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Abstract Liquid crystal photonic bandgap (LCPBG)
fibers provide a versatile and robust platform for designing
optical fiber devices, which are highly tunable and exhibit
novel optical properties for manipulation of guided light.
We review the research progress on design, fabrication and
development of integrated LCPBG fiber devices.
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1 Introduction

Photonic crystal fibers (PCFs) have been the main focus of
fundamental fiber research over the last decade due to their
unique optical properties and a much higher degree of
design freedom compared to conventional optical fibers
[1-3]. More applications using PCFs have been found in
fiber-optic communications, fiber sensors, fiber lasers, and
other areas. PCFs are characterized by an arrangement of
micron-sized air-holes running along the length of the
fiber. The microstructure allows the realization of so-called
index-guiding PCFs, which guide light in a high-index
core using a principle similar to total internal reflection
(TIR), and photonic bandgap (PBG) guiding PCFs, which
can guide light in a low-index core. An initial index-
guiding PCF can be converted to a PBG-guiding PCF by
infiltrating the air holes with high-index liquid materials
[4,5]. A very interesting class of liquid materials for this
purpose is liquid crystals (LCs), due to their high thermo-
optic effects, complex alignment patterns and large
dielectric anisotropy. In this paper, we review the research
progress of integrated liquid crystal photonic bandgap
(LCPBG) fiber devices.
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2 Liquid crystal photonic bandgap fibers

Tunable all-in-fiber devices are promising candidates for
creating compact devices, which are widely applied in
fiber-based systems [6]. LCs are materials offering highly
interesting possibilities for designing tunable optical
devices, and the presence of the air-holes in PCFs makes
them good hosts for LCs.

2.1 Liquid crystal infiltration

Infiltrating LCs in PCFs can be achieved by using capillary
forces, vacuum or pressure [5,7,8]. For short infiltration
length, using capillary forces is a simple and effective
method leading to a homogeneous alignment without
orientational defects which is important to achieve low
scattering losses. A drop of LC is positioned on a clean
glass plate and the tip of the PCF is dipped into the LC
drop. A visible laser diode is coupled into the other end of
the fiber, and the laser light is scattered in the filled section
to indicate the length of the filling. Typical infiltration
length for LCPBG devices is 1—2 cm. Infiltrating LCs
using pressure or vacuum requires to place one fiber end
into a pressure or vacuum chamber. The LCs are then
pushed or pulled into the PCF which accelerates the
infiltration process compared to capillary force driven
infiltration. This is useful for longer infiltration lengths,
since the infiltration process considerably slows down for
increasing infiltration time when using capillary forces
based infiltration. The main disadvantage of these methods
is that orientational defects can be introduced, resulting in
stronger scattering and therefore additional losses in the
transmission spectrum of the LCPBG fibers [7].

The infiltration temperature is also an important factor
influencing the final alignment of the LC and the losses of
the LCPBG fibers. For nematic planar aligned LCs, such as
E7 (Merck, Germany), it is found that the best alignment
can be achieved by processing the infiltration in their
isotropic phase. Before infiltration the LCs are heated up
until the isotropic phase is reached, and kept at this
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temperature until the end of the infiltration process. The
quality of the alignment could further be improved by
slowly cooling the LCs down after the infiltration and then
heating them once more to isotropic phase and cooling
them down afterwards. This technique results in optimized
scattering losses of the LCPBG fiber [9,10]. For nematic
splayed aligned LCs, such as MDA-00-3969 or MLC-
6608 (Merck, Germany), on the contrary, it has been
observed that the alignment is deteriorated when they are
infiltrated in their isotropic phase and therefore their
infiltration process is preferred to be carried out at room
temperature [11,12].

2.2 Alignment of liquid crystals

The type of alignment of LCs in cylindrical capillaries,
planar or splayed, is determined by their boundary
alignment. The boundary alignment is influenced by
many factors, for example, smoothness of the surface,
surface tension, elastic constants, dielectric anisotropy,
dipole and rigidity of the LC molecules [13]. Therefore, it
is important to know how the LC molecules are aligned
inside the circular capillaries of the fiber cladding.
Polarization microscopy is not suitable to investigate the
LC alignment of LCPBG fibers due to the scattering effects
from many capillaries that define the cladding structure.
Instead, single LC infiltrated glass capillary is used that is
made of the same material and produced by using the same
technique as the PCFs. It has been demonstrated that glass
capillaries of dimension 2—6 pm infiltrated with LCs
present a good alignment [14]. Such an investigation of the
alignment is done by filling a single capillary with the LC,
placing the capillary on a rotatable plate between two
crossed polarizers and looking at it through a microscope.
White light is launched through the setup, and due to the
crossed polarizers no light can be transmitted. Only if a
birefringent medium is placed between two polarizers,
light can be transmitted. If the LC molecules are aligned
parallel to either of the polarizers, no light will be
transmitted. If the LC molecules are aligned at an angle,
the polarized light will see both the ordinary and
extraordinary indices which will turn the polarization of
the light, allowing it to pass through the second polarizer.
By observing the light pattern after the second polarizer, it
is able to determine the alignment of the LC molecules.
Normally, two pictures at two different angles (0° and 45°)
of the sample with respect to the polarizer are sufficient to
determine the alignment.

