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a b s t r a c t

We propose a tunable multiwavelength-swept laser based on a nematic liquid crystal (NLC) Fabry–Perot (FP)
etalon, which is embedded in the resonator of a wavelength-swept laser. We achieve the continuous wavelength
tuning of the multiwavelength-swept laser by applying the electric field to the NLC FP etalon. The free spectral
range of the fabricated NLC FP etalon is approximately 7.9 nm. When the electric field applied to the NLC FP
etalon exceeds the threshold value (Fréedericksz threshold voltage), the output of the multiwavelength-swept
laser can be tuned continuously. The tuning range of the multiwavelength-swept laser can be achieved at a
value greater than 75 nm, which has a considerably wider tunable range than a conventional multiwavelength
laser based on an NLC FP etalon. The slope efficiencies in the spectral and temporal domains for the tunable
multiwavelength-swept laser are 22.2 nm/(mVrms∕μm) and 0.17 ms/(mVrms∕μm), respectively in the linear
region. Therefore, the developed multiwavelength-swept laser based on the NLC FP etalon can be applied to
an electric-field sensor. Because the wavelength measurement and time measurement have a linear relationship,
the electric-field sensor can detect a rapid change in the electric-field intensity by measuring the peak change of
the pulse in the temporal domain using the NLC FP etalon-based multiwavelength-swept laser.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Liquid crystals (LCs) are widely used as devices in photonics technol-
ogy because the effective refractive index can be easily manipulated by
thermal or electromagnetic fields [1–13]. In particular, Fabry–Perot (FP)
devices with an LC can be used as an optical filter in wavelength-division
multiplexing optical communication systems because they can alter the
transmission wavelength by applying an electric field [1–3]. The LC-
based FP filter has several advantages, such as continuous tuning, a
simple structure, compactness, high finesse, and a low driving voltage.
On the other hand, an FP filter exhibiting a small free spectral range
(FSR) can be used as a multiwavelength source. Multiwavelength lasers
operating at a wavelength around 1550 nm are widely used in numerous
areas of photonics technology [14–22]. An erbium-doped fiber (EDF)
in the 1550-nm band is a promising gain medium for multiwavelength
lasers. However, it has strong homogeneous line broadening and cross
gain saturation at room temperature [23–26]. Therefore, it is difficult
to achieve a stable multiwavelength laser using an EDF because of
the gain competition among several lasing wavelengths. An alternative
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gain medium for a multiwavelength laser is a semiconductor optical
amplifier (SOA) [14–16], which is evidently a better choice than EDF
because of its several advantages, such as good short-term stability,
multiwavelength oscillation at room temperature, and inhomogeneous
linewidth broadening. The SOA-based multiwavelength operation has
been demonstrated using several optical filters, including a fiber Lyot
filter, a Sagnac filter, and a fiber Bragg grating-based filter [14–17].
Similarly, the LC-based FP filter can be used as a multiwavelength filter
for lasers because it exhibits a small FSR. Most of the papers concerning
NLC FP discuss selective-wavelength filters or multi-wavelength filters
[27–30].

Recently, a method of dynamic measurement was reported for the
electric-field sensor based on a wavelength-swept laser and a nematic LC
(NLC) FP etalon as an optical multiwavelength tunable filter (TF) [12].
The wavelengths of the transmitted peaks of the NLC FP etalon depend
on the applied electric field; therefore, their characteristics can be used
for measuring the variation of the applied electric field in fiber-optic
sensors. The main advantage of using a wavelength-swept laser is that it
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Fig. 1. Fabrication process of NLC FP etalon (a) ultrasonic cleaning, (b) baking, (c) spin coating, (d) baking, (e) rubbing, and (f) NLC FP etalon.

exhibits a one-to-one correspondence between the spectral domain and
the temporal domain [12,31–33]. With the wavelength-swept laser, the
dynamic variation of the electric field can be measured using a high-
speed photodetector in the temporal domain.

In this paper, we propose a widely tunable multiwavelength-swept
laser based on an SOA as a gain medium and an NLC FP etalon
as a multiwavelength TF. Generally, a multiwavelength laser can be
realized by simply inserting NLC-FP into a conventional laser resonator.
However, the wavelength tuning is limited to 20–30 nm because of the
narrow FSR of the NLC FP. On the other hand, when the NLC FP etalon is
inserted into a wavelength-swept laser, the multiwavelength-swept laser
can be continuously tuned over 75 nm by applying an electric field to
the NLC FP etalon.

