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Dual-core Optical Fiber as Beam Splitter with
Arbitrary, Tunable Polarization-dependent
Transfer Function

Nina Podoliak and Peter Horak

Abstract— We present the design of a microstructured dual-
core optical fiber with integrated electrodes and filled with liquid
crystals. The dual-core structure acts as a directional coupler
whose properties depend on the liquid crystal alignment. We
show that with four electrodes and two separate driving voltages
below 30 V on the electrodes, the beam-splitting properties of the
fiber can be controlled independently and continuously for the
two polarization components, thus allowing for the realization of
any arbitrary 2x2 transfer function, such as tunable polarizers,
polarization-dependent attenuators, or polarization-independent
beam splitting.

Index Terms—Directional couplers, Liquid crystals, Optical
fiber devices

. INTRODUCTION

POLARIZATION beam splitters, filters and attenuators are
essential optical components for various applications such
as polarization-division multiplexing in optical
telecommunication networks [1], or polarization encoding in
quantum information systems [2], [3]. Splitting between the
TE- and TM-polarized modes of optical waveguides has been
demonstrated by utilizing different photonic elements,
including Mach-Zehnder interferometers [4], multi-mode
interference devices [5], [6], directional couplers [3], [7] or
waveguide grating structures [8]. Among them, the directional
coupler is one of the most widely used structures to achieve a
high polarization extinction ratio. It consists of two distinct
waveguides placed close together and coupled through
overlapping evanescent fields of propagating modes. The
coupling strength can be precisely engineered by controlling
the waveguide geometry and the length of the interaction
region. To some limited degree, post-fabrication tuning can
also be achieved by changing either the propagation constants
of optical modes or the separation between waveguides.
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Polarization beam splitters based on directional couplers
can in principle be realized using different waveguide
geometries and fabrication platforms. However, most of them
so far were fabricated using planar waveguide structures on
integrated photonic chips [3], [7], [9]. On the other hand, the
realization of directional couplers with polarizing, and ideally
continuously tunable, functionality in a fiber platform [10]-
[13] would allow for a new generation of all-fiber photonic

devices in particular for telecommunication, quantum
information, and sensing applications.
The possibility of selective filling of air holes in

microstructured fibers with different materials such as gases or
liquids enables on-demand modification of fiber properties.
The most well-known and widely-used optical materials for
controlling and switching of light are liquid crystals (LCs).
LCs are highly birefringent materials, the properties of which
can be controlled by electric or magnetic fields, temperature or
light. Polarization control [14] and selective polarization
switching [15]-[19] were demonstrated using standard
photonic crystal fibers with holes containing LCs. An electro-
optic polarization switch was also demonstrated in dual-core
photonic crystal fiber structures, one [11] or both [12] of the
cores of which were filled with LCs. By reorientation of LC
alignment in the fiber core, matching of propagation constants
between the two cores was achieved yielding high contrast
polarization splitting. The drawback of these dual-core fibers
is that light is guided in the LC filled core causing high optical
losses due to scattering by LC molecular fluctuations.
Moreover, reorientation of LC in the small fiber holes was
achieved by applying voltages to macroscopic electrodes
mounted outside the fiber far away from the core structure.
Thus, the driving voltage for these fibers was large, about 100-
200 V.

Here we propose a novel design of a widely tunable
microstructured dual-core optical fiber with LC cladding and
integrated electrodes. The proposed fiber design has the
following advantages. Firstly, the fiber has a dual-core glass
structure, which acts as a polarization sensitive directional
coupler. Such fibers have been fabricated previously and
optical switching was investigated by either Joule heating
[20], or mechanical movement of the cores by gas pressure
[10], and electrostatic forces [21]. Secondly, we choose high
refractive index lead-silicate glasses as a fiber material with a
refractive index larger than the index of typical LCs, allowing
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for index-guided optical modes confined in a low-loss glass
core rather than inside the LCs, which leads to significantly
lower propagation losses [17], [22]. In contrast to photonic
crystal fibers, the LC filled holes in the proposed fiber design
are much larger in size, which greatly facilitates LC
reorientation. Moreover, embedding conducting electrodes
inside the fiber cladding as demonstrated in [20] significantly
reduces the driving voltages required for LC alignment,
allowing for low energy consumption. In particular, we
propose a design with four electrodes embedded in the
cladding which gives freedom to control the orientation of the
electric field and hence LC alignment in any direction inside
the fiber. Having electrodes integrated in the cladding also
makes the fiber devices compact and truly integrated.