Figure 1 shows the images of LC alignment at two
different angles (0° and 45°) in different configurations. E7
shows a planar alignment in Figs. 1(a) and 1(b), where all
molecules are parallel to the capillary axis. The infiltration
of E7 is done in its isotropic phase. MDA-00-3969 is
splay-aligned with a 45° boundary alignment at the
boundary of the capillary and parallel alignment in the
center, as shown in Figs. 1(c) and 1(d). MLC-6608 is also
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splay-aligned, but with a 90° boundary alignment and
parallel alignment in the center, as shown in Figs. 1(e) and
1(f). By coating the inner surface of the capillaries with a
surfactant, the alignment of LCs can be modified due to the
change of the surface anchoring conditions. A perpendi-
cular boundary alignment can be achieved by coating the
surface with lecithin [15], which is a polar molecule widely
used as an emulsifier in the food industry. The main
advantage of modifying planar aligned LCs to splay-
aligned is to design continuously tunable LC devices with
much lower Fredericks threshold, compared to planar
aligned LCs.

-/

Fig. 1 Polarization optical microscopy images of different LCs
in a single capillary. (a) and (b) E7; (c) and (d) MDA-00-3969; (e)
and (f) MLC-6608 [10-12]

2.3 Transmission spectrum and losses

As an example, a solid-core LMA PCF (LMA-13, NKT
Photonics A/S, Denmark) with four rings of air-holes is
used, with the hole diameter, pitch and outer fiber diameter
of 4.3, 8.5 and 125 um, respectively. The LC is MDA-00-
3969 (Merck, Germany), with a wavelength dependent
ordinary and extraordinary refractive index of n, = 1.50
and n, = 1.72 at 589 nm. The filling length is 10 mm and
the spectrum is measured at room temperature. The
transmission spectrum is shown in Fig. 2.

The PBG guiding mechanism can be explained either by
the anti-resonant reflecting optical waveguides (ARROW)
model [16] or by the coupled mode theory [17]. These
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Fig. 2 Transmission spectrum of LMA-13 fiber filled with
MDA-00-3969

methods have also been applied to estimate the spectral
position of the bandgaps [18-20]. Guiding light in a low-
index core can be described in terms of anti-resonant
scattering of the light at surrounding dielectric optical
cavities. At resonance those cavities are transparent and
light will escape from the core, while for wavelengths
between resonances light is reflected back and in this way
confined to the core. ARROW model was first considered
with planar geometries [21], where the high-index cladding
constituted a Fabry-Perot like resonator. Similar arguments
were later on used for a cladding structure consisting of
dielectric cylinders [16,22—24]. With the high refractive
index inclusions, the filled holes form isolated cladding
waveguides. The allowed states of the cladding waveguide
form bands of super modes, which split up in effective
index and bandgaps are formed between the bands. First
band contains coupled states of LPy; modes, second band
contains coupled states of LP; modes, etc. When the high
refractive index inclusions are anisotropic, in this case
LCs, the individual bands of super modes further split up
due to the different electric field distributions of transverse
electric (TE), transverse magnetic (TM) and hybrid modes.
New and narrow bandgaps can be formed [25]. The notch
appearing in the transmission spectrum is caused by a
cladding mode crossing a bandgap, forming a so-called
“avoided-crossing” with the core mode of the bandgap
[26].

The insertion loss of this LCPBG fiber is around 2 dB at
1550 nm in the middle of the bandgap. Some factors can
contribute this loss, for example, absorption and scattering
from LCs and silica, coupling loss between the TIR mode
of the unfilled fiber and the PBG mode of the filled fiber,
and propagation loss. Absorption and scattering losses of
nematic LC are generally much larger than those of silica,
and the losses from silica can, therefore, be ignored over
such short lengths. Furthermore, the LC scattering losses
are around 15—40 dB/cm and much larger than the LC
absorption losses [27]. Therefore, the absorption losses can
be neglected. It has also been shown that the scattering loss
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of nematic LCs can be decreased substantially by confining
the LC in small capillaries with inner diameters of 2.8 um,
and losses of 1 -3 dB/cm have been reported [7]. Leakage
loss arises since the cladding structure is finite and the
guided mode may penetrate the microstructured cladding
and leak into the outer cladding region. The leakage loss is
strongly dependent on the number of rings surrounding the
core [28]. The coupling loss between the TIR mode of the
unfilled fiber and the PBG mode of the filled fiber has been
found to be the main source, which is originated from a
mismatch in mode profiles [25].

3 Integrated liquid crystal photonic
bandgap fiber devices

The unique property of LCs, compared with other high-
index liquids, is their large electro-optic effect, which
allows for electrically driven LCPBG fiber devices for
switching [10], or as tunable polarization controllers [11].
However, the reported LCPBG fiber devices are demon-
strated in principle on fiber coupling stages and the electric
field is applied by using bulk metal plates, which are not
stable and portable to be inserted in actual systems, and
consequently limit the practical applications of these all-in-
fiber devices. A critical issue for most applications is the
fiber based compact design and packaging, where the
LCPBG fiber is connected with patch cables. The LCPBG
fiber is filled from one end and preferably not repositioned,
and standard arc-fusion splicing cannot be achieved,
because LCs can be burnt at high temperature and LC
residues can contaminate the end facets of the fibers.
Instead, a self-aligned packaging method for LCPBG fiber
devices based on on-chip V-grooves and electrodes has
been realized [29,30].