2. Fabrication of nematic liquid crystal device

Fig. 1 shows the fabrication process of an FP etalon for inserting
the NLC. As a first step, a slide glass for a planar mirror is cleaned
in an ultrasonic cleaner for eliminating the foreign substances on the
glass, as shown in Fig. 1(a). We washed the slide glass using surfactant,
acetone, and ethanol solutions in an ultrasonic cleaner. Subsequently,
an alignment layer, where LC molecules can be oriented on the glass
surface, was obtained by curing the polyamide solution. The washed
slide glass was dried on a hot plate at 70 ◦C for 15 min, as shown
in Fig. 1(b). Then, the slide glass was placed on a spin coater, the
polyamide solution was spread on the glass using a pipette, and the
glass was coated at approximately 3000 rpm for 30 s. After spin coating,
the slide glass was cured by baking it at 70 ◦C for 15 min and then at
220 ◦C for 1 h. During this process, the polyamide became a polymer
with polyimide. The next step was rubbing 10 times in a certain
direction using a rubbing machine, as shown in Fig. 1(e). To form an FP
etalon structure, the rubbed glass was then superimposed in antiparallel
fashion. Spacers maintained a certain distance between the glasses and
the mirror faces that were facing each other. The slide glass was fixed
with epoxy to prevent it from moving. Fig. 1(f) shows the fabricated FP
etalon with a size of 14 × 14 mm2. Finally, the NLC was inserted through
the gap created by the spacer using the capillary phenomenon.

Fig. 2 shows the structure of the fabricated NLC FP etalon. Commer-
cial 4-cyano-4’-pentylbiphenyl (5CB, from Merck) was used as an NLC.
The FP etalon consisted of glass substrates with an antireflection (AR)
coating, indium tin oxide (ITO) layers as the electrodes, dielectric layers
as the highly reflective surface, polyimide layers as the planar alignment

Fig. 2. Structure of the NLC FP etalon.

layers, and an LC layer. The dielectric layers were coated with Ta2O5
and SiO2 materials. The AR coating was applied on the outside of the
glass for eliminating the interference signals arising from the thickness
of the glass. The reflectance of the dielectric layer differed depending
on the wavelength, and a maximum reflectance of 84% was measured
at a wavelength of 1560 nm. The thicknesses of the dielectric layer, ITO,
glass, and AR coating were 4.4, 0.185, 700, and 1.3 μm, respectively.
The thickness of the LC layer was approximately 89 μm after space was
inserted between the polyimide layers. The NLC was homogeneously
aligned along the y-axis between the polyimide layers.

The operation of the NLC FP etalon was controlled by applying an
electric field using a function generator. The orientation of the NLC
is along the 𝑦-axis without the electric field. With the application of
the electric field along the 𝑧-axis, the director is gradually oriented
along the 𝑧-axis. Therefore, the effective refractive index of the NLC
changes [13]. The NLC FP etalon can be used as a wavelength filter by
applying the electric field. In general, the NLC FP etalon can operate in
the ordinary (𝑛𝑜) and extraordinary modes (𝑛𝑒) when linearly polarized
light is incident on the NLC along an arbitrary polarization [12]. The
transmission wavelengths of the NLC FP etalon remain unaltered for
ordinary modes, whereas for extraordinary modes, they shift towards
the shorter-wavelength region when the electric field is applied to
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Fig. 3. Transmitted optical spectrum from the NLC FP etalon.

the NLC FP etalon. Therefore, we conducted the experiments in the
extraordinary mode, because the transmission wavelengths changed
according to the electric field applied to the NLC FP etalon.

Fig. 3 shows the optical spectrum of the transmitted output from
the NLC FP etalon when the amplified spontaneous emission (ASE)
source was incident perpendicular to the NLC FP etalon surface. There
are only extraordinary modes in the spectrum, because the beam was
linearly polarized along the direction of the extraordinary mode of the
LC molecule [12,13]. The FSR of the NLC FP etalon was approximately
7.9 nm. When the electric field applied to the NLC FP etalon exceeded
the threshold value (i.e., Fréedericksz threshold voltage), the transmit-
ted wavelengths shifted towards the shorter wavelengths. Therefore,
the transmitted wavelengths from the NLC FP etalon can be tuned
continuously by increasing the strength of the applied electric field.

