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Abstract—Liquid Crystal (LC) is an anisotropic liquid material
which flows like a liquid, but at the same time its molecules
have an orientational order like in the solid state. Thus, LC
is a promising dielectric material for designing reconfigurable
devices at microwave frequencies. In order to optimize the
design of reconfigurable microwave devices, accurate values of
the dielectric permittivity and the loss tangent of LCs are needed.
However, new LCs are not well characterized at these frequencies
because of its recent use for microwave applications. Therefore,
the characterization in this frequency range is required for its
practical use within microwave components and devices.

In this work, a split-cylinder resonator method is used for the
characterization of four different nematic LCs at two frequency
points, i.e. 5 and 11 GHz. This characterization includes the
extraction of their complex dielectric permittivity values at these
frequencies. The employed method allows to obtain the two
extreme permittivity values without applying any external electric
or magnetic field to polarize the LC molecules. Two different
approaches, a modal analysis method and a full-wave numerical
technique have been used for determining the LC parameters
obtaining similar results in both cases.

Index Terms—dielectric permittivity characterization, liquid
crystal, microwave devices, split-cylinder resonator.

I. INTRODUCTION

Current communication systems face the advent of spec-
trum saturation caused by new applications, like Internet of
Things (IoT) or 5G access technology. They are defined to
provide extremely high capacity, high bandwidth, and robust
integrity. Thereby, radio-frequency and microwave systems
must provide, among others, enhancements in terms of spectral
efficiency and adaptable resource management [1]. For these
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reasons, the development of reconfigurable microwave devices
is an area attracting research interest in recent years. Tunable
behaviour can be implemented with many different methods,
among them Liquid Crystal (LC) is one of the most promising
materials that is used for reconfiguration of filters [2], [3],
phase shifters [4], [5] and other microwave devices.

LCs are anisotropic materials whose properties are between
those of crystalline solids and those of conventional liquids.
LCs used in telecommunication applications are constituted
by elongated rod-like organic molecules [6]. At the working
temperature range, these molecules present, in general, a
nematic phase, i.e. they have some orientational order but
still no positional order. The long axis of the molecules has a
preferred direction. This direction can change when an external
low frequency electric or magnetic field is applied.

In the macroscopic scale, the direction of the molecules is
represented by a vector called director (~n), which is parallel
to the longitudinal axis of the LC molecules. The dielectric
permittivity values of the nematic LCs are defined by the
angle formed between the director vector and an external RF
electric field ~E. The values represented by εr⊥ and εr|| are,
respectively, the permittivity values when ~n is perpendicular
and parallel to ~E [7], as shown in Fig. 1. Moreover, loss
tangents tanδ⊥ and tanδ|| are also defined corresponding to
those directions.

~E ~n

(a)

~n

(b)

Fig. 1. Aligned LC molecules showing the director vector ~n and the electric
field ~E. (a) Parallel permittivity ; (b) Perpendicular permittivity

The choice of a given nematic LC for a particular applica-
tion depends on a number of factors. The most determining
ones are the dielectric anisotropy, the dielectric loss, and
the switching voltage. The dielectric anisotropy is defined
as the difference between the values of the parallel and
perpendicular permittivities, ∆εr = εr‖| − εr⊥. This value
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directly determines the tunability/control range of an LC-based
microwave device.

Thus, it is important to determine the dielectric anisotropy
at microwave frequencies. Different methods based on trans-
mission lines have been used to characterize the dielectric
properties of LCs at millimeter-wave and microwave frequen-
cies. In [8], a broadband coaxial line is used, in [9] the
measurement is done using a rectangular waveguide and [10]
uses a covered microstrip. These methods can measure the
dielectric properties of the LCs in a wide frequency range,
but sometimes they are not accurate enough.

Other methods can be used to determine the anisotropy of
LCs at microwave frequencies, such as the resonator-based
methods, which have higher sensitivity and better accuracy
[11]. Such these methods can determine the dielectric proper-
ties of materials at single frequency points. In [12] a rectangu-
lar cavity perturbation method is proposed for characterizing
a polytetrafluoroethylene (PTFE) tube filled with LC, and in
[13], [14] a split-post dielectric resonator technique is used for
characterizing LC mixtures in silicon cells. Resonator methods
in planar structures as in [15], which uses a patch resonator,
can be used too.

