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In the paper, an extended analysis of the polarization properties of a liquid crystal cell with a biconically
tapered single-mode telecommunication optical fiber was presented. These properties are a result of a
sample geometry and used LC materials. They were analyzed by using two theoretical models based on
the matrix decomposition methods, i.e., polar and singular-value one. By measuring Mueller matrices,
information about losses, depolarization, dichroism and birefringence was obtained. In the experiment
two types of tested samples filled with well-known 6CHBT and E7 liquid crystals were prepared and all
optical parameters were shown as the voltage dependence. The tested samples have dichroic properties
and for both models calculated PDL is similar and it increases from 2.6 to 6.6 dB for E7 and from 0.4
to 2.7 dB for 6CHBT with voltage changes within the range of 40 - 190 V. Optical losses simultaneously
decrease from 30dB to 27 dB and from 36 dB to 28 dB, respectively. The birefringence properties cannot
be directly comparable due to differences between both applied models but voltage fluctuations of these
parameters are not significant. These results confirm expected dichroic properties of designed device and
complete knowledge about its working principles. Moreover, presented analysis validates usefulness of
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the singular-value decomposition model applied to dichroic optical fiber elements.
© 2019 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.

Introduction

Unique optical properties of liquid crystals (LCs) are extensively
studied since the late 60-ties of the last century. Their successful
industrial applications in the LC displays’ technology were associ-
ated with the huge efforts of many scientists and have created an
enormous space for academic research. The simultaneous devel-
opment of the optical sensors technologies has enabled the search
for hybrid transducers which merge advantages of LCs and optical
fibers. In an optical fiber light is strongly confined in its core. There-
fore, in order to have an access to the guided light from outside of
the fiber, the main problem is to process a fiber material. Tapering
of the fiber is an easy and low-cost technology which allows for the
partial propagation of light in the material surrounding the original
optical fiber as an evanescent wave [1,2]. A few useful glass process-
ing techniques were developed in this scope. The most often used
techniques are thermo-mechanical [2,3], chemical [4] or laser [5]
treatments of the optical fiber in order to reduce its size in both
the cladding and the core [1-3,5] or the cladding removal only
[4]. Those processes have led to a design of new types of optical
fiber transducers for sensors as a single taper [2-4] or periodical
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multi-tapers as long-period gratings [5]. Extended feasibility of the
tapered optical fibers was reached after a proper functionalization
of its tapered part by deposition of additional material layers to
increase the sensitivity of the sensors’ transducer [6,7] including a
surface plasmon resonance effect, as well [8].

The advantages of the combination of a tapered optical fiber and
LCs technologies with a discussion of the general light propagation
properties were noticed quite early [9-11]. The most recent stud-
ies have resulted in a design of the optical elements allowing to
observe different optical phenomena. The magneto-optic [12] and
thermo-optic [13] effects in the resonant optical structures were
observed when light interacts with cylindrical glass capillary filled
with ferronematic and nematic LCs, respectively. Light propagated
through the tapered optical fiber, and its interaction with spheri-
cal LC microdroplets allows to measure thermo-optic properties, as
well. Such elements have a prediction for their use as a transducer
to a temperature sensor [14].

In mentioned above designs, the standard single-mode optical
fibers were used, but development of photonic crystal fibers (PCF)
has enhanced research capacities. Tapered PCF coated by LC was
used for a design of temperature sensor in interferometric config-
uration [15]. On the other side, the air-holes’ lattice arrangement
around the central part of the PCF can be used to modify their prop-
agation properties when air-holes are filled with another material
[16]. Filling this type of optical fibers with LCs has resulted in a
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Fig. 1. The scheme - a) and images - b) of the LCC a with tapered optical fiber, and - c) reflections from the top and bottom glass plates of the conical sheets of the radiation

modes inside the LCC.

new class of optical fibers named Photonic Liquid Crystal Fibers
(PLCF) [17]. The extensive studies of such structures directed for
sensor applications [11,18-20] need investigation of their polar-
ization properties regarding the optical anisotropy of the used LCs,
as well.

