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Compact voltage-controlled all-in-fiber polarization switches are designed and investigated based on
dual-core photonic crystal fibers, by selectively infiltrating one of the fiber’s cores with a nematic liquid
crystal. The electro-optical control of the liquid crystal core’s optical properties allows for the splitting of
the two orthogonal polarizations, showing crosstalk values lower than −20 dB in a 40 nm window at
1550 nm, for an ultracompact length less than 0.6 mm. With proper selection of the control voltage
and the component length, dual-band operation with a crosstalk lower than −20 dB is also demonstrated
for the 1300 and 1550 nm telecom bands. © 2013 Optical Society of America
OCIS codes: (060.2340) Fiber optics components; (060.5295) Photonic crystal fibers; (160.3710)

Liquid crystals; (230.5440) Polarization-selective devices; (230.2090) Electro-optical devices.
http://dx.doi.org/10.1364/AO.52.006439

1. Introduction

Photonic crystal fibers (PCFs), identified by arrays of
microcapillaries running down their axis, offer exten-
sive versatility in theirdesign thatpermits anunprec-
edented control of the fiber’s optical properties in
numerous applications [1]. Among other possibilities,
their stack-and-draw fabrication technique allows for
the incorporation of multiple cores in close proximity,
which in turnmay form the core element in the design
of various all-in-fiber components based on light cou-
pling between the PCF cores, such as fiber directional
couplers [2], polarization splitters [3], Mach–Zehnder
interferometers [4], or sensors [5]. Although they
provide compact coupling lengths and high extinction
ratios, such passive fiber elements cannot perform
dynamically tunable functions, unless enhanced with
a material the properties of which can be externally
tuned. To this end, nematic liquid crystals (NLCs), in-
herently anisotropic organic materials that respond
to external electric or magnetic fields, constitute a
promising candidate. Their full or partial infiltration

in the air capillaries of a PCF has led to the demon-
stration of a wide range of tunable fiber components,
such as filters, variable attenuators, switches, polar-
izers, and polarization rotators [6–9] using a variety
ofmaterials, ranging from typical positive to negative
Δε [10] and dual-frequency NLCs [11], or even NLC–
nanoparticle composites [12].

Recently, two designs of dual-core LC-PCF polari-
zation splitters were proposed, based on glass-core/
LC-infiltrated cladding [13] and on LC-core/air-
cladding PCFs [14], although without investigating
the structures’ potential for dynamic functionality.
In this work we propose a novel tunable dual-core
lead-silicate PCF polarization switch with a LC-
infiltrated core (LC-PCF-PS), whose properties are
electro-optically tuned by applying a voltage across
the fiber. Lead-silicate glasses have attracted signifi-
cant attention as LC-PCF host materials, as their
relatively high refractive index allows for index or
even hybrid guidance with properties unachievable
by typical silica LC-PCFs [15–17]. Moreover, PCFs
with LC cores show very high birefringence, which
can be exploited in the tuning of the fiber’s dispersive
and polarization properties [18–20]. Rigorous studies
of both LC orientation and light propagation have
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shown that by proper design the proposed fiber
allows for switchable, ultracompact, single- or dual-
band (1300∕1550 nm) polarization splitting with
high extinction ratio and bandwidth able to accom-
modate multiple wavelength division multiplexing
channels.

2. Tunable Polarization Splitting in Liquid-Crystal-
Infiltrated Dual-Core Photonic Crystal Fibers

The structural layout of the proposed dual-core
LC-PCF-PS is shown in Fig. 1. One of its two cores
consists of a LC-infiltrated capillary of radius
R � 0.5Λ, where Λ � 2.15 μm is the pitch of the
cladding’s triangular lattice, which is formed by four
rings of air holes of radius r � 0.25Λ. These are
typical PCF parameter choices that allow for low
confinement losses, single-mode operation inside
the glass core, and moderate isolation between the
two cores. As in similar designs of passive polariza-
tion splitters based on solid-core PCFs [2], this con-
figuration can lead to short coupling lengths and
therefore compact components. Selective infiltration
of the larger LC core can be achieved typically, yet
not exclusively, via arc-fusion techniques. Other
demonstrated approaches include the selective expo-
sure of capillaries via the use of UV-curable poly-
mers, lithographic definition, or laser writing [9].
The fiber is surrounded by a dielectric-constant
matching gel and placed between a pair of ITO elec-
trodes that apply an external voltage VLC across the
fiber’s diameterD equal to 50 μm. The LCmaterial is
the common nematic mixture E7, characterized by
ordinary and extraordinary relative permittivities
εo � 5.3 and εe � 18.6 at 1 kHz, and elastic constants

