subscript L refers to the corresponding field for a
propagation distance z = L and ”ref” to the two reference
HEx and HEy modes. As naturally expected, the HEx →HEy
crosstalk is obtained by dividing the VOI when projecting to
the HEx mode with the VOI when projecting to the HEy mode.
A minimum HEx →HEy crosstalk of −53dB is achieved for
45◦ , at a propagation distance equal to Lπ = 775µm. The
response of the device around λ0 = 1.55µm is evaluated in
Fig. 12(b), where the HEx →HEy crosstalk is calculated for
a fixed fiber length Lπ (λ0 ) = 775nm within the wavelength
window 1.5µm< λ <1.6µm. A crosstalk value lower than
−25dB is predicted in the entire C-band, indicating that the
proposed LC-PCF is capable of providing efficient polarization
conversion in a broad window.
IV. P OLARIZATION CONTROLLER BASED ON
INDEX - GUIDING LC-PCF S
In this section, the design of an in-fiber compact LCPCF polarization controller is investigated that is capable of
performing arbitrary conversions between the input and output
state of polarization (SoP). Figure 13 shows the layout of
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Fig. 14. Evolution of the state of polarization (SoP) on the surface of the
Poincaré sphere of light propagating in the proposed LC-PCF polarization
controller for (a) P→H and (b) P→V conversion configurations.

the controller, composed by three consecutive sections of
LC-PCF of equal length LB = 2Lπ , each one providing
up to a maximum relative phase retardation of 2π, between
the orthogonally polarized modes of the fiber at the design
wavelength λ0 . Designed for optimal operation at 1.55µm, the
total length of the device equals Ltot = 6Lπ = 4.65mm and
the maximum required voltage is 150V. Given that the phase
retardation is proportional to both ∆n and Ltot , the required
voltage values can be reduced at the cost of increasing the
length of the device. The LC alignment is controlled by three
pairs of electrodes, properly placed so that the fiber’s slow
axis in the second section is rotated by 45◦ with respect to
the axis of the other two sections. By properly adjusting the
birefringence values of the three sections, via the application
of the appropriate voltage values, this configuration is capable
of providing dynamic polarization control [36]. Contrary to the
layout of [36] that is based on a hollow-core fiber infiltrated
with a NLC, the proposed design is more compact, light is
mainly confined in a solid glass core and not inside the lossy
liquid-crystalline material and moreover splicing to standard
SMF fiber is expected to be less penalized as the modal field
diameters of the two fibers are comparable. The SoP of light
propagating in the fiber can be mapped on the surface of
the Poincaré sphere via the calculation of the corresponding
Stokes parameters [37]. It should be stressed that the Poincaré
sphere framework is strictly applicable only for TEM waves.
The LC-PCF investigated in this work supports hybrid ypolarized (HEy ) and x-polarized (HEx ) modes, that can however be considered as quasi-TEM in the context of polarizaton
rotation. The value of phase shift induced in each section of
the controller determines the rotation of SoP around the three
axes of the sphere, so that an arbitrary SoP at the input can
be converted to a desired one at the output of the device.
In order to assess the efficiency of the proposed polarization
controller two specific examples are investigated. A point in
the vicinity of P on the Poincaré sphere has been selected as
the input SoP and either HEx (point H) or HEy (point V) is
targeted at the output, with reference to the fundamental HEx
and HEy modes supported by the LC-PCF at rest. The required
values of phase shift, and therefore modal birefringence, were
calculated via the input and output Stokes parameters [37]. The
voltage values that induce the desired ∆n in each section for

Fig. 15. Modal intensity profiles for the input and the output polarization
state, for the two targeted polarization conversions, namely P→H and P→V.

the two target examples were estimated from Fig. 11(a) and
were found equal to: P→H = [116V 58V 100V] and P→V
= [116V 113V 68V]. Finally, the LC profiles were calculated
for the above voltages and the complete polarization rotation
was investigated by a single final BPM analysis.
Figure 14 shows the evolution of SoP on the surface of the
Poincaré sphere for the two target examples, resulting from
the calculation of the Stokes parameters [37] via intensity
weighted integrals of the transverse components of the electric
field at each step of propagation through the device. The red,
green, and blue lines represent SoP rotation induced by the
first, second, and third section of the controller, respectively.
Since the target polarizations are mapped on points H and V
on the sphere, the impact of the third section (blue line), which
determines the amount of rotation around the H-V axis, is in
both cases minimal, and hence barely visible. The intensity
profiles for the two transverse components of the electric field
at the input of the device and the output corresponding to
P→H and P→V conversions are presented in Fig. 15, where
it is demonstrated that the output field in both cases acquires
the desired linear polarization state.
The broadband efficiency of the proposed polarization controller is evaluated in Fig. 16, by calculating the crosstalk
corresponding to the two target conversion examples studied.
The wavelength windows where crosstalk drops below −20dB
extend to a range larger than 40 and 30nm for the P→H
and P→V cases, respectively, while the corresponding minima
are −53dB and −48dB in the vicinity of 1.55µm. These
values demonstrate that efficient dynamic polarization control
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Fig. 16. Broadband response of the proposed LC-PCF polarization controller
for the two conversion examples investigated. Crosstalk values below −20dB
are predicted in a range of 40nm and 30nm for P→H and P→V conversion,
respectively.

can be achieved by the electrically-tunable LC-PCFs here
investigated.
V. C ONCLUSIONS
The tunability and modal properties of index-guiding softglass PCFs have been thoroughly investigated by studying the
nematic reorientation in PCF capillaries and light propagation
in the context of a fully-anisotropic BPM analysis. It is shown
that lead-silicate glass PCFs infiltrated with the common
nematic mixture E7 provide enhanced electrical tunability. A
compact in-fiber polarization controller is proposed, which
permits arbitrary polarization conversion, with a total length of
4.65mm and maximum voltage values of 150V. Two indicative
conversion examples were analyzed, targeting a HEy or HEx
linear SoP at the output of the device. Enhanced polarization
conversion efficiency has been demonstrated, with predicted
crosstalk values obtaining minimum values of approximately
−50dB at 1.55µm and remaining below −20dB in a wavelength range of 40nm. Such components may offer advanced
functionality in applications where compact in-fiber dynamic
polarization control is required, as in polarization mode dispersion compensation, polarization scrambling or polarization
multiplexing.
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