So far, our researches have concerned the electro-optic prop-
erties of the liquid crystal cells (LCCs) with a tapered optical
fiber where the possibility of intensity modulation and spectral
characteristics were shown [21-23]. Design of the tested sample
consists of a tapered single-mode telecommunication optical fiber
integrated with a standard LCC. Authors’ experiences in the man-
ufacturing process of optical fiber biconical tapers by the Fiber
Optic Taper Element Technology (FOTET) system [2] and LCCs’
assembling have allowed for making the measuring samples. In
the research were used two nematic LCs named E7 and 6CHBT.
Both materials are described in the literature and often used in
tests [24-27]. Their main difference is the size of molecules. E7 is a
mixture of four compounds with a relatively small molecule, while
5CHBT is a single NLC component with relatively large molecules.
Moreover, ordinary and extraordinary refractive indices of E7 are
higher than 6CHBT and the influence of this parameter was also
analyzed [22]. These materials with similar sample configuration,
synthesized at our university, were previously used as a tunable
filter in visible range [21,23].

Current studies are related to polarization properties of such
optical structure obtained on the base of polarimetric measure-
ment where first tests were shown in Ref. 28. Generation of the
selected states of polarization (SOPs), as input Stokes vectors, and
measurement of their changes, as output Stokes vectors, allow for
calculating Mueller matrix of the tested sample. Successive calcula-
tions of Muller matrices for each voltage give full information about
losses, depolarization, dichroism, and retardance of the tested opti-
cal element [29]. As the first step of theoretical considerations,
optical losses and depolarization were calculated. Analysis of the
Average Degree of Polarization (AvDOP) parameter showed that
tested samples can be considered as non-depolarizing elements
[30]. The next step, the classic matrices’ decomposition algorithm
based on polar decomposition [31] has been used for polariza-
tion study. This model allows to analyze dichroic and birefringence
properties of measured samples. Based on these data it is possible
to calculate such parameters as: linear and circular dichroisms, lin-
ear retardance, optical rotation, and orientation angle [30]. Due to
the fact that polar decomposition model is not symmetric, cascade
connection of diattenuator, elliptic retarder and depolarizer were
used as the first approximation. However, taking into account the
symmetry of the sample (input and output optical fibers and the
LCC with a tapered fiber between them) a singular-value decom-
position model [32] for polarization investigation has been used,

as well. In this model the optical fibers are described as the linear
retarders whereas the LCC with the tapered fiber is described as a
dichroic element defined by a combination of linear diattenuator
and horizontal retarder.

Technology and principles of work of a nematic liquid
crystal cell with tapered optical fiber

The FOTET system was used to tapering an optical fiber SMF28e
- by heat and pull technique in which a low-pressure flame soft-
ens glass of fiber and allows for a reduction of its external diameter
in the form of a biconical tapper structure [2]. Next, the tapered
fiber is integrated with the LCC structure according to the sample
design previously presented in Ref. 18 with the scheme shown in
Fig. 1a). The main parameters of the manufactured adiabatic taper
are as follows: 20.0 mm waist length, around 12.0 pm waist diam-
eter, optical taper losses of about 0.2 dB@1550 nm. The tested LCCs
are 40 pm thick with a rubbing direction of alignment layers per-
pendicular to the tapered optical fiber and they were filled with
6CHBT or E7 LCs’ mixtures. Thickness and rubbing direction were
optimal for devices [22]. The selected LCs were chosen due to the
fact that they are well known materials with different extraordi-
nary refractive indices of 1.672 for 6CHBT and 1.739 for E7 [22].
This gives possibility to check the influence of used LC on polariza-
tion parameters of the analyzed device. The image of LCCs with the
tapered optical fiber is shown in Fig. 1b). The principles of work of
this type of optical fiber device was previously presented in Refs.
[9] and [10]. There were described basic electro-optic properties
of LCC with a tapered optical fiber. Polarization properties of these
devices were only mentioned in Ref. 9. In order to measure thermo-
optic properties of such optical device, the selected LC was mixed
with water to reduce a refractive index of the mixture to be less
thansilica [10]. In presented study, the selected LCs have both ordi-
nary and extraordinary refractive indices higher than silica [22]. In
such boundary conditions the tapered fiber cladded by these LCs
does not transmit the light. However, waveguiding properties of
this optical element are a result of the geometry of the LCC, as is
shown in Fig. 1b).