However, the previously mentioned methods need an elec-
tric or magnetic field to align the molecules in the two
directions (perpendicular and parallel). The use of external
fields for the alignment has proved to give excellent results,
but it requires a decoupled electric structure for the electric
field alignment, or a laboratory setup for the magnetic field
one [16]. Alternatively, an accurate and non-destructive char-
acterization method is proposed in this paper, and it is used
for measuring four different nematic LCs mixtures at two
different frequency points, i.e. 5 and 11 GHz. This method
allows to measure the two extreme values of permittivity and
loss tangent without applying any external electric or magnetic
field. This measuring procedure and its results are explained
in detail and discussed in the following sections.

II. SPLIT-CYLINDER RESONATOR METHOD

Resonator methods are widely used for material charac-
terization due to their high accuracy and sensitivity [17].
Among them, resonators implemented on dielectric substrate
must be redesigned for each measured material and frequency.
However, cavity resonator methods, as the split-cylinder one,
can measure all the samples at one frequency without changing
the housing resonator [18], [19].

The split-cylinder resonator consists on two cylindrical
halves, where a sample is placed in the gap between the two
sections, as shown in Fig. 2. Two coupling loops are used to
feed the cavity and excite the TE modes inside the resonator.
As can be seen in Fig. 2 (c) and (d), these loops also define
the electromagnetic field direction.

The dimensions of the cavity, the thickness of the sample
and the resonance frequency are the parameters needed to
calculate the dielectric properties of the materials (relative
permittivity and loss tangent). The dimensions of the cylinder,
i.e. the radius and the length, must be chosen considering the
resonance frequency and the electromagnetic field distribution
of the empty cavity resonator.

Coupling
loop

Sample L

L

hs

ε0, µ0

(a)

~E

~H

(b)

~H

(c)

~E

(d)

Fig. 2. Split-cylinder resonator. (a) Front view. In gray the brass of the
cylinder, in blue the sample (glasses (hg) in dark blue and liquid crystal
(hLC ) in light blue) and in white the air. (b) 3D view with ~E and ~H fields.
(c) Front view with ~H field. (d) Top view with ~E field.

In order to calculate these dimensions, the general equation
of resonance frequencies of TEmnp modes within a cylindrical
resonator is used:

(fr)TE
mnp =

1

2π
√
µε

√(
χ′
mn

a

)2

+
( pπ

2L

)2
(1)

where:
– fr is the resonance frequency.
– χ

′

mn is the m-th root of first-order derivative of Bessel
function of n-th order.

– a is the radius of the cavity.
– L is the half-length of the cavity.
– µ is the permeability inside the cavity.
– ε is the permittivity inside the cavity.
The criterion to choose one mode is based on the field

distribution inside the cavity and the clear spectral separation.
Traditionally, TE011 mode is used by Kent and Janezic [18],
[19]. Nevertheless, in the case of the characterization of
an anisotropic material, as the LC used in this work, the
transverse electric field must present a linear polarization. The
field distribution that better fits this requirement is the one
of TE11p modes, since it has quite straight field lines in the
center of the cavity [20] as shown in Fig. 2(b). In our case,
the TE111 mode is finally employed since the electric field
reaches a maximum in the center of the cavity where the
sample is placed. In addition, it has the advantage of being
the fundamental mode, i.e. the one resonating at the lowest
frequency, and presents a high quality factor (Q).

Two different cylinders have been designed to yield the
resonance frequencies of the TE111 mode at 5 GHz and 11
GHz, respectively. The resultant dimensions are detailed in
Table I.
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TABLE I
DIMENSIONS OF THE SPLIT-CYLINDER RESONATORS.