Il. FIBER STRUCTURE AND MODELING

The fiber design is shown in Fig. 1 (a). The fiber consists of
two elongated glass cores, which we model by elliptical
shapes of 1.5 x 3 um size, that are independently supported by
two 0.5 pum thick and 15 um long glass membranes. These
dimensions are similar to those of a previously fabricated fiber
[20], which was shown to be stiff enough to eliminate any
core displacement or vibrations [23]. The cores are separated
by a small gap, uniform along the fiber length. The central
hole around the cores is 30 um in diameter and filled with
LCs. There are four metal electrodes embedded in the glass
cladding (as shown in Fig. 1 (a)). The electrode diameter is 50
um and their edges are 25 pm away from the center of the
fiber. Driving AC voltages, with RMS values of Vi and Vo,
are applied between pairs of opposite electrodes with the
polarity shown in Fig. 1 (a).

Design and simulation of the fiber was performed using
advanced optical modal simulations, based on a full-vector
finite element method implemented in Comsol Multiphysics®,
in combination with a custom-made LC model [24] based on
the Frank-Oseen continuous elastic theory approach [25]. LC
alignment is described by a director | defined by the tilt and
twist angles, 9 and ¢, as shown in Fig. 1(a). As the first step,
we simulate both the spatial distribution of the control electric
field created between electrodes and the induced LC director
alignment, which are coupled through a LC-dielectric tensor.
The LC optical dielectric  tensor, defined as
& =N, +(n. —n,")kl; where n, and ne are the ordinary and
extraordinary LC refractive indices, is then used in the optical
modal simulation. The eigenmode propagation constants are
used to calculate the switching of light between the fiber cores
at the output.

We choose a high-index lead silicate glass as fiber material,
Schott SF57, with a refractive index of 1.8 at 1550 nm
wavelength. This refractive index is higher than refractive
indices of typical nematic LCs, which allows for index
guiding inside the glass cores surrounded by the LC cladding.
Specifically, we assume the well-studied nematic LC E7 with
ordinary and extraordinary refractive indices of 1.5 and 1.7 at
1550 nm wavelength, respectively. It has a positive dielectric
anisotropy and thus tends to align along the electric field lines

in an external electric field. The values of splay, twist and
bend LC elastic constants of 11.2 pN, 6.8 pN and 17.8 pN, and
the low frequency dielectric constants of 14.2 and 5.1 are used
in the LC simulation. We emphasize that while we choose
specific fiber dimensions and materials for the following
simulations, our findings are indeed general and analogous
results can be achieved with a wide range of fiber parameters.

I1l. OPTICAL PROPERTIES OF DUAL-CORE FIBER WITH LC
CLADDING

As the optical cores in the fiber are placed close to each
other, the individual core modes couple through their
overlapping evanescent fields, which stretch into the LC
medium, forming symmetric and antisymmetric superposition
modes (supermodes) shown in Fig. 1 (b). We found that at the
simulated fibre parameters the constructive and destructive
interference of the supermodes yields the optical power being
fully localized in one of the optical cores. Launching light into
a single core of the fiber thus excites a combination of
symmetric and antisymmetric supermodes and causes the
optical power to oscillate between the two cores upon
propagation with the period (beat length) defined as