3.1 Fabrication of integrated LCPBG fiber devices

Since an external applied electrical field reorients the
alignment of LC and breaks the symmetry of the LCPBG
fiber structure, it is desirable to control the electric field in a
more flexible way in order to control the optical axis of the
device. An integrated on-chip design is demonstrated, as
shown in Fig. 3(a). This compact design not only enables
the LCPBG fiber devices more easily applied in fiber based
systems, but also can be used as a standard platform to
develop LCPBG fiber devices for different applications. A
LCPBG fiber is mounted between two V-grooves fabri-
cated in a silicon substrate by standard UV lithography and
KOH wet etching techniques. Two single mode fiber
(SMF) pigtails are fixed in the grooves at each end of the
LCPBG fiber for coupling in and out of the device. Gold
electrodes are deposited on the side walls of the grooves,
forming a set of electrodes, which fix the fiber at four
orthogonal corners relative to the core. The electrodes are
electrically isolated from the silicon substrate by a thermal
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oxide layer, and a titanium layer (10 nm) is used as an
adhesion layer between the gold layer and the oxide. The
assembly is sealed with epoxy, and the top and bottom
sides of the device are electrically grounded. The electric
connection is made by wire-bonding. Figure 3(b) illus-
trates the scanning electron microscope (SEM) image of
the cross-section of the fabricated device.

o Si
N sio,
Au+Ti
N SU-8
. Al
[ epoxy

®)

Fig. 3 (a) Cross-section of the LCPBG fiber device. Dotted lines
show the direction of electric field effectively applied to the
LCPBG fiber; (b) SEM image of the fabricated device [30]

To minimize the misalignment of fiber coupling and
subsequently reduce the total insertion loss of the device,
SU-8 fiber fixing structures are built up on the electrodes.
The height of each structure is 80 um, since the space
between top and bottom chips is D/1.414 = 88.4 um, where
D is the outer diameter of the fiber (D = 125 pum). The
distance between two neighboring structures is 126 pm,
taking the small variation of the fiber outer diameter into
account. These SU-8 structures also act as the spacers
between the top and the bottom chips along the whole
device to avoid tilting the electrodes.

Using the four electrodes it is possible to control the
direction of the electric field in the transversal direction and
thereby the transversal orientation of the LC molecules, in
this way obtaining one more degree of freedom in
controlling the device. The device is driven in bipolar
mode by using two 1 kHz sine wave signals Vs, —Vs. The
device electrodes are connected in different electrode
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configurations (ECs) corresponding to three directions of
the electric field (0°, 45°, and 90°) as the dotted lines
shown in Fig. 3(a).

ECI (0°): electrode 1 = — Vs, electrode 4 = Vs.

EC2 (45°): electrode 1= electrode 2= —-0.707 Vs,
electrode 3 = electrode 4= 0.707 Vs.

EC3 (90°): electrode 2 = — Vs, electrode 3 = Vs.

3.2 Tunable and rotatable polarizers

For planar aligned LCs, small thermal fluctuations of the
LCs cause a little tilt. Depending on the direction of the tilt,
the LCs will orient in either of two directions. Most of the
molecules reorient into the same direction but there are
also areas where the orientation is opposite. They are called
reverse tilt domain defects, which define point scatters
caused by a non-homogeneous reorientation which result
in a strong attenuation of the transmission spectrum.
Taking advantage of this effect, tunable and rotatable
polarizers have been demonstrated as below.

The fiber used in the experiments is LMA-10, (NKT
Photonics A/S, Denmark), with a solid-core surrounded by
7 rings of air-holes arranged in a triangular lattice. The hole
diameter, inter-hole distance and outer fiber diameter are
3.1, 7.2 and 125 pm, respectively. The LC is E7 (Merck,
Germany) with wavelength dependent ordinary and
extraordinary refractive index of n, = 1.52 and n, = 1.75
at 589.3 nm. The LC E7 is infiltrated for 10 mm of the
length of the fiber by using capillary forces.

The performance of this device is tested using a
broadband polarizer and three achromatic wave plates
(quarter, half, quarter, 1200 — 1650 nm) coupled to the light
from a supercontinuum source (SuperK, NKT Photonics
A/S, Denmark) to have a full broadband polarization
control. The device is driven in bipolar mode by using two
1 kHz sine wave signals Vs, —Vs. The 1 kHz sine wave
driving voltage Vs for the device is generated by a signal
generator and the phase-shifted signal — Vs is generated by
an inverter. Vs and — Vs are amplified using high voltage
amplifiers and the DC components of Vs and —Vs are
removed by high-pass filters. The transmission spectrum is
measured by an optical spectrum analyzer, and normalized
to the spectrum without inserting the device. Figures 4(a)—
4(c) plot the normalized transmission spectra of the
polarizer at 0 Vrms together with the polarization
dependent transmission spectra for EC1, EC2 and EC3 at
the effective driving voltage of 50 Vrms. These figures
show that the bandgaps become highly polarized when the
electric field is applied and that the principal axis of the
polarizer can be rotated in steps of 45°. The transmission
axis of the polarizer is aligned orthogonal to the direction
of the electric field, and the increased loss of the optical
mode polarized along the electrical field direction is caused
by a combination of two effects: first, the effective mode
index of the cladding states belonging to the short-
wavelength bandgap edge mode is pushed up and into
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Fig. 4 Normalized transmission spectra of the polarizer at 0
Vrms together with the polarization dependent transmission
spectra for different ECs. (a) EC1, (b) EC2, and (c) EC3 at the
effective driving voltage of 50 Vrms [30]

the bandgap, causing polarization dependent coupling of
the core mode to these cladding states. This occurs mainly
around the short-wavelength part of the bandgap, causing
an increased loss for both polarizations. The short-
wavelength PBG edge is therefore also slightly red-shifted
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due to this. Second, as mentioned before, the reorientation
of the LC molecules along the field direction causes
polarization-dependent scattering appearing from reverse
tilt domain defects. These defects result in a strong
attenuation of the transmission spectrum. The device has
the potential as a compact and low cost polarimeter
together with a wave plate for polarization monitoring of
high speed optical communication systems or for fiber-
optic sensors.

