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Birefringence Measurements of Photonic Liquid Crystal
Fibre by Use of the Depolarization Method

Daniel Budaszewski, Rafal Cieslak, and
Andrzej W. Domanski
Faculty of Physics, Warsaw University of Technology, Warsaw, Poland

In the paper we present the results of investigating the effective birefringence of
prototype photonic crystal fibre, partially infiltrated with ‘‘1550’’ liquid crystal
mixture. We use the modified Mueller matrix method with an additional depolar-
ization matrix to calculate degree of polarization changes of the light propagating
in the liquid-crystal infiltrated microstructured optical fibres.

We conducted the research for red and infrared semiconductor laser diodes. The
research may lead to construction of temperature controlled depolarizer.
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1. INTRODUCTION

Recently, there has been a great interest in photonic crystal fibres, and
particularly in yet more advanced microstructures known as photonic
liquid crystal fibres (PLCFs) [1–4]. The PLCFs consisting of a photonic
crystal fibre (PCF) infiltrated with a liquid crystal (LC) benefit from a
combination of a ‘passive’ PCF host structure and an ‘active’ LC guest
material and are responsible for a diversity of new and uncommon
properties including also particular polarization properties of light
passing through such structure [5]. State and degree of the light
polarization depend on birefringence of medium. The PCLFs may be
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highly birefringent and may change their parameters dependent on
external parameters such as temperature, electric and optical fields [5].

There are several methods of the optical fibre birefringence mea-
surements, like wavelength scanning [6], or interferometric methods
[7–8]. In the paper we present a method based on application depolar-
ization measurements of light passing through the fibre.

2. DEPOLARIZATION OF PARTIALLY COHERENT LIGHT
IN BIREFRINGENT MEDIA

In general, partially temporal coherent light may be depolarized in
birefringent medium, including low-birefringent and high-birefringent
optical fibres [9,10], as well as liquid crystals [11]. The depolarization
phenomenon depends on length of coherence (DL), length of the me-
dium l, birefringence defined as Dn ¼ jnfast � nslowj, as well as the azi-
muth between light beam polarization plane and birefringence axes of
the medium [12]. Both components of wave package may have differ-
ent phase and group velocities, which may result in changes of the
state and degree of polarization (SOP and DOP). For the totally coher-
ent light, its state of polarization (SOP) is being modified during pro-
pagation but its degree of polarization (DOP) is equal to 1 even for long
path lengths of light in the crystal. For the partially coherent light
sources characterized by a coherence length, light outgoing from the
birefringent medium may be almost totally unpolarized due to the fact
that both electric field components of the light propagating with differ-
ent velocities are shifted into different wave packages (Fig. 1).

Hence the DOP measurements allow finding effective birefringence
of the PLCFs. Theoretical basis for calculations of the PLCF
birefringence utilizes modified Mueller matrix formalism extended
by depolarization matrix [12]:

½Sout� ¼ ½D�½Ml�½Sin�; ð1Þ

FIGURE 1 Depolarization effect in photonic crystal fibre.
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where:
[Sin], [Sout] are the Stokes vectors of the input and output light

beams ([S]¼ [S0, S1, S2, S3]),
[Ml] is the Mueller matrix of the fibre:

½Ml� ¼

1 0 0 0
0 1 0
0 0 cos

2p �l �Dneff

k

� �
sin

2p �l �Dneff

k

� �

0 0 � sin
2p �l �Dneff

k

� �
cos

2p�l�Dneff

k

� �

2
6664

3
7775; ð2Þ

and [D] is the depolarization matrix expressed as [12]:

½D� ¼

1 0 0 0
0 PC 0 0
0 0 PC 0
0 0 0 PC

2
664

3
775; ð3Þ

in which PC is given by the following formula:

PC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � 2½1 � expð�2gSÞ� sin2 2h

q
ð4Þ

where:
gS ¼ Dneff �l

DLL
– for Lorentzian light sources,

gS ¼ Dneff �l
DLG

� �2
– for Gaussian light sources,

h ¼ tan�1 E0y

E0x

� �
– azimuth between polarization plane and birefrin-

gence axes (Fig. 1).

DOP may be directly calculated from the parameters of the Stokes
vector:

DOP ¼ Ipolarized
Itotal

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2

1 þ S2
2 þ S2

3

q

S0
ð5Þ

The Stokes parameters can be calculated by four light measurements
with different configurations of quarter-wave plate and an analyzer,
according to the formula 6:

½Sout� ¼

S0

S1

S2

S3

2
664

3
775 ¼

hExExi þ hEyEyi
hExExi � hEyEyi
hExEyi þ hEyExi

i hEyExi � hExEyi
� �

2
6664

3
7775 ¼

I�;00 þ I�;900

I�;00 � I�;900

2I�;450 � I�;00 � I�;900

2Ik=4;450 � I�;00 � I�;900

2
664

3
775

ð6Þ
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where: hi stands for temporal mean value, � means the complex
conjugate value,—means lack of quarter-wave plate in front of
analyzer and second subscript means azimuth of analyzer.

In the experiment we used PCF (fibre type 070119P2) manufac-
tured by the University of Mary Curie Sklodowska in Lublin, Poland.
The fibre has a silica glass core and the light is index-guided. The fibre
structure is shown in Figure 2.

Liquid crystals are found to be a birefringent media, due to their
anisotropic nature, hence they are considered as a suitable material
for depolarization effect studies. The birefringence of LC defined as

FIGURE 2 070119P2 Photonic Crystal Fibre structure (D¼ 3.6 mm;
K¼ 3.6 mm; d¼ 1.35 mm).