Electrode 2
SV

Electrode 3

Fig. 1. (a) Geometry of the dual-core fiber with electrodes integrated in the
cladding. The inset is a magnification of the central part of the fiber. The
light blue color marks the central fiber holes filled with LCs. LC director
alignment | is described by the tilt and twist angles, 6 and ¢. (b) Normalized
optical mode profile of TE and TM-like symmetric and antisymmetric
supermodes in the voltage-off state. Black arrows show the polarization
direction.
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Fig. 2. Colormaps showing the profiles of the refractive index tensor (ny and ny,, components) around the central structure of the fiber at different voltages
applied between different sets of electrodes. The set of driving electrodes is given on the top of each column and the RMS voltage value is given in the left
column. Red arrows show LC alignment and hence the direction of optical axis and black lines mark the electric field direction.

L, = A/(n, —n,), where A is the light wavelength, and ns and

n, are the effective mode indices of the symmetric and
antisymmetric supermodes, respectively. Due to the elliptical
shape, the guiding cores are birefringent with two distinct
fundamental guiding modes: TE- and TM-like modes with
predominant x- and y-polarization, respectively (see Fig. 1
(b)). The propagation constants, and hence the beat lengths of
different polarization supermodes are highly dependent on the
size of the gap between the cores as well as on the refractive
index of the medium around the cores. Varying the mode
propagation constants and hence the beat length causes
continuous switching of light between the two cores at the
fiber output. It should be noted that the full switching can only
be achieved if the two cores are identical and equal amplitudes
of symmetric and antisymmetric supermodes are coupled into
the fibre. In our previous studies, we demonstrated optical
switching in the dual-core fiber by variation of the gap
between the cores by applying air pressure [10] or generating
electrostatic forces between the cores [21]. Here, we
investigate changing the fiber properties by modifying the
cladding refractive index through alignment of LCs. As we
will show below, this allows for much more versatile
functionalities and more stable operation. We should point out
that, in contrast to our previous study [21], no electrostatically
induced core displacement is expected in the fiber discussed
here. While the fiber design is similar, the polarity of driving
voltages is different. The voltage polarity shown in Fig. 1 (a)
creates a uniform electric field in the center around the cores
with negligible gradient, causing no electrostatic forces
between the cores [21].

The initial alignment of LC molecules inside the fiber holes
for zero applied voltage is along the fiber axis (z-axis). The
axial LC alignment is typical for small capillaries. It was
observed in holes of photonic crystal fibers by filling them

with LC in the isotropic state and slowly cooling down [11],
[17]. This spontaneously induced alignment can be further
improved by coating the inner glass surfaces with surfactants
[15, 16]. This corresponds to the boundary conditions for the
tilt and twist LC angles of § = ¢ = 0 on the glass surfaces. In
the initial state, both ny and ny components of the LC
refractive index tensor are equal to the ordinary index of LC.
Driving voltage applied to the electrodes creates an electric
field in the (x, y)-plane which tends to realign LC molecules.
The four-electrode configuration of Fig. 1 (a) gives the
flexibility to control LC alignment in any direction in the
transverse (x, y)-plane.

Figure 2 shows the variation of the ny and nyy components
of the LC refractive index tensor around the fiber cores at
driving voltages applied between different pairs of electrodes
(electrode marking and voltage polarity are shown in Fig. 1
(a)). When the voltage is applied between electrodes 1 and 4,
the generated electric field is predominantly directed along the
y-axis, reorienting LCs inside the fiber along the same
direction. This causes changes of the ny, component of the
refractive index tensor while the ny component remains
unchanged. Likewise, the application of voltages between
electrodes 2 and 3 reorients LCs along the x-axis, causing
mainly the nyx component of the refractive index to change.
Applying voltages to all electrodes reorients LC at an angle
changing both ny and ny. Moreover, by changing the ratio
between voltage amplitudes V1 and Vo, it is possible to rotate
the electric field and hence achieve LC alignment at any angle
in the (x, y)-plane.
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Fig. 3. (a), (b) Variation of the effective indices of the four fundamental fiber supermodes. (c), (d) Normalized intensities of different polarized components at
the output port depending on the voltages applied between electrodes 1 and 4 (V1) or 2 and 3 (V,), respectively. Fiber parameters are given in the main text.