In Fig. 1b) two illuminated from inside of the sample areas can
be distinguished in places where light enters (1) and exits the sam-
ple (2). First of them, marked (1) shows radiation modes excited
in the glued connection between the optical fiber and glass plates
and second area, whereas marked (2) shows refracted light at the
edges of glass plates. These modes are excited in this structure due
to the fact that refractive index of LC is higher than the silica of the
optical fiber. Energy of radiation modes in the plane of the sam-
ple is lost due to diffraction what is visible as enlarged illuminated
area (2) at the right edge of the sample [Fig. 1b)]. However, in a
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Fig. 2. Polarimetric set-up for polarization properties’ measurements of the LLC with tapered optical fiber: (a) scheme, (b) image.

plane perpendicular to the sample these modes reflect from glass
plates [see illuminating areas in Fig. 1c)] and their fraction cou-
ple back to the optical fiber when the light exits the sample. The
amount of measured intensity depends on input SOP, as well as
an applied voltage which reorients and aligns LCs’ director. These
dichroic properties of device make a unique opportunity to analyze
polarization properties by using different theoretical models.

Experimental measurements and data analysis

Polarization properties of designed samples were measured by
using a polarimetric configuration set-up, as is shown in Fig. 2. It
consists of a laser light source (Laser), polarization state generator
(PSG), tested sample (TS) and polarization state analyzer (PSA). TS
was driven by the amplified signal (AS) from the function genera-
tor (FG). PSG, PSA, and TS were controlled by a personal computer
(PC), and all data were acquired and analyzed by dedicated soft-
ware implemented in PC [27]. It is worth to mention that there are
also other optical fiber based measurement methods of polarization
parameters [33].

As a light source was used a high power laser TSL-210V (San-
tec, Japan) working at 1550 nm with the optical power of 20 mW.
Deterministic polarization controller DPC 5500 (Thorlabs, Sweden)
and polarimeter PAX5710 (Thorlabs, Sweden) were used as PSG
and PSA, respectively. To characterize electro-optic properties of
TS, function generator DG1022 (RIGOL, China) and voltage ampli-
fier A400D (FLC Electronics, Sweden) have been used as FG and AS,
respectively. They allow to generate the square waveforms with
a constant frequency of 1 kHz and amplitudes within the range of
0-200 V.

The determination of the Mueller matrix was used in the inves-
tigation of polarization properties of the analyzed devices. Selected
set of input SOPs generated by PSG was defined as input Stokes vec-
tors Sli)SG' SOP changes after passing through the TS were measured
by PSA as output Stokes vectors Sl’;s - Next, the Mueller 4 x 4 matrix
(Mex) at each of applied voltage was calculated based on relation
[34]:

Spsa = Mex Spsc- (1)

Specific input SOPs’ generation was necessary to simplify the
calculation of the Meyx elements. As the sets of input Stokes vec-
tors Sli’SG were used: four linear SOPs as horizontal, vertical, with
azimuth +45 deg and with azimuth —45 deg, and a pair of circu-
lar one, i.e., right and left. For each of the mentioned above input
SOPs’ respective output Stokes vector were measured and, next, all
elements of the Mueller matrix were calculated [34].

In general, the Mueller matrix carries information about losses,
depolarization, dichroism, and birefringence [29-32,34-36]. Losses
are treated as an isotropic optical attenuation, and they are defined
by a single value. Depolarization process can be treated as isotropic

or anisotropic and is represented by a single value or at least three
coefficients obtained from Mueller matrix elements, respectively
[30]. Dichroism, also named diattenuation, shows anisotropy of
optical losses whereas the birefringence transforms input SOP and
can be defined by linear and circular birefringence [29,31]. Dichro-
ismand birefringence are three element vectors calculated from the
Mueller matrix. Therefore, from total 16 elements of any Mueller
matrix only, at least ten elements are independent.