Parameter fu0 = 5 GHz fu0 = 11 GHz
a 20.00 mm 10.00 mm
L 32.00 mm 11.20 mm

III. MEASUREMENT PROCEDURE

The split-cylinder resonator method is based on the fact that
the resonance frequency and Q-factor are mostly determined
by the permittivity and permeability inside the cavity. When
part of the electromagnetic boundary condition is changed by
introducing a sample, the resonance frequency and Q-factor
will also change as shown in Fig. 3. The resonance frequency
(fu0) of the empty cylinder will move to a lower frequency
(fus) when the sample is placed, and the value of the quality
factor (Qu0) will be reduced (Qus).

9.5 10 10.5 11

Frequency (GHz)
fu0fus

Qus

Qu0

Fig. 3. Resonance frequency and Q factor for the resonator without (fu0)
and with (fus) sample.

With these two measurements, with and without sample,
the permittivity value and the loss tangent of a single material
can be determined by the Kent method [18]. However, the LC
must be confined in a sealed cell, i.e. a “sandwich” formed by
two glasses and the LC between them, as explained in Section
IV. Since the LC cell is a non uniform material, formed by
two glasses and one LC layer, all the thicknesses of this cell
(glasses and LC) and the dielectric properties of the glasses
must be characterized. Hereby, the measurements process is
carried out in two steps.

First, the thickness of each glass is measured and then,
their permittivity and loss tangent are characterized by the
Kent method, detailed in [18]. Next, the thickness of the
LC is measured, so the only unknown is the LC complex
permittivity. Finally, the whole LC sealed cells are placed in
the split-resonator and their frequency response is measured.
With all measurements, the electromagnetic properties of LC
can be determined following two different methods.

A. Numerical method

Once the glass permittivity and dimensions of the LC
cells and the measurement set-up (split-cylinder resonator
and connectors) are known, an electrical model is simulated
in a numerical electromagnetic simulation software, CST1.
The fields inside the structure are iteratively simulated as a
function of the complex permitivitty of the sample material.
This process ends when the simulated resonance frequency
and quality factor are as similar as possible to the measured
ones. The complex permittivity value of the LC is adjusted by
using an hybridization of different optimization algorithms.
The process starts assuming a tan δ = 0, and the datasheet
permittivity values of the LC mixtures at optical frequencies.
Next, a Nelder Mead Simplex Algorithm is applied in order
to optimize the tan δ and ε values, until the Q-factor and res-
onance frequency errors are below 5 and 1 MHz, respectively.
Then, the Trust Region Framework method is applied with
an initial searching area radius of 0.2 which means that the
algorithm looks for a minimum in a restricted area. When
the error of the Q-factor is below 0.5 and the resonance
frequency error is below 1 MHz, the optimization algorithm is
finally changed to a Quasi Newton method. The entire process
comprises circa 70 evaluations, which takes about 5 hours.

B. Modal method

In order to characterize the LC, the method in [21], [22] is
also employed. It implements a full-wave circuit analysis of
the structure (split-cylinder with an LC cell), based on a modal
analysis method. Accordingly, it is much more accurate and
requires a lower computational cost than a numerical method
(based on FDTD or FEM) like the previous one (Section
III.A), but requires the resolution of the full-wave circuit for
each particular structure.

In this method , the whole structure is divided into simpler
small structures or networks that can be solved in an easier
way, i.e. it is segmented into canonical circuital elements.
Then, the small structures can be joined in order to give the
general solution of the whole structure. In the case under study,
the split cavity with the LC cell is segmented into 8 small
structures, as shown in Fig. 4 (a), where some surfaces have
been defined as ports, as can be seen in Fig. 4 (b). In this
configuration, the upper and lower zones model the air filled
resonator sections (each one is a 3-port network), the second
and the fourth zones model the glass of the cell (two 3-port
networks for each one), and the central region models the LC
sample (two 3-port networks).

Once the structure has been split, each circuit is elec-
tromagnetically characterized by its Generalized Admittance
Matrix (GAM) which is computed by using the mode matching
method. With this modal method, the electromagnetic fields of
each port network are approximated by the series expansion
[23] of equation (2). Since the proposed method is a full-
wave circuit analysis, every possible electromagnetic modes
inside the structure has been taken into account, i.e. TEmn

and TMmn.