IV. DEVICE PERFORMANCE

A. Selective Polarization Switching with One Control Voltage

The selective variation of the ny or ny, components of the
refractive index around the fiber cores predominantly modifies
the propagation constants of only particularly polarized
supermodes, as shown in Fig. 3 (a) and (b). Application of
voltages between electrodes 1 and 4 (V1) changes the effective
indices of the y-polarized TM supermodes, while the indices
of the x-polarized TE supermodes remain unchanged. In a
similar way, application of voltages between electrodes 2 and
3 (V2) changes mainly the effective indices of the TE
supermodes. However, slight variations of the TM-mode
indices are also observed in this case. Even while the TM-
supermode is predominantly y-polarized, it also contains a
small fraction of x-polarization around the boundary due to the
elliptical shape of the cores (see Fig. 1 (b)), making it slightly
sensitive to variations of the ny component of the LC
refractive index.

If a combination of symmetric and antisymmetric
supermodes is exited in the fiber, meaning that the light is
coupled into one of the cores of such a fiber (input port),
selective switching of LCs modifies the beat length of the
particular polarization component of the propagating beam,
leading to polarization dependent switching of the output light
from this core (output port) to the other core (drop port). As
shown in our previous study, the beat length between two
cores of a dual-core fiber is highly sensitive to the size of the
gap between the cores [21]. For an effective performance as a
tunable polarization splitter, we optimize the gap between the

cores to obtain an initial “dark™ state in the voltage-off case
with undisturbed LC cladding, i. e., light of both polarization
couples from the input port to the drop port. This optimal gap
size is 0.97 um for the fiber parameters under consideration, at
which the beat lengths between the TE- and TM-supermodes
in the voltage-off state are 1.76 mm and 2.93 mm,
respectively. Thus, for a 4.4 mm long piece of fiber, the TE-
and TM-supermodes undergo 2.5 and 1.5 beat cycles along the
fiber length, respectively, resulting in a high contrast initial
dark state.

Using the mode effective indices, we calculate the fraction
of light with TE- or TM-polarization coupled from input port
to output port (normalized output intensity). Figure 3 (c) and
(d) show the variation of the normalized intensity of the TE-
(Ix) and TM-polarized (ly) components at the output port
depending on the voltages applied between different sets of
electrodes. As we only consider the coupling of light between
two cores, the corresponding normalized intensity at the drop
port is (1-lwy). When voltage is applied between electrodes 1
and 4, there is no TE-polarized component at the output port
(it fully couples to the drop port), while the intensity of the
TM-component varies with increasing driving voltages. At a
voltage of 17.7 V, the fiber acts as a polarization beam splitter:
the TM-polarized component of the input beam appears at the
output port while the TE-polarized component is fully coupled
to the drop port with an extinction ratio between the two
polarizations of 47 dB, defined as the ratio between the output
intensities of the two orthogonal polarization components.
Moreover, by varying the driving voltage from 0 to 17.7 V,
gradual tuning of the TM-polarized beam intensity at the
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Fig. 4. (a), (b) Normalized intensities of TE- (l,) and TM-polarized (l;) components of the output beam depending on the applied voltages V1 and V-. (c)
Polarization extinction ratio I,/l, in decibel scale. Bright yellow and deep blue regions mark areas of TE- and TM-polarized output with extinction ratio >30 dB.
Dashed blue, red, and white lines mark sets of driving voltages where I, = 1, I, = 1, or Iy = I, respectively. Thick blue and red lines are examples of driving
voltages where the fiber operates as an attenuator for TE- and TM-polarized light, respectively. Along the thick white line the fiber operates as a polarization
insensitive attenuator (see text for details). In (a)-(c) we assume unpolarized light coupled to the input core of a 4.4 mm long piece of the fiber with optimized
gap between the cores of 0.97 pm. (d) Polarization extinction ratio I/, equivalent to (c) calculated for a 4.4 mm long piece of the fiber with a non-optimized

gap of | um.

output is achieved. The opposite polarization switching is
observed at around 29.7 V applied between electrodes 2 and 3.
However, the extinction ratio in this case is lower, 25 dB, and
a small component of TM mode is present in the output port at
a lower voltage because of the small sensitivity of the TM
mode to a change of the ny component of the cladding
refractive index, as discussed above.