3. Tunable multiwavelength fiber laser

Fig. 4 shows the experimental setup for a tunable multiwavelength
fiber laser using an NLC FP etalon. It comprises a 1550-nm band SOA
as a gain medium, two polarization controllers, two optical isolators,
two fiber-optic collimators, a polarization beam splitter (PBS), a 10%
output coupler, and an NLC FP etalon. The collimated output beam from
the ASE source reaches the NLC FP etalon through a PBS. Polarization
controller 1 adjusts the light to pass through the PBS with low loss.
As the SOA has a polarization-dependent gain, polarization controller 2
adjusts the polarization of the light incident on the SOA for achieving
the maximum gain. The operation of the NLC FP etalon is controlled
using a function generator that applies the electric fields for tuning the
transmitted wavelength peaks. Moreover, we applied an alternating-
current voltage exhibiting a square-wave frequency of 10 kHz to the
NLC FP etalon. The output of the multiwavelength laser was monitored
using an optical spectrum analyzer (OSA) and a sampling oscilloscope.

The linearly polarized light passing through the PBS was aligned to
transmit only the ordinary mode (𝑛𝑜) or the extraordinary mode (𝑛𝑒)
of the LC molecules. Fig. 5(a) shows the optical spectra for ordinary
modes (𝑛𝑜) of the multiwavelength laser according to the applied electric
fields. As shown in Fig. 5(a), although the intensity of the applied
electric field changed, the spectra of the multiwavelength laser remained
unaltered in the ordinary mode. However, when the LC molecules in
the FP etalon were aligned to transmit only the extraordinary modes,
the spectra of the multiwavelength laser shifted towards the shorter
wavelengths according to the intensity of the applied electric field.
Fig. 5(b) shows the optical spectra of the multi-wavelength laser when
the electric fields applied to the NLC FP etalon were changed from 4.494
to 7.865 mVrms∕μm, increasing the voltage in steps of 0.112 mVrms∕μm.

Fig. 4. Experimental setup for tunable multiwavelength fiber laser (PBS: polarization
beam splitter; NLC FP etalon: nematic liquid crystal Fabry–Perot etalon; SOA: semicon-
ductor optical amplifier).

The FSR and 3-dB linewidth of the tunable multiwavelength laser were
approximately 8.7 and 0.21 nm, respectively. Above the Fréedericksz
threshold voltage, the directors rotated and aligned along the direction
of the electric field. Because of this, the effective refractive index of the
LC inside the FP etalon changed. Therefore, the multiwavelength peaks
started shifting towards the shorter-wavelength region with an increase
in the applied electric field [12]. The intensities of the output of multiple
wavelengths in the Fig. 5(b) are not the same. It is very difficult to
obtain the same output of multiple wavelengths when the NLC FP etalon
is inserted into the laser cavity. Fig. 5(c) shows a plot of the tunable
outputs of the multiwavelength laser, which corresponds to Fig. 5(b).
The lasing wavelengths shifted towards the shorter wavelengths with
an increase in the applied electric field. A wavelength tuning of greater
than 20 nm can be achieved for the multiwavelength peaks. Above
the Fréedericksz threshold voltage, the wavelength changes linearly
as the voltage increases and gradually becomes nonlinear, resulting
in saturation. This is the same phenomenon whereby the effective
refractive index of the LC is changed by applying an electric field to the
LC in the FP etalon [13]. However, when the intensity of the electric field
changes from 4.494 to 7.865 mVrms/μm, the wavelength tuning changes
almost linearly because the wavelength-tuning range is within the gain
band. The slope efficiency for the tunable multiwavelength laser is 22.2
nm/(mVrms/μm).

4. Tunable multiwavelength-swept fiber laser

To achieve a wide range of wavelength tunability, the NLC FP
etalon is inserted into a wavelength-swept laser. Fig. 6 shows the
experimental setup for a tunable multiwavelength-swept laser using
the NLC FP etalon. It is similar to Fig. 4, except that the fiber FP
(FFP)-TF (Lambda Quest Inc.) is inside the laser cavity. Therefore,
the wavelength-swept laser can be operated by eliminating the NLC
FP etalon in the laser cavity. It is a conventional wavelength-swept
laser based on the FFP-TF [31]. The scanning speed and the 3-dB
scanning bandwidth of the conventional wavelength-swept laser are
210 Hz and 100 nm, respectively. It is possible to achieve a tunable
multiwavelength-swept laser by inserting the NLC FP etalon into the
laser cavity. There are only extraordinary wavelength modes in the laser
cavity, because the input beam is adjusted using a linearly polarized
beam along the direction of the extraordinary mode of the LC molecules.
The outputs of the multiwavelength-swept laser from the 10% output
coupler are monitored using an OSA and a sampling oscilloscope. All
instruments are controlled by a LabView program via a general-purpose
interface bus.