K11, K22, K33, equal to 10.3, 7.4, and 16.48 pN,
respectively [21]. The LC molecular orientation is
locally described via the nematic director, a unit vec-
tor defined via the tilt and twist angles, as shown in
the inset of Fig. 1. The LC’s refractive indices at
1550 nm are no � 1.5024 and ne � 1.697, while their
dispersion in the IR is taken into account according
to the Cauchy model [22] at room temperature
(25°C). The host fiberglass is the high-index lead-
silicate Schott F2 glass, which shows an index of
ng � 1.595 at 1550 nm, while its dispersion is
provided by a three-term Sellmeier formula [23].
Its relative dielectric permittivity is equal to εr �
7.5 at 1 kHz, according to its PbO∕SiO2 chemical
composition [24].

In the at-rest case (VLC � 0), the LCmolecules align
along the fiber axis (z), and both x- and y-polarized
light senses the ordinary index no in the LC core,
which is significantly lower than that of the fiberglass.
This axial alignment is typically observed in both
silica [9] and high-index glass LC-PCF [17], following
LC-infiltration in the isotropic state and cooling down
to room temperature. The alignment strength can be
further enhanced by surfactant treatment of the
capillaries [25] or by employing photoalignment
techniques [26].

In this configuration, no guided mode is supported
by the LC core, and hence light coupling between the
two cores is prohibited. Light is guided only through
the glass core via the modified total-internal-
reflection mechanism, typical of index-guiding PCFs
[1], which rises from the refractive index difference
between the solid core and the effective index of
the air/glass composite cladding. The presence of
the low-index LC core perturbs the symmetry of the
PCF cladding, thus leading to a small amount of mo-
dal birefringence for the glass core, found below 10−5

in the whole wavelength range under study. When a
voltage VLC is applied along the y axis, the LC mole-
cules progressively align with that axis and obtain
high values of tilt. Figure 2 shows the cross section
profile of the y component of the electrostatic field,
the nematic director distribution for an indicative
value of applied voltage (VLC � 60 V), and the tilt
angle distribution for VLC ranging from 30 to 80 V.
Calculations have been rigorously performed by
minimizing the total energy of the system, taking into
account the coupling between the underlying electro-
static and the elastic problems [16]; the local LC ori-
entation affects its dielectric properties, and therefore
the distribution of the electrostatic field,which is turn
is responsible for the switching of the LC molecules.
This can be observed, for instance, by examining the
central part of the LC-infiltrated core in Fig. 2(a); as
themolecules tend to align along the y axis, the y com-
ponent of the electrostatic field senses higher dielec-
tric permittivity values, toward εe, and thus its
intensity drops. Owing to the geometrical symmetry
of the structure, the twist angles were found to be of
the order of a few degrees [16] and had a negligible
effect on the PCF’s optical properties. These, however,
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Fig. 1. Schematic layout of the proposed dual-core, LC-infiltrated
PCF, and definition of the relevant structural parameters. The fi-
berglass material is the lead-silicate Schott F2 glass, while one
core is selectively infiltrated with the nematic material E7. The
cladding capillaries are void. The nematic director n is defined
via the tilt (θ) and twist (φ) angles. The electro-optic control of
LC orientation is achieved by applying a control voltage via a
pair of planar ITO electrodes. The fiber is surrounded by a
dielectric-constant matching gel.
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have been calculated by using the full LC profiles that
correspond to each value of VLC.

At the switched state, i.e., when the LC molecules
are tilted, y-polarized light senses an effective index
between no and ne, while the x-polarized light contin-
ues to sense approximately no. Thus, the application
of VLC significantly affects only the properties of
y-polarized light. Given that materials are selected
such that no < ng < ne, there exists a wavelength-
dependent voltage Vs for which the two cores are
synchronized in terms of modal effective indices,
meaning that power transfer of y-polarized light is
allowed between them with high efficiency. As in

classical fiber directional couplers, the power ex-
change (partial or complete) between the cores has
a characteristic period, called coupling length LC,
that is in this case a function of the applied voltage.
The maximum power exchange between the cores
leading to efficient polarization splitting occurs when
the cores are synchronized, i.e., for VLC � Vs, given
that the fiber length is set to LC�Vs�.