B. Polarization Beam Splitter with Tunable Transfer

Function

The selective polarization switch shown in Fig. 3 requires
precise control of the fiber parameters, such as fiber length
and coupling strength between the cores (gap between cores),
as it relies on the initial dark state for both polarization
components in the voltage-off case. More diverse and precise
fiber performance can be achieved when driving voltages V1
and V. are applied between both pairs of electrodes
simultaneously. Fig. 4 (@ and (b) show the normalized
intensities of TE- (lx) and TM-polarized (ly) components at the
output port depending on driving voltages Vi and V.. As
expected, intensity Iy mainly varies with voltage V», although
some dependence on voltage V1 is also observed. There is a
similar dependence of Iy on V1. The combination of driving
voltages V; and V; allows for versatile fiber functionality as a
tunable polarizer, an attenuator, or a polarization-independent
tunable beam splitter as discussed in the following.

Using intensities Ix and 1y, we calculate the polarization
extinction ratio of light at the output port (ratio I,/ly shown in
Fig. 4 (c)). Fig 4(c) is used to find a range of driving voltages
at which a particular polarization of output light is achieved.

Bright yellow and deep blue regions mark areas where the
output beam is fully TE- or TM-polarized with extinction
ratios >30 dB. Dashed blue and red lines mark sets of driving
voltages where the maximum of intensities Iy and 1, are
observed, respectively, meaning that the whole TE- or TM-
polarized component of the input beam is coupled to the
output port. The fiber thus operates as a polarization beam
splitter for a set of driving voltages obtained from the
intersection of the dashed blue lines with the bright yellow
regions. In these cases, the TE- and TM-components of the
input beam are fully split between the output and drop ports.
The opposite polarization splitting can be achieved for a set of
driving voltages lying on the intersection of the dashed red
lines with the deep blue regions.

Apart from polarization beam splitting, the fiber can
demonstrate functionalities that are more diverse. One
example is an all-fiber polarizer with variable attenuation. By
varying the driving voltages from inside the regions where the
output beam is fully polarized, as for example along the thick
blue and red lines shown in Fig. 4 (a)-(c), the intensity of the
output beam with the particular polarization can be gradually
tuned form 1 to 0. A polarization insensitive beam splitter can
also be constructed based on this fiber design. Dashed white
lines in Fig. 4(c) mark a set of driving voltages at which the
intensities Ix and ly are equal, meaning that both the output
port and the drop port maintain the input polarization. By
varying the driving voltages V1 and V- along these paths, e.g.
along the thick white line in Fig. 4 (a)-(c), an all-fiber beam
splitter with arbitrary splitting ratio, but identical for the TE-
and TM-polarizations, can be achieved.
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C. Discussion of Device Fabrication and Calibration

Figure 4(d) shows the polarization extinction ratio
calculated for a 4.4 mm long piece of the fiber with a non-
optimized gap between the optical cores of 1 pm. At this gap
size there is no initial dark state at the output port in the
voltage off case. In this case, it is not possible to achieve a
high aspect ratio polarization splitting by applying voltages
between only one pair of electrodes, as indicated by the
absence of the deep blue region at V; = 0. However, using a
combination of both Vi and V,, a suitable set of driving
voltages can be selected for the same functionality as in the
case of the fiber with optimized gap size (compare Fig. 4(c)
and (d)). Similar corrections to the driving voltages can be
obtained if the operational length of the fiber differs from the
designed one. Thus, although the fiber performance is highly
sensitive to the structural dimensions, fabricated inaccuracies
in fiber dimensions can be corrected by calibrating the driving
voltages.