A larger activation loss has to be addressed in
application systems when a higher polarization extinction
ratio is required. With the driving voltage of 50 Vrms, EC1
and EC3 have almost the same polarization extinction ratio
of around 21 dB, but 19.1 dB for EC2. Also, the activation
loss is equal for EC1 and EC3 but 0.8 dB lower for EC2.
These differences are probably caused by the variations of
electric field distribution within the PCF between ECI,
EC3 and EC2, since the air-holes with LC are arranged
triangularly in the transversal plane and the electric field
distribution depends on the angular rotation of PCF with
respect to the direction of electric field where the LC region
is covered. The polarization extinction ratio is continu-
ously tuned when the driving voltage is above a threshold
at 32 Vrms in this case. This threshold is named Fredericks
transition to balance the elastic free-energy density and the

contribution to the free-energy density given by the electric
field.

3.3 Tunable long-period grating devices

Long-period gratings (LPGs) inscribed in optical fibers
resonantly couple light from the core mode to a cladding
mode of the fiber [31]. The coupling occurs at the
resonance wavelength, which is the wavelength of phase
match between the core mode and the co-propagating
cladding mode. When the phase matching condition is
satisfied, the power can be transferred from the core mode
to a lossy cladding mode and a loss peak in transmission
appears. LPGs have a wide range of applications, for
example, optical filtering [31], gain equalization [32],
mode conversion [33], temperature or strain sensors [34],
and biochemical sensing [35].

Many approaches have been reported to form LPGs in
PCFs, such as CO, laser writing [36], electric-arc
discharges [37], mechanical pressure [38], and femtose-
cond laser irradiation [39]. It is difficult to obtain stable and
both strength and wavelength tunable LPGs by using these
approaches. On the other hand, the presence of air-holes in
PCFs gives the possibility to fill them with liquid materials,
and this provides more methods to achieve LPGs. Tunable
acoustic LPGs in high index fluid filled PBG fibers have
been realized [40], but the bulky radio frequency (RF)
signal generation has to be considered for practical
applications. Furthermore, electrically induced LPGs in
LCPBG fibers have also been investigated by using the
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high electro-optic effect of LCs [41]. However, both the
strength and electrical tunability of the loss peaks are
highly limited, due to the large irregular variation of the
periodic metal electrodes induced by machining process.
Here, an on-chip tunable LPG device by integrating
LCPBG fiber on the compact platform is achieved.

The fiber used in the experiments is LMA-10 (NKT
Photonics A/S, Denmark), and LC is E7 (Merck,
Germany). A 20 mm long LMA-10 fiber is filled with
LC E7 by using capillary forces, and then integrated into
the compact package as illustrated in Fig. 5(a). The grating
pitch is 800 pm defined by a 400 um wide comb shaped Au
electrode and a 400 pm wide SiO, spacing as illustrated in
Fig. 5(b). The device is driven by 1 kHz sine wave signal.
Broadband unpolarized light from a supercontinuum
source (SuperK, NKT Photonics A/S, Denmark) is coupled
into this device. The transmission spectrum is measured by
an optical spectrum analyzer, and normalized to the
transmission spectrum without inserting the device. Figure
6(a) plots the transmission bandgap in the wavelength
range 1100—1660 nm with and without the applied
voltage. The temperature is fixed at 25°C and no pressure
is applied to the device. One distinct loss peak is visible at
1471 nm. When the driving voltage increases, this peak
becomes deeper. Under 70 Vrms, the strength of the loss
peak is 14.7 dB and the activation loss in the middle of the
bandgap is 1.9 dB. There is no memory effect of this LPG
device, i.e., the loss peak completely disappears, when the
voltage is turned off. The spectral position of the loss peak
can be further shifted to required wavelengths by tailoring
the dimensions of the PCFs and the grating pitch, thereby

LCPBG fiber
(20 mm)

|
400 pm \-'\-_gr:.un'e
400 umy |

—1 mm+

(b)

Fig. 5 (a) Chip assembly of the LPG device; (b) SEM image of
the fabricated device [69]
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realizing an optical component that can be easily integrated
in optical systems, which also shows the high degree of
freedom in designing LCPBG fiber devices.

By tuning the temperature of the LCs, their refractive
indices change and the position of the loss peak can
therefore be tuned. The spectral position of the loss peak at
1471 nm as a function of temperature is shown in Fig. 6(b).
The peak moves toward shorter wavelengths when the
temperature is changed from 25°C to 40°C, and toward
longer wavelengths from 40°C to 59°C. This shift can be
explained by the change in the refractive indices of E7 as a
function of temperature as shown in the inset of Fig. 6(b).
The shift of the resonance wavelength is mainly deter-
mined by the ordinary refractive index of LC, because the
electric field is mostly in this direction. Below 40°C, the
gradient of the ordinary index of E7 is almost zero, while
the extraordinary index decreases as a function of
temperature. Above 40°C, the ordinary index starts to
increase and, since the resonance wavelength is mostly
affected by this, the loss peak starts to move toward longer
wavelengths. During the thermal tuning process, the shape
of the loss peak is slightly changed.