In Fig. 3 plots of sixteen raw Mueller matrices M elements
(my;) calculated for TSs with 6CHBT and E7 LCs were shown. To
emphasize their electro-optic properties, each matrix element was
normalized to mexgo element. Presented plots show changes of
appropriate matrix elements while the driven voltage amplitude
was changed from 40V up to 190 V.

Uncertainty analysis is complex in case of experimental Mueller
matrix because each element of this matrix depends on six
measured variables. Application of the combined standard uncer-
tainty allows to build uncertainty matrix. Analysis of matrices
obtained from measurements data showed that their maximal
value does not exceed 2%. Moreover, equally important is the
filtering procedure which reduces measurement noise and finite
accuracy of the used set-up by transformation of the experimen-
tal matrices to physically realizable semi-definite Hermitian one
[29-32,34-37].

As the first step, the optical losses (L) and AvDOP were calculated
from the filtered experimental matrices My by using the following
relations [30]:

L = —10logqq [mygo] , AVDOP

1 [T [F
= I /0 [E DOP (¢, &) cos2edeg de (2a)
4
2 2 2
DOP(. ) — V57(9.0) +57(9. £)+ 53 ¢) s
So(@, €)
1
cos¢cose
=MsSand =S = singcose | - (2b)
sing

where: mgqq is the element of filtered Mueller matrix, ¢ and ¢ are
the azimuth and ellipticity of input SOP represented by Stokes vec-
tor S.

The plots of mentioned above two optical parameters for inves-
tigated TSs are shown in Fig. 4. Losses [Fig. 4(a)] for both LC
materials are high and decrease as the voltage increases. The
dynamic range of these changes is of about 7.6 dB for E7 and about
2.5 dB for 6CHBT. The main source of losses are diffraction in-plane
of LCC and infrared absorption of the LCs. However, their voltage
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Fig. 3. The calculated normalized elements of Mueller matrices of TSs with 6CHBT (blue dots) and E7 (red triangles) LCs vs. voltage.
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dependence can be connected with reordering of LC molecules by
electrical field in designed LCC. The molecular arrangements of the
LC close to both glass plates [Fig. 1a)] are uniform due to applied
alignment layers and director is in-plane with the glass plates of
the LCC and perpendicular to the tapered fiber. In the center of the
LCC, the molecular arrangement has more statistical distribution.
With increase of the voltage director rotates to be perpendicular
to glass plates and this results in an increase of refractive index of
the LC from ordinary to extraordinary one. For this reason, more
optical power is coupled back to the tapered fiber at the end of the
sample.

AvDOP [Fig.4(b)] of the tested samples are close to unity for both
materials and, therefore, depolarization properties can be regarded
as negligible. Such a result confirms elimination of this effect from
calculations and sufficiently simplifies further analyses.

Applying the commonly used polar decomposition (PD) method
to the filtered and normalized Mueller matrix M! allows to show TS
as a concatenation of two matrices: retarder Mg - includes informa-
tion about birefringence and diattenuator, Mp - informs us about

dichroic properties of the sample. Mathematically, this can be writ-
ten as follows [28,29,34]:

1 DT 1 >0 1 DT

M'=| . =Mg-Mp= | _ . , (3)
P m! 0 mg D mp

where: PT = mly, ml,, m%o} and DT = [m(ln ,mb,, mgB] are parts

of the first column (polarizance vector) and the first row (diattenu-
ation vector) of the analyzer matrix M, respectively. Additionally,
m! is 3 x 3 submatrix of matrix M!, whereas 07 = [0, 0, 0] is a null
row vector.

Existing in (3) submatrices mg and mp are 3 x 3 matrices calcu-
lated as:
(4)

mp=als+b (EJET), mg=—[m'+b (1357)]

~ 2 o .
where: a=4/1 - |D ,b=1-a,I5 - 3 x 3 identity matrix.

Q=
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Fig. 5. Dichroic property of tested samples: (a) linear (LD) and circular (CD) dichroism and (b) PDL.