The presented fiber is designed for operation at 1550 nm
wavelength. To estimate the operational bandwidth of the
device, we calculated the variation of effective mode indices
with wavelength in the voltage-off case or at a fixed voltage.
The material dispersion for the glass and liquid crystal was
taken into account. We found that the operational bandwidth is
limited to ~10 nm mainly by the modal dispersion. However,
the same piece of fiber can be easily calibrated for operation at
another working wavelength by choosing a different set of
driving voltages as described above.

In our previous works, we reported on the fabrication of
dual suspended core fiber using an extrusion method to
produce a glass preform, followed by a co-draw technique
from the preform where some glass capillaries are filled with
tin to form the electrodes [10], [20]. An optical loss of the
order of 2-3 dB/m was measured in such a fiber [10]. To
construct a tunable beam-splitting device as discussed here, a
piece of the fiber can be filled by LCs using capillary forces.
The active length of the fiber can be controlled during the LC
filling process assisted by a controlled pressure gradient. If
encapsulation is required, UV curable polymers can be used to
seal the LC filled section of the fiber. Additional scattering
losses by the LC material around the fiber cores are expected
to be not more than a few dB/m [22]. Moreover, only a few
mm active length of the fiber containing LCs is required for a
device, which should bring the losses connected with the LC
cladding to a minimum.

For a practical device realization, a piece of the dual-core
fiber should be spliced to a standard single-mode fiber. It is
worth reminding that the proposed device operation strongly
relays on excitation of symmetric and antisymmetric
supermodes with equal amplitudes at the fiber input, which
might be an engineering challenge. Due to the mode size
mismatch, a dual-core taper that converts the mode size of
each core to dimensions matching standard fiber will be
required at the output. At the input, however, coupling can be
achieved by an intermediate section of fiber containing only a
single suspended core, which can be butt-coupled to a single
mode fiber [10]. There is a possibility of optical coupling

between the cores outside the LC filled region of the fiber or
in the taper. However, this unwanted coupling will have a
constant strength, and hence can be corrected by post-
calibrating the set or driving voltages after assembling as
described above. Finally, the integrated electrodes can be
accessed by selective etching holes in the glass cladding.
Another important characteristic is the switching speed of

the fiber. LC reorientation time in a layer of thickness d can be
2

T
- where 7, = ﬂi—
7°K

(V /Vy)* -1’
rotation viscosity, K is the elastic constant and Vi, is the LC
reorientation threshold (Frederiks threshold) [25]. For a 30 um
thick LC E7 layer, o = 2 s. The operation voltage of the
proposed fiber device is around 20 Volts, while the LC
Frederiks threshold in this fiber is ~2 Volts, making the LC
reorientation time in the cladding of the order 20 ms.

estimated as: 7 , 7 is the

V. CONCLUSION

In summary, we proposed a widely tunable microstructured
dual-core optical fiber with LC cladding and integrated
electrodes. The dual-core structure operates as a directional
coupler, the propagation properties of which can be tuned by
realigning the LCs in the fiber cladding with voltages applied
to the electrodes. The fiber can be fabricated from a high
refractive index lead-silicate glass which leads to light
confinement predominantly in the glass cores for typical LCs,
thereby ensuring low propagation losses. Embedding
electrodes in the glass cladding allows fiber operation at low
driving voltages below 30 V. The four-electrode design with
two independent driving voltages enables versatile control of
the LC alignment inside the fiber and hence a wide tunability
of the output beam intensity and polarization state. In
principle, the fiber acts as a 2x2 beam splitter whose
properties can be simultaneously and independently chosen for
the two polarization components. In particular, we
demonstrated that by selecting the correct set of driving
voltages the same piece of fiber can operate as an all-fiber
switchable polarization beam splitter, a polarizer with variable
attenuation, or a polarization insensitive tunable beam splitter.
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