In order to study light propagation in the proposed
LC-PCF-PS, first the calculated LC-orientation pro-
files are fed into a custom fully anisotropic finite-
element eigensolver, which yields the modal indices
and field distributions of the supermodes supported
by the LC-PCF with respect to the applied voltage
VLC and operation wavelength λ [27]. Perfectly
matched layers were employed for the truncation
of the computational domain and the calculation of
confinement losses stemming from light leakage
through the finite PCF cladding. Subsequently,
the fiber’s F2-glass core mode is excited by using
the cross section profile of the equivalent single-core
F2/air PCF, carrying x- and/or y-polarized modes.
This input excitation profile (ei) is projected onto
the set of the LC-PCF-PS eigenmodes (em) and is ex-
panded to this vector basis. This allows for the calcu-
lation of the output field distribution (eo) at any fiber
length according to the superposition of the analyti-
cally propagated eigenmodes,

eo�x; y; z� �
X

m

γmem�x; y� exp�−jk0neff ;mz�: (1)

The amplitude of the mth eigenmode is weighted by
the complex valued vector overlap integral

γm �
RR

A∞
ei × h�m · ẑdS

RR
A∞

em × h�m · ẑdS
: (2)

The power exchange between the two cores of the LC-
PCF-PS for a given single input polarization is moni-
tored by the output-port crosstalk XT, defined as the
ratio of the guided-power [∬ Pz�x; y�dS] between the
left and right transverse half-planes, x≶0. The valid-
ity of this analytical model was confirmed by numeri-
cal simulations performed by means of a fully
anisotropic finite-element beam-propagation method
[28,29]. The PCF’s cross section was discretized
with 5500 triangular elements employing hybrid
linear-tangential, quadratic-normal vector shape
functions for the transverse components and
quadratic-nodal functions for the longitudinal. The
Crank–Nicolson parameter and step-size were set
to 0.51 and 1 μm, respectively [16].

Interestingly, Fig. 3 provides insight into the
design parameters of the proposed LC-PCF-PS
as a function of the applied voltage for the two
target telecom wavelengths of λ1 � 1300 nm and
λ2 � 1550 nm. The coupling length from the interfer-
ence between the two y-polarized supermodes of
the coupler, shown in Fig. 3(a), is given by
LC � 0.5λ∕Δneff . Maximal power exchange in a

Fig. 2. (a) Electrostatic field (y component) for an applied voltage
of 60 Vand nematic director distribution in the LC-infiltrated core.
(b) Tilt-angle distribution in the LC-infiltrated core for values
of applied voltage from 30 to 80 V. The LC-switching voltage
threshold for the Fréederickz transition was found to be ∼27 V.
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coupler is allowed when the single-core modes have
equal effective refractive indices or, equivalently,
when the difference Δneff of the coupler’s supermode
effective indices is minimal, which also implies maxi-
mization of the coupling length LC. The synchroniza-
tion voltages for the two wavelength bands predicted
from Fig. 3(a) are equal to Vs1 � 58.49 V and
Vs2 � 59.59 V, leading to the corresponding coupling
lengths of LC1 � 929.7 μm and LC2 � 594.7 μm,
respectively. Assuming y-polarization in the input,
Fig. 3(b) depicts the highest-possible output-port
crosstalk XT for each LC voltage, i.e., the XT at a fi-
ber length equal to LC�VLC�. As predicted, optimum
crosstalk values of XT1 � −27 dB and XT2 � −25 dB
are attained for the aforementioned synchronization
voltages and lengths. In addition, it can be readily
inferred that for Vs1 < VLC < Vs2 the XT can be opti-
mized for any λ between λ1 and λ2. Finally, it should
be remarked that, apart from the glass core, the LC
core also remains single mode for the voltage values
considered in this work. The LC parameters used in
this analysis correspond to the reference tempera-
ture T0 � 25°C. In order to estimate the impact of
thermal variations, the study was repeated at T0 �
1°C by properly adjusting both LC indices [22] and
the LC permittivities, assuming the gradients
dεe∕dT � −0.07∕°C and dεo∕dT � 0.03∕°C, typical
in this temperature range [30]. Figure 3 demon-
strates that by properly adjusting VLC, such varia-
tions can be fully compensated. Extrapolating

these findings, we anticipate that voltage tuning
can compensate multiple issues related to length,
wavelength, or temperature deviations.