The dynamic response of the LCPBG fiber devices is
determined by the dynamic properties of the LC. When the
voltage is applied, the dynamics is a balance between the
dielectric torque and the viscous torque working against
any reorientation. When the applied voltage is removed,
the LC relaxes back to the equilibrium, and the dynamics is
determined by a balance between the viscous torques and
the elastic torques, trying to pull the molecules back to
equilibrium [42]. Switching is performed by amplitude
modulating the 1 kHz sine signal with 50% duty cycle by a
5 Hz square signal. When there is no applied electric field,
there is high transmission at 1471 nm. When an electric
field above the Fredericks threshold is applied, the loss
peak appears and the transmission at this wavelength is
low. A photodiode is used to detect the intensity of the light
at the output of the device and an oscilloscope displays the
photodiode voltage. The rise and decay time ., and ¢, are
measured from 10% to 90% of the amplitude modulation,
and shown in Fig. 6(c) as a function of the driving voltage.
tosr converges toward 11.6 ms and is weakly dependent on
the driving voltage. ., is from 15.5 to 8.8 ms and strongly
dependent on the driving voltage, as expected.

3.4 Tunable and rotatable polarization controllers

Controlling the state of polarization has become an
important consideration in fiber-optic communication and
optical sensing systems. Some methods for achieving
polarization transformations have been developed, such as
mechanical squeezing of fibers [43], rotating wave plates
[44], electro-optic crystal waveguides [45], and LC
retarders [46]. With the recent development of PCFs,
birefringence control has been proposed by using thermal
tuning of the refractive index of a polymer partially
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Fig. 6 (a) Transmission bandgap in the wavelength range
1140-1660 nm with and without the voltage by using unpolarized
light; (b) spectral position of the loss peak at 1471 nm as a function
of temperature. The inset shows the change of the refractive
indices of E7 as a function of temperature; (c) measured response
time as a function of driving voltage [69]

infiltrated in some of the air-holes of PCF [47]. Polariza-
tion controllers and polarization switches are also demon-
strated by using microstructured fibers equipped with
internal electrodes [48].

Under the application of an electric field, because of the
reorientation of the LC, the bandgap shift becomes
polarization dependent. The guided modes (eigenstates)
loose their degeneracy and experience a different phase
delay when propagating through the LCPBG fiber. This
opens up the possibility of tuning the birefringence of the
structure by applying an external electric field, therefore

realizing the all-in-fiber electrically driven tunable polar-
ization controllers. Among the available LCs, the splay-
aligned ones are the most appropriate to be used for the
fabrication of tunable polarization controllers. In fact, these
LCs, as previously discussed, do not have a Fredericks
transition threshold and do not exhibit reverse tilt domain
defects as planar aligned LCs. In planar aligned LCs, due
to the thermal fluctuations, the director can tilt in two
different directions when an electric field is applied to the
LC, causing orientational defects at the border between
two reverse tilt domains. Such defects cause a local change
of the refractive index which introduces voltage dependent
loss, also called activation loss. In tunable polarization
controllers, the loss of the device should preferably be
constant and not dependent on the applied voltage.
Therefore, splay-aligned LCs are the most suitable ones
for the fabrication of polarization controllers. The fiber
used in the experiments is LMA-13 (NKT Photonics A/S,
Denmark). A negative dielectric LC is used, MLC-6608
(Merck, Germany), which has a wavelength dependent
ordinary and extraordinary refractive index of n, = 1.47
and n. = 1.55 at 589.3 nm. The LC MLC-6608 is infiltrated
for 20 mm of the length of the fiber by using capillary
forces, and then integrated into the compact package.

When an electric field is applied to the LCPBG fiber, the
LC reorients depending on the direction and strength of the
applied voltage. The two orthogonally polarized guiding
modes in LCPBG fiber experience different refractive
indices compared to the case in which the field is off, and
this introduces a phase shift between them. To measure the
electrically induced phase shift and corresponding bire-
fringence change, a polarized and tunable laser source
operating from 1520 to 1620 nm is used. A polarization
analyzer launches the light in the LCPBG fiber device and
resolves the output light into the Stokes parameters, which
are plotted on the surface of the Poincare sphere. Actively
controlled phase shift between the orthogonal polarizations
in the device results in a corresponding rotation in the
sphere. To achieve a tunable device with low activation
loss when the electric field is applied, 210 Vrms has been
considered as the maximum driving voltage and the
maximum activation loss of 0.45 dB is found.