1CST Studio Suite, v2017
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(a)

Métodos de caracterización electromagnética de cristales ĺıquidos a
frecuencias de microondas. 1

1. Introducción

1.1. Métodos de caracterización dieléctrica
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Figura 1: Imagen.(b)
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Zl

Figura 1: Imagen.

(c)

Fig. 4. Circuital model of the split-cylinder resonator and the liquid
crystal cell segmented into 8 simple circuits. (a) Graphic representation. (b)
Schematic representation. (c) Schematic representation forcing the resonance
condition.

~Eport =
∑
n

en · ~En ; ~Hport =
∑
n

hn · ~Hn (2)

where:
– ~Eport and ~Hport are the electric and magnetic fields in

the port surface.
– en and hn are the amplitudes of each base function.
– ~En and ~Hn are the base functions for the electric and

magnetic fields.
According to equation (2), the relation between electric and

magnetic fields can be established by the general GAM matrix
for an N-port network represented in equation (3).

h =


h1
h2
. . .
hN

 =


Y11 Y12 . . . Y1N

Y21 Y22 . . . Y2N

. . . . . . . . . . . .
YN1 YN2 . . . YNN



e1
e2
. . .
eN

 = Y ·e

(3)
In the GAM matrix, each hn and en element is a vector

with the coefficient of the series expansion shown in equation
(2). Consequently, each element Yij is not a scalar value
but a matrix. Thus, any Yij element of each network can be
calculated by forcing the boundary conditions of the particular
network and a short circuit condition in the other ports for
every considered base function.

Once every GAM network is calculated, the networks are
connected to each other enforcing the boundary conditions.
A recursive method by pairs is used to obtain the GAM of
the whole structure [21]. This new GAM is obtained for only
one port (port 1 of Fig. 4 (c)). This port is then connected to
ground (port 2 of Fig. 4 (c)) to force the resonance condition,
which leads to solve equation (4).

|det (Zr(dim, ε, µ, f) + Zl(dim, ε, µ, f))| = 0 (4)

where:
– Zr and Zl are the Generalized Impedance Matrices,

defined as the inverse of the GAM, of each 1-port network
(see Fig. 4 (c)).

– dim contains the dimensions of the resonator and LC
cells.

– ε is the LC permittivity.
– µ is the LC permeability.
– f is the resonance frequency when the LC cell is placed

in the resoantor.
As can be seen in equation (4), every GAM network is a

function of the dimensions of the structure, its electromagnetic
properties (permeability and permittivity) and frequency. All
these variables are known except the LC complex permittivity,
which can be obtained by forcing this resonance condition
[23].

Both methods, the numerical and the modal, need a calibra-
tion of the split-cylinder resonator. This calibration consists
in modelling the empty resonant cavity (without dielectric
material) in order to adjust the values of the feeding network,
the real dimensions, characteristics and configuration of the
resonator (radius, height, and conductivity of the brass walls).

This is the starting point of the data analysis of each
considered LC samples, as it is shown in the next section.

IV. LIQUID CRYSTAL SAMPLES

In order to perform the practical estimation of the two
relative permittivities (εr⊥ and εr||) with the split-cylinder
resonator method, the samples of liquid crystal must be
previously treated. LC must be contained in a cell composed
of two support glasses separated with spacers and glued. Each
glass has a thickness of 400 µm ± 10 µm and they are
separated around 0.150 mm. The process for the construction
of the cells is described next:

Glass cleaning. The glass should be as clean as possi-
ble, because even microscopic particles could damage the
homogeneity of the alignment layer, affecting the separation
between the glasses of the cell. Hence, a meticulous cleaning
process is done in two stages. In the first one, the fat and larger
particles are removed. Next, an ultrasonic cleaning process is
conducted.

After this, the glasses are dried and stored in hermetic con-
tainers to avoid possible contamination. Immediately before
the next process (alignment surface), the glass substrates are
subjected to a UV-ozone-cleaning procedure.

Alignment surface. To characterize the value of the dielec-
tric anisotropy of the LC, its molecules must present a well
defined orientation. For that, an alignment surface is created
on one side of each glass of the cell. The creation of this
alignment by anchoring surface is carried out in three main
steps: the deposition of polyimide, the curing of this polymer,
and the realization of the microscopic grooves.