In order to allow for selectable dual-band operation
(1300∕1550 nm), we identify the pair of lowest odd
integers m and n that satisfy the condition
LC1∕LC2 � m∶n and set the fiber length to LDB �
nLC1 � mLC2. At this length, the LC-PCF-PS can op-
erate in any of the two bands with XT < −20 dB by
properly tuning VLC. For the configuration studied,
the lowest ratio available is close to 11∶7, leading
to LDB ≈ 6530 μm. Figure 4 shows y-polarized power
coupling along a total propagation of 7mm in the pro-
posed LC-PCF-PS for the excitation conditions of
Fig. 3. The first single-band XT minima appear at
the coupling lengths of LC1 and LC2, while dual-band
polarization splitting is achieved at LDB.

Light polarized along the x axis can only be guided
in the F2-glass core; i.e., no x-polarized mode con-
fined inside the LC core is supported for the dimen-
sions and materials chosen. Consequently, light of
this polarization launched in the F2-core is unable
to couple to the LC core regardless of the propagation
length, showing a crosstalk higher than 20 dB.
Therefore, efficient polarization splitting is achieved,
as demonstrated in the indicative case studied in
Fig. 5. The LC-PCF-PS is concurrently excited by
the x- and y-polarized eigenmodes of the correspond-
ing single-core F2/air PCF at 1550 nm in equal pro-
portion. The transversal components of the electric
field are depicted at the input (z � 0) and output
(z � LC2) of the dual-core fiber, for an applied voltage
Vs2. The two polarizations are separated at the fi-
ber’s exit, since only the y-polarized mode can couple
into the LC core.
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The spectral response of the proposed LC-PCF-PS
is presented in Fig. 6. The fiber is excited with the
y-polarized mode, and crosstalk is calculated in a
100 nm window centered at the target wavelengths
for the fixed sets of applied voltage and length dis-
cussed in Fig. 4. Material dispersion of both the fiber
glass and the LC indices is taken into account. The
wavelength windows for which a crosstalk lower
than the target value of −20 dB is obtained are found
to be equal to 7 and 10.6 nm for the dual- and single-
band case at 1300 nm, but 5.8 and 40.6 nm, respec-
tively, at 1550 nm. Depending on the application, one
may opt for voltage-controlled dual-band operation
with a bandwidth of approximately 6 nm and a fiber
length of 6.53 mm, or single-band operation with ul-
tracompact submillimeter lengths and broadband
performance, which spans up to 40 nm in the case
of the 1550 nm band.

Apart from fiber length and crosstalk, other key is-
sues on the performance of such tunable fiber
components are insertion losses, switching speed,
and power consumption. Losses in LC-PCFs arise
from splicing, confinement losses owing to the finite
PC cladding, and propagation/scattering losses in-
duced by the presence of the NLC. For the four-ring
cladding proposed here, confinement losses were
found to be less than 1 dB∕km in all cases examined,
negligible given the millimeter lengths of the fiber.
Propagation losses in LC microcapillaries are a
few decibels per centimeter [31] and can be further
improved by photoalignment techniques [26]. Inser-
tion losses in LC-PCFs can be minimized by employ-
ing polymer fixing structures that facilitate both
splicing and electrode definition [32]. The switching
speed of NLC-based PCFs is in the millisecond
range [33], sufficient for light switching and

reconfiguration in telecom applications. Finally,
power consumption in LC-based photonic devices
is minimal owing to capacitive operation, with typi-
cal values in the deep submilliwatt regime.

3. Conclusions

An in-line fiber polarization switch based on a dual-
core high-index lead-silicate PCF selectively infil-
trated with the nematic material E7 is designed
and theoretically investigated. Proper selection of
the structural and material parameters allows for
tunable polarization splitting, via the electro-optic
control of the LC orientation. Single-band operation
with submillimeter fiber lengths and crosstalk val-
ues lower than −20 dB are predicted in wavelength
windows spanning tens of nanometers, while
voltage-selectable dual-band operation is also dem-
onstrated at a device length of 6.53 mm and
XT < −20 dB. Temperature variations can be com-
pensated by adjusting the control voltage accord-
ingly. Such tunable fibers are envisaged as
compact in-line polarization routing elements in fi-
ber telecom or sensing networks.
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