Figures 7(a)—7(e) show the electrically induced phase
shift in the Poincare sphere for EC1 when a driving voltage
from 90 to 210 Vrms is applied to the device at 30°C by
launching 1550 nm polarized laser light. The red line
represents the polarization states in the near part of the
sphere and the blue line represents the polarization states
on the opposite side of the sphere. Figure 7(f) shows the
phase shift in the Poincare sphere for EC1, EC2 and EC3
with the driving voltage of 210 Vrms. The same
measurement has been taken for 35°C and 40°C. When
the temperature increases, the electrically induced phase
shift decreases. This is because the birefringence of LC
decreases as a function of temperature until it becomes
zero at the clearing temperature. These results demonstrate
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Fig. 7 (a)—(e) Phase shift in the Poincare sphere for EC1 when a
driving voltage from 90 to 210 Vrms is applied to the device at
30°C by launching 1550 nm polarized laser light; (f) phase shift in
the Poincare sphere for EC1, EC2 and EC3 with the driving
voltage of 210 Vrms [70]

that the device can find use as a continuously tunable
polarization controller, but also can act as a quarter-wave
plate with 90° phase shift and a half-wave plate with 180°
phase shift. Since the electrically induced phase shift is
wavelength dependent, small variations of the driving
voltage are required to develop high performance polar-
ization controllers or wave plates in the whole working
wavelength range. This device has the potential applica-
tions as a polarimeter (a rotating wave plate and a polarizer
architecture with a single detector) for analyzing the state
of polarization [49] or as a low cost polarization stabilizer
for optimizing the performance of polarization dependent
systems or devices [50].

3.5 Tunable bandpass filter

Tunable bandpass filters are extensively used as key
components in fiber-optic communication and fiber-optic
sensing systems. The tunability of the bandwidth repre-
sents a degree of freedom required in these applications.
Many methods have been applied to achieve all-in-fiber
bandpass filters, such as core mode blocker between two
long-period fiber gratings [51] and acousto-optic method
[52]. The presence of PCFs opens a new path for realizing
all-in-fiber bandpass filters. The tuning mechanism has
been proposed either by applying a thermal gradient to a
PCF filled with a high index fluid [53] or by controlling the
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bending diameter of the splicing of solid-core PBG fiber
and Bragg fiber [54]. However, the thermal gradient
control is complicated and slow, and the bending
manipulation can easily result in an unstable performance.

An electrically tunable bandpass filter based on two
solid-core PCFs filled with different LCs is demonstrated.
The tunability of the bandwidth is achieved by individually
or simultaneously controlling the driving voltage of each
LCPBG fiber. When two solid-core PCFs with different
dimensions are filled with different LCs, the resulting
transmission spectrum is the overlap of two different
spectra of each LCPBG fiber, therefore forms a bandpass
filter. When the driving voltage (1 kHz sine wave) of each
LC filled section is changed, both the short-wavelength
edge and long-wavelength edge of this bandpass filter can
be tuned which is determined by the reorientation of LC
molecules with respect to the applied electric field, as well
as the dimension of the host fibers. The bandwidth is
subsequently narrowed or enlarged depending on the
direction of the bandgap edge shift. The fibers used in this
work are customer designed LMA PCFs (NKT Photonics
A/S, Denmark) with a solid-core surrounded by 5 rings of
air-holes arranged in a triangular lattice. By using capillary
forces, LC MDA-00-3969 (Merck, Germany, 1, = 1.50 and
ne = 1.72 at 589 nm) is filled in a 10 mm long PCF1 with
the hole diameter and inter-hole distance of 6.02 and 9.69
um, negative dielectric LC MLC-6884 (Merck, Germany,
n, = 1.48, n, = 1.57 at 589 nm) is filled in a 10 mm long
PCF2 with the hole diameter and inter-hole distance of
5.51 and 9.57 pm. Polarized microscopy observations on a
single 5 pm LC filled capillary show that MDA-00-3969 is
in a 45° splayed alignment and MLC-6884 is in a 90°
splayed alignment.

Figure 8(a) shows the transmission spectra of individual
LCPBG fiber used in this work. The temperature is fixed at
25°C. No voltage is applied on MDA-00-3969 filled PCF1,
while 90 Vrms is applied to MLC-6884 filled PCF2. The
yellow region is the overlap of two spectra in the
wavelength range of 1520— 1680 nm. Simply by tailoring
the size of air-holes of each LC filled section, the spectral
position of the overlapped region can be transferred to the
required working wavelength range for different applica-
tions. When the driving voltage of each LCPBG fiber
increases, the short-wavelength edge of MDA-00-3969
filled PCF1 is shifted toward longer wavelengths, and the
long-wavelength edge of MLC-6884 filled PCF2 in the
overlapped region is shifted to shorter wavelengths.
Therefore, both the short-wavelength and long-wavelength
edge of the formed bandpass filter can be tuned
individually or simultaneously, which allows the fabrica-
tion of bandpass filter device with a continuous and
flexible bandwidth control. After the filling, the two end
facets of LCPBG fibers are butt-coupled and then placed in
a silicon V-groove with one pair of Au electrodes deposited
on the side walls of the groove, as shown in Fig. 8(b). Two
SMFs are also set in the V-groove at each end of the
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Fig. 8 (a) Transmission spectrum of individual LC filled section.
The yellow region is the overlap of two spectra; (b) device
assembly of the bandpass filter. MDA-00-3969 is in a 45° splayed
alignment and MLC-6884 is in a 90° splayed alignment [71]

LCPBG fibers to couple the light in and out of the device.
A top lid containing a V-groove with two separated pairs of
electrodes is then mounted on top of the fibers and fixes the
fibers in the V-grooves.