Dichroic properties of the measured TS can be analyzed directly
from diattenuation vector D. It is defined by three elements where
the first two describe its linear dichroism (LD) which is related to
a linear polarizer property while the third one describes circular
dichroism (CD), i.e., circular polarizer property. They are defined as
follows [29]:

142 1y2. 1
LD =4/(mg,)" +(my,)"; CD =myg;. (5)

In optical fiber technology, a cumulative parameter used to
define a dichroic property of the optical fiber is polarization depen-
dent loss (PDL) and it can be calculated by the following definition
[34]:

(6).

PDL = 10log, [1 + 'D'} .

1-1D]

Application of relations (4-6) allows for the plot of linear and
circular dichroism, as well as PDL characteristics for both tested TSs
as is presented in Fig. 5.

As one can see, the sample with 6CHBT LC shows linear dichro-
ism (LD 6CHBT) while the sample with E7 demonstrates circular
dichroism (CD E7). Such difference, in the author’s opinion, is a
result of used model and cannot be connected to the geometry of
designed TS or differences in optical properties of the used LCs.
Additionally, in both samples, dichroic property grows with volt-
age which is associated with Fresnel’s’ reflection on the interface
of LCs and glass plates.

Taking into account the above discrepancy of the dichroic prop-
erty of both TSs, it is more convenient to analyze cumulative
information about diattenuation displayed as PDL characteristics
as is shown in Fig. 5(b). Comparing dynamic ranges of this param-
eter, PDL grows from 0.4 dB to 2.8 dB for 6CHBT and from 2.3 dB to
6.6 dB for E7. This fact suggests that the application of the last LC
with higher extraordinary refractive index stronger influences the
polarizing property of the tested optical element. Additionally, it
can be observed that the PDL changes for both samples correlate
with losses plotted in Fig. 4(a). For both LCs correlation coefficients
are close to —1.

The birefringence property in the presented PD model is simu-
lated by two optical elements, i.e., circular and linear retarders are
characterized by optical rotation i and linear retardance (phase
shift) §, respectively. Linear retarder has an orientation angle o with
regard to the horizontal axis [35]. Taking into account relations (3)
and (4) above three parameters are defined as follows [31,35]:

Y= %arctan [%} ; 8 = arccos [\/M— 1} (7a)

_ 1 [6%)
o= iarctan [071} (7b)

where: A =mgyy — Mg12; B = Mgqq + Mgy Mgj — suitable ele-
3
ments of submatrices mg, whereas a; = s E EijkMRjks Eijk -
Jrk=1

Levi-Cavity tensor, i,j, k=1, 2, 3.

Fig. 6 presents changes in birefringence parameters for the
investigated TSs as a function of the applied voltage. They are rep-
resented by optical rotation [Fig. 6(a)] and linear retardance or
phase shift [Fig. 6(b). Both parameters grow with voltage and opti-
cal rotation changes of about 0.1 rad while changes of phase shifts
are stronger for 6CHBT and reach 0.4 and it is almost constant for
E7. The orientation angle o remains unchanged in the full range of
applied voltage for both investigated TSs, as is shown in Fig. 6(c). So,
the dynamic ranges of these changes are weaker than their dichroic
parameters but still obvious. Additionally, high correlation of the
phase shifts § and PDLs of both used LCs [Fig. 5(b)] is observed.

As was mentioned above, it is difficult to find a proper expla-
nation of the discrepancy shown in Fig. 5(a) between linear and
circular dichroic properties of tested samples. However, taking
into account the geometry of TSs, another theoretical model was
proposed in further analysis. It is related to the singular-value
decomposition (SVD) method [32]. The most important advantage
of this model is its symmetry because the tested optical element is
considered as a concatenation of three components, i.e., two linear
retarders with a partial polarizer with retardance between them.
The LCC with the tapered optical fiber fits this model because it
consists of an input and output optical fibers and dichroic LCC with
tapered optical fiber. Therefore, input and output fibers in a proper
experiment preparation can be treated as linear retarders whereas
the LCC can be the partial polarizer.