Fig. 7(a) shows the optical spectrum obtained using the
multiwavelength-swept laser without an electric field applied to the NLC
FP etalon. There are only extraordinary modes in the optical spectrum,
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Fig. 5. (a) Optical spectra for ordinary modes, (b) optical spectra for extraordinary modes, and (c) plots of the tunable outputs of the multiwavelength laser for an applied electric field
varying from 4.494 to 7.865 mVrms∕μm in steps of 0.121 mVrms∕μm.

because the LC molecules in the FP etalon are aligned to transmit
only the extraordinary modes. The multiwavelength-swept laser can be
measured in the temporal domain using a photodetector because the
spectral outputs in the OSA and the temporal outputs in the sampling
oscilloscope are correlated. Fig. 7(b) shows the pulse peaks from the
multiwavelength-swept laser in the temporal domain. The pulses in
Fig. 7(b) precisely correspond to those in Fig. 7(a). Their peak intensities
are almost identical, as shown in Fig. 7.

Fig. 8(a) shows the optical spectra of the tunable multiwavelength-
swept laser when the electric field applied to the NLC FP etalon changed
from 4.494 to 7.865 mVrms∕μm, increasing the electric field in steps
of 0.112 mVrms∕μm. The output of the multiwavelength-swept laser
can be tuned continuously to a value greater than 75 nm. The 3-dB
bandwidth of each wavelength is approximately 0.6 nm. The outputs
of the multiwavelength-swept laser shifted towards the shorter wave-
lengths with an increase in the applied electric field. Fig. 8(b) plots the
temporal outputs from the tunable multiwavelength-swept laser, which
correspond to Fig. 8(a). For the electric-field intensity range of 4.494
to 7.865 mVrms/μm, the spectral and temporal outputs change almost
linearly because the wavelength-tuning range is within the gain band of
∼100 nm. The slope efficiencies in the spectral and temporal domains for
the tunable multiwavelength-swept laser are 22.2 nm/(mVrms∕μm) and
0.17 ms/(mVrms∕μm), respectively. The measurement resolution for an
electric-field sensor using a multiwavelength laser depends on the 3-dB
bandwidth.

Fig. 6. Schematic diagram of experimental setup.

5. Summary

We successfully demonstrated a tunable multiwavelength-swept
laser based on an SOA using a NLC FP etalon as an optical multiwave-
length tunable filter. A wide tuning range was achieved at a value
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Fig. 7. Outputs of multiwavelength-swept laser: (a) optical spectrum and (b) pulses position in temporal domain.

Fig. 8. (a) Optical spectra for extraordinary modes and (b) plots of the tunable outputs of the multiwavelength laser for the applied electric field varying from 4.494 to 7.865 mVrms∕μm
in steps of 0.121 mVrms∕μm.

greater than 75 nm, approximately in the 1550-nm band. The 3-dB
bandwidth of each wavelength was approximately 0.6 nm. Continu-
ous multiwavelength tuning of the multiwavelength-swept laser was
achieved by applying the electric field to the NLC FP etalon. When the
electric field applied to the NLC FP etalon exceeded the threshold value
(Fréedericksz threshold voltage), the output of the multiwavelength-
swept laser could be tuned. The outputs of the multiwavelength-swept
laser shifted towards the shorter wavelengths with an increase in the
applied electric field. For an electric-field intensity range of 4.494
to 7.865 mVrms/μm, the wavelength tuning changed almost linearly
because the wavelength-tuning range was within the gain band of the
laser. The slope efficiencies in the spectral and temporal domains for the
tunable multiwavelength-swept laser were 22.2 nm/(mVrms∕μm) and
0.17 ms/(mVrms∕μm), respectively. Therefore, the multiwavelength-
swept laser based on the NLC FP etalon can be applied to an electric-
field sensor. The advantage of a wavelength-swept laser is that it
can measure the same change in the temporal domain instead of
measuring the wavelength change in the spectral domain. Therefore,
an electric-field sensor with rapid change in the electric-field inten-
sity can be achieved by measuring the peak change of the pulse
in the temporal domain using the LC-based multiwavelength-swept
laser.
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