Light from a supercontinuum source (NKT Photonics
A/S, Denmark) is coupled to the device and the
transmission spectrum is measured by an optical spectrum
analyzer and normalized to the transmission spectrum
without inserting the device. Figure 9(a) shows the
transmission spectra of the device when the driving
voltage of MLC-6884 filled PCF2 changes and no voltage
is applied to MDA-00-3969 filled PCF1. The long-
wavelength edge of the filter is shifted toward shorter
wavelengths by increasing the voltage, while the short-
wavelength edge is kept. During the tuning process, the
tunability of 3 dB bandwidth is 36 nm, when the driving
voltage varies from 90 to 120 Vrms. When the driving
voltage is further increased, a larger tunability can be
obtained. The total insertion loss of this device is 4.7 dB at
the central wavelength of 1595 nm of the filter, which is
mainly contributed by the coupling losses from different
interfaces in the device (air: MDA-00-3969, MDA-00-
3969: MLC-6884, and MLC-6884: air), the scattering loss
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of LCs and a slight misalignment of SMFs and LCPBG
fibers. Figure 9(b) shows the transmission spectra of the
device when the driving voltage of MDA-00-3969 filled
PCF1 changes and 90 Vrms is applied to MLC-6884 filled
PCF2. The short-wavelength edge is shifted toward longer
wavelengths by increasing the voltage and the long-
wavelength edge is kept. The tunability of 3 dB bandwidth
is 12 nm, when the driving voltage changes from 90 to 120
Vrms. The uneven electrical tunability between MDA-00-
3969 filled PCF1 and MLC-6884 filled PCF2 is mainly
caused by the different dielectric properties of LCs, and the
bandgap shift is strongly connected to the reorientation of
LC molecules with respect to the driving voltage. When
the driving voltages of two LCPBG fibers are changed
simultaneously, both the short-wavelength and long-
wavelength edge can be shifted as shown in Fig. 9(c).
The 3 dB bandwidth changes from 95 to 48 nm with the
driving voltage varies from 90 to 120 Vrms. Weak
polarization dependence is also found both for MDA-00-
3969 filled PCF1 and MLC-6884 filled PCF2 working at
the driving voltage below 120 Vrms.

Compared to single LC filling, this device offers more
flexible bandwidth control. Considering the large number
of available electrically tunable LCs and the high degree of
freedom in PCF design, this compact design for LCPBG
fiber based bandpass filters is a promising platform for a
variety of applications, where the insertion loss and
bandwidth tunability would allow for further optimization.

4 Applications
4.1 Optically fed microwave true-time delay

Microwave photonics has attracted increasing attention for
processing microwave and millimeter-wave signals
directly in the optical domain [55]. One important
application is the true-time delay based on photonic
technologies, which is an effective way to realize broad-
band phased array systems [56]. The reported techniques
can be classified into two categories: active optical devices,
such as active semiconductor waveguides using coherent
population oscillation [57] or optical fiber using stimulated
Brillouin scattering [58], and passive optical devices [59—
64]. In general, the true-time delay based on passive optical
devices is mostly realized by exploring waveguide
dispersion through time-domain phase shift method,
which detects the phase of light sinusoidally modulated
at gigahertz frequencies [56]. Among the proposed
approaches, fiber grating devices, as a well-developed
one-dimensional periodic structure, still play an important
role in designing compact and reliable true-time delay units
[59]. A minimum broadband true-time delay of 1 ps at up
to 30 GHz based on a linearly chirped fiber Bragg grating
has been analyzed either by changing the temperature or
strain along the grating region [60].
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group index up to several tens is observed near the
bandgap edge [61]. At present, solutions to control the
group velocity are mainly based on local heating [62] or
microfluidic infiltration [63]. However, the transmission

Fig. 10 (a) Transmission spectrum of the LCPBG fiber device
with different applied voltages. The black dotted line is the optical
carrier at 1510 nm used in experiments; (b) experimental setup for
investigating the RF phase shift or time delay in the LCPBG fiber
device [72]
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analyzer, and modulated by a Mach-Zehnder modulator
(MZM) onto a laser beam with the wavelength of 1510 nm,
shown as the black dotted line in Fig. 10(a). The modulated
optical signal is coupled into the integrated LCPBG fiber
device, and then converted back to electrical microwave
signal by a high speed photo detector inside the network
analyzer. The network analyzer compares the received
signal with the internal reference and infers the microwave
phase shift and corresponding power change. An erbium-
doped fiber amplifier (EDFA) is used to control the input
optical power to the device, and the polarization state of the
input beam is selected by polarization controllers (PCs).
Figure 11(a) shows the measured RF phase shift and the
relative RF power change as a function of the driving
voltage for different modulation frequencies, respectively.
The results demonstrate a continuously tunable RF phase
shifter by changing the driving voltage. A maximum RF
phase shift of around 70° at a modulation frequency of 15
GHz is achieved. An obvious phase shift for different
modulation frequencies is observed only when the driving
voltage is higher than 220 Vrms. Since the short-
wavelength bandgap edge starts to cross 1510 nm above
220 Vrms, a distinct change of group index at this
wavelength is expected. Figure 11(b) shows the RF phase
shift and corresponding time delay as a function of the
modulation frequency. The value of group index change is
0.071 at 240 Vrms, 0.113 at 250 Vrms and 0.194 at 260
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Fig. 11 (a) RF phase shift and relative RF power change as a
function of the driving voltage for different modulation frequen-
cies; (b) RF phase shift and corresponding time delay as a function
of the modulation frequency for different driving voltages [72]

Vrms. At 260 Vrms, an averaged 12.9 ps time delay over
the whole measurement bandwidth is achieved, which
indicates a broadband microwave true-time delay. If the
driving voltage increases further, a longer time delay will
be expected. However, a larger power decrease has to be
considered. One possible solution is to combine optical
amplifiers as power boosters. The maximum modulation
frequency here is only limited by the capacity of the
network analyzer. The large RF phase variations at high
frequencies around 15 GHz are mainly caused by the
electrical modulation signal out of the operating range of
network analyzer. Furthermore, the signal quality could be
largely improved by diminishing the mismatch between
the bandgap position of the device and the optimal working
wavelength range of EDFA and the modulator.