FIGURE 3 Thermal characteristics of relative indices for ‘‘1550’’ LC mixture.
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difference between refractive indices may range between 0.05 and 0.5
and strongly depends on temperature. The research on depolarization
in LC under external conditions was described previously [11].

Figure 3 presents ordinary and extraordinary refractive indices in
function of temperature for ‘‘1550’’ mixture used in the experiment.

For temperatures lower than 30�C, ordinary refractive index is
higher than refractive index of silica glass; hence light inside PLCF
filled with ‘‘1550’’ mixture is guided by photonic bandgap mechanism
(PBG). The PBG mechanism occurs when core refractive index is lower
than cladding refractive index. In such case, only some of the wave-
lengths are transmitted and rest is being scattered. For temperatures
higher than 30�C light is guided by modified total internal reflection
mechanism (mTIR).

By the thermal control it is possible to change birefringence of the
PLCF structure.

3. EXPERIMENTAL SETUP

The main aim of the research was to obtain a value of the studied fibre
effective birefringence responsible for light depolarization, and to
compare it with the results for empty PCF. The PLCF structure was
obtained by immersing a PCF in the LC. The holes were infiltrated
with LC material, due to capillary forces. The procedure mainly
depends on viscosity of the LC and its phase [4]. In the investigated
PCF all holes were partially filled with 1550 LC mixture on the
distance lPLCF¼ 20 mm, as shown in Figure 4.

We used red and infrared laser diodes in the experiment to obtain
the character of effective birefringence wavelength dependence. In
the experimental setup we divided laser beam by a light-splitting
prism into two orthogonal paths (Fig. 5). The coherence length of laser
beam necessary for birefringence calculations was measured in one
path by depolarization of light in anisotropic solid crystal with well

FIGURE 4 Photonic crystal fibre (PCF) partially filled with liquid crystal
(PLCF).
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known birefringence (LiNbO3). In the second path we measured
light depolarization in PLCF, and thus we calculated the effective
birefringence of the fibre based on found length of coherence.

To provide high sensitivity detection, laser beam was modulated
and the detectors placed at the end of each path were connected to a
selective nanovoltometers.

After splitting a laser beam into optical path A, a Glann-Thomson
polarizer was used to introduce the linearly polarized light into LiNbO3

(Dn¼ 0.086) anisotropic solid crystal at an azimuth of 45� to its birefrin-
gence axes. A quarter-wave plate and analyzer were used to estimate
elements of Stokes vector, and hence to calculate degree of polarization
of outgoing light beam according to the Eqs. (5) and (6). Thus the length
of coherence of the light beam could be estimated.

In the path B we placed investigated PLCF and coupled linearly
polarized light under 45� to the fibre birefringence axes. The output
of the PLCF was placed on Peltiere device and heated up to 48�C to
obtain mTIR propagation mechanism. The signal was measured in
the same way as in path A, and DOP has been obtained.

4. RESULTS AND ANALYSIS

Lengths of coherence of quasi-monochromatic waves were obtained for
both laser sources used in the experiment. As all of the sources were

FIGURE 5 Experimental setup; P-polarizer, QWP-quarter-wave plate,
A-analyzer.
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the semiconductor laser diodes, theoretical Lorentzian spectra were
calculated for these values.

Table 1 presents results obtained in the experiment. The coherence
length of the light source measured in the path A was necessary to
calculate DOP at fibre output in the path B, and next to calculate
effective birefringence of the PLCF structure. It should be pointed
out, that in this method we do not distinguish a sign of group and
phase birefringence.

The values of calculated effective birefringence for PCF and
PLCF are compared in Figure 6 for both wavelengths used in the
experiment.

The birefringence of PLCF structure is higher than for empty PCF.
We have noticed a decreasing tendency of the absolute value of
effective birefringence in the PLCF with increasing of wavelength,
which was also observed by research group applying other method of
birefringence research [4].

TABLE 1 Experimental Results

Wavelength
k [nm]

Length of
coherence
DL [mm]

Fibre length
L [m]

DOP at fibre
output

Effective fibre
birefringence
Dn [�10�5]

675.3�0.3 1.08�0.05 0.86� 0.01 (PCF) 0.94� 0.1 9.1�3.5
0.84þ 0.02 (PLCF) 0.25� 0.1 173.6�31.9

784.6�0.3 0.71�0.15 1.05� 0.01 (PCF) 0.75� 0.1 19.6�4.1
1.03þ 0.02 (PLCF) 0.2� 0.1 109.5�21.8

FIGURE 6 Experimental results for birefringence measurements for PCF
(green dots) and PLCF (red rhombuses) in function of wavelength.
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5. CONCLUSIONS

Experimentally observed depolarization of light in microstuctured
optical fibres infiltrated with liquid crystals is much higher than
DOP changes in PCFs and HB fibres. Depolarization of light in PLCFs
is also very sensitive to the external electric field. It means that PLCF
may be used as an electric field sensor and also as a compensator
element of the polarization mode dispersion effect that significantly
decreases bit rate in telecommunication fibres. Since the effect is
caused by random birefringence of the fibre and also depends on
temporary coherence of the incoming light it may be effectively
controlled and potentially compensated by a short section of the PLCF
introduced into the telecommunication lines as it has been recently
outlined [4,5].
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metric fibre sensors for partially polarized laser source. Laser in Research and
Engineering, Proceedings of the 12th International Congress Laser 95, Springer
Verlag: Berlin, 684–687.

54 D. Budaszewski et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
4:

37
 0

8 
A

ug
us

t 2
01

2 
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