In the proposed SVD method normalized and filtered Mueller
matrix M! can be mathematically represented as follows [31]:

M = Mylaz, 8] MpolT. t, y IM{ o1, 841, (8)

where: My and My are the matrices of retarders with linear retar-
dances §; and orientation angles «;, Mgp is the matrix of a partial
polarizer with respective relative maximum T and minimum ¢t
transmissions and retardance y.

In the first step of calculations, with the help of a Householder
transformation, matrices My and My were calculated by using the
following formulas [32]:

My :MmDandMV = My,D (9)
where:
1 07 DY
Mpi = s Hi=h — —=—
H; |hil
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and e=+1 - defines horizontal (+) or vertical (-) orientation of max-
imum transmission axis of the partial polarizer.

Matrices My and My are described by two pairs of parameters,
i.e.,, (a1, 81) and (w3, &) which are calculated by using respective
formulas from relations (7).

Next step is the calculation of the so-called M’ matrix, which has
a 2 x 2 block-diagonal form [32]:

M = MMMy (10a)

The above matrix represents a linear partial polarizer with hori-
zontal or vertical orientation (left top corner 2 x 2 block) and linear
retarder defined by angle y (right bottom corner 2 x 2 block).
Parameters T, t, y are easy to be calculated by using elements with
both blocks. Additionally, the cumulative value of PDL can be cal-
culated with the standard formula [34]:

T
PDL:lOIoglO[?]. (11)

Taking into account the TS geometry and the fixed horizontal

polarizer used in PSA, the value of € equals -1.
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3.0+

25F

20}

y [rad]

15

6CHBT

. . .

& o T A 4 a4 A A A A A A4
= A A ol Py A A A
O+ &

E7

0‘0 1 L L 1 L 1
40 60 80 100 120 140 160 180

Voltage [V]

Fig. 9. The retardance of the vertically oriented linear polarizer with 6CHBT and E7
LCs.

In Figs. 7-9 the polarization parameters of input and output
retarders and linear partial polarizer with retardance are presented.

Voltage dependence of optical parameters for input linear
retarders (Fig. 7) of the sample based on E7 LC is very weak and
does not exceed 0.1 and for output retarder changes are less than
0.2. For 6CHBT LC material fluctuations of orientations angles of
both retarders are between 0.2 — 0.3. Changes of linear retardance
of these elements are stronger and are of around 0.4 for §; and of
0.7 for &.

Calculated partial polarizer properties represented as relative
transmissions T and t were shown in Fig. 8(a) and their cumulative
PDL characteristics are plotted in Fig. 8(b).

Relative extremes T and t of both materials are symmetrical
around the value of one [Fig. 8(a)]. Their differences grow with
voltage showing increase of polarizing properties. Their cumula-
tive PDL characteristics [Fig. 8(b)] are in a very good agreement
with data calculated for the PD model as is shown in Fig. 5(b). The
last parameter of this model - retardance y of the partial polarizer
is shown in Fig. 9.

Retardance for E7 LC based sample has small changes less than
0.18 within the range of the applied voltage while for the sam-
ple with 6CHBT material has stronger fluctuations with maximal
deference equal to 0.6.

Conclusions

In the paper extended studies of the LCC with tapered single-
mode telecommunication optical fiber are presented. Calculated
measurements of optical parameters based on Mueller matrix show
that this type of a hybrid optical fiber device has high losses and
dichroic properties. Both of them result mostly in the geometry

of the sample. Birefringence properties are rather weak, as well
as its depolarization properties which are even negligible. Appli-
cation of two different LC materials shows that using E7 material
with higher refractive index allows to improve its dichroic proper-
ties to have dynamic range twice better than for 6CHBT. Moreover,
electro-optic dependence of birefringence in the sample with E7
has less fluctuation than the other one. Unique dichroic prop-
erties of the manufactured samples give possibility to validate
singular-value decomposition model which is dedicated to analysis
optical systems consisting of partial polarizers placed between lin-
ear retarders. In Authors’ best knowledge this model was used for
the first time to characterize optical fiber element. Moreover, cal-
culated PDL proved usefulness of both applied models to describe
optical properties of such hybrid optical devices.
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