4.2 Electrically tunable Yb-doped fiber laser

Using the wavelength filtering effect of PBG confinement
with an Yb-doped core has previously been used in solid-
core PBG fiber lasers and amplifiers. The bandgap
efficiently suppresses the amplified spontaneous emission
(ASE) at the conventional ytterbium gain wavelengths
around 1030 nm and enables both short [65] and long
wavelength operation [66]. The PBG fiber laser concept
with the tunability offered by LCs has been combined to
create an all-spliced fiber laser with a single-mode output
and electrical tunability in the range 1040—1065 nm. The
presence of a bandgap in the laser cavity inhibits lasing at
certain wavelengths, thus by applying an electric field to an
intra-cavity LCPBG fiber the bandgap position can be
shifted, resulting in laser tunability. The device holds
potential as a low cost tunable seed source for ytterbium
fiber amplifiers.

The fiber used in the experiments is LMA-13 (NKT
Photonics A/S, Denmark), and the LC is MDA-00-3969
(Merck, Germany). As shown in Fig. 12, the all-spliced
fiber assembly is comprised of the integrated LCPBG fiber
device, an Yb-doped airclad PCF, a pump diode and a 6 +
1:1 pump/signal combiner for airclad fibers with polariza-
tion-maintaining (PM) single mode signal feed-through.
The combiner is designed for 0.15 NA pump diodes, and in
order to utilize the high NA supported by airclad fibers, it
features a special taper element [67]. An illustration of the
combiner is shown in the bottom right inset of Fig. 12. The
7 input fibers have an outer diameter of 125 pm. The pump
fibers have a core diameter of 105 wm and the signal fiber is
a single mode PM fiber with a mode field diameter of 10.5
pum. The 7 input fibers are fused together into a fiber bundle
with the SMF in the center and spliced to the input end of a
taper element. The output end of the taper element is then
spliced to a passive double-clad delivery fiber. The laser
cavity is formed by a lens and silver mirror after the
integrated LCPBG fiber device and the cleaved end facet of
the ytterbium-doped PCF with a pump cladding diameter
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of 105 pm and a mode field diameter of 12 um. With a
pump absorption of 3 dB/m and a length of 4 m it is
optimized for 976 nm pumping. The residual pump is
filtered by a long wave pass filter at the output of the laser
cavity while the laser signal spectrum is recorded by an
optical spectrum analyzer.

In PBG fiber lasers, lasing occurs at the wavelengths that
experience the least loss due to the bandgap combined with
the highest gain caused by their emission cross section.
These wavelengths are close to the short wavelength edge
of the bandgap. Fiber lasers based on active PBG fibers
typically have distributed spectral filtering along the whole
length of the fiber in order to reduce ASE, whereas in the
LCPBG device the LC infiltrated section is only 13 mm
long. Hence, ASE will inevitably build up in the Yb-doped
fiber, resulting in parasitic lasing which will limit the
tunability and power scalability of the LCPBG fiber laser.
Figures 13(a)—13(c) show the laser transmission spectra
compared to the bandgap transmission spectra for three
different voltage setting, 0, 150 and 160 Vrms. For low
voltages the ASE peak is well inside the bandgap and
therefore tuning of the bandgap edge does not affect the
lasing wavelength significantly. For higher voltages the
ASE peak is outside the bandgap, while the laser
wavelength is tuned inside the bandgap. For voltages of
160 Vrms and higher, the loss inside the bandgap becomes
too high leading to parasitic lasing outside the bandgap.
Figure 13(d) plots the narrow laser spectra of the cavity for
different voltage settings. The laser wavelength is shifted
toward longer wavelengths by approximately 25 nm. The
wavelength is constant at 1040 nm below 130 Vrms and
tunable up to 1065 nm at 155 Vrms.

The laser cavity produces an output of around 30 mW

with the efficiency of the laser strongly limited by losses in
the cavity. With optimization of cavity optics, fiber cleave
angles, LC device, and mode matching between fibers,
losses can be reduced and potentially allow for the
production of an easily tunable, single mode output signal,
which can be used to seed a fiber amplifier. The present
cavity yields up to 25 dB of ASE suppression, however an
improved cavity with reflectors in both ends is expected to
improve the ASE suppression significantly. With improve-
ments to the system, the device holds potential as a low
cost, compact and easy-to-use tunable seed source for fiber
amplifiers.

5 Conclusions

The interesting properties and useful characteristics of the
integrated LCPBG fiber devices show a promising future
focused on applications of these LCPBG devices in real
systems [68-75]. For fundamental features, a better
understanding of the alignment of LCs in silica capillary
is required to have a clearer picture of the physics behind
LCs contained in cylindrical geometries. Combining this
with improved surface coating techniques to control the
pre-tilt angles could yield electrically controlled devices
requiring lower driving voltage. Simulations could be
improved by including scattering and absorption into the
model and by implementing methods that can simulate
index variation along the third direction, for example a
beam propagation method. From application point of view,
more system experiments need to be carried out in order to
demonstrate the potential value of this technology in real
applications.
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