The deposition of the polyimide is done with a spin coating
mechanism to get a uniform surface of approximately 100 nm.
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This thickness is an average value obtained with a contact
profilometer (Dektak XT).

After deposition, the samples are cured to get the polymer-
ization of the polyimide, thus, the material is hardened.

Finally, the samples are ready to make the microgrooves
that will determine the orientation of the LC molecules. To do
this, a rubbing process on a natural silk velvet, which leaves no
residue, is followed. It is very important to perform rubbing in
a unique way, since this will determine the initial orientation of
the molecules. To achieve a homogeneous alignment direction,
the velvet is fastened together to a straight tray on which one of
the faces of the glass can rest and move in a specific direction.

Cells assembly. To form the LC cell, four Mylar separators
are adhered near the corners of the glass with optic glue.
This action allows to separate homogeneously the two glasses
that make up the cell. Another glass is superimposed over
the separators. Both glasses have the same alignment layer
direction. A separation between both glasses acting as a “bed”
has to be included for the filling process, as shown in Fig. 5.
Next, the cell is consolidated (applying pressure) and cured
using an ultraviolet light oven.

hg1

hg2
hLC

Fig. 5. Layout of an empty liquid crystal cell. In blue the glasses, in gray the
polyimide surfaces, in green the spacers and in white the gap for the liquid
crystal.

As mentioned before, the thickness of the materials used in
the characterization presents a great relevance in the obtained
results. For that reason, the thickness of the glasses of each cell
has been measured in 8 different points and at two different
times: before and after assembling the cells. A micrometer
screw (Mitutoyo) with an uncertainty of ± 2 µm has been
used for the measurement. For each glass of the four cells,
the average thickness is detailed in Table II.

The glass permittivity and loss tangent were measured at
the two selected frequencies using the Kent method [18] for
different glasses and positions, to ensure the isotropy of the
material. The results are shown in Table III. Since the error
margin of the glass measurements is below 0.2% and 0.001%
in terms of complex permittivity and loss tangent respectively,
the effect in the final LC results is negligible.

TABLE II
AVERAGE THICKNESS OF THE GLASSES (hgi) OF THE FOUR LC CELLS.

Cell Glass 1 (µm) Glass 2 (µm)
TH1 410± 2 410± 2
TH2 404± 2 410± 2
TH3 410± 2 410± 2
TH4 409± 2 409± 2

The thickness of the gap between the two glasses of each
cell has been measured by using a spectrophotometer (Cary
5000 UV-Vis-NIR from Agilent). The measurement of the
thickness has been made taking advantage of the Fabry-Perot
resonance that occurs in the glass-air-glass interface of the LC
cell.

TABLE III
AVERAGE MEASUREMENT OF THE EM PROPERTIES OF THE GLASS.

Parameter Resonator
(5 GHz)

Resonator
(11 GHz)

fus−glass (GHz) 4.7708±3.2×10−6 9.841±3.5×10−4

Qglass 673.1±3.7 231.69± 1.2
εr 7.2102±3× 10−4 7.0101 ±2× 10−5

tan δ 0.0155±4× 10−9 0.0171±4× 10−9

The optical transmission spectrum of each empty cell,
recorded as a function of the wavelength, shows a series
of maxima and minima due to the interference phenomena
originated by multiple reflections at the glass-air-glass inter-
faces. The frequency difference between consecutive maxima
is related to the air gap thickness (hLC), according to the
expression (5).

∆f =
c

2hLCn
(5)

where:
– ∆f is the frequency space between two consecutive

maximums.
– c is the speed light in the vacuum. c = 299792458 m/s.
– hLC is the separation between glasses.
– n is the refraction index of the medium (in this case the

air: n = 1).
The smaller the spacing, the greater the frequency separation

will be. Thus, it will be easier to distinguish the maxima or
minima. For this reason, this method is used for measuring
very small values of thickness (thin samples).

Taking into account this phenomenon, a relationship be-
tween the separation of the glasses hLC and the number
m of minima (or maxima) in a bandwidth can be obtained.
This bandwidth is defined by two non-consecutive maxima (or
minima) located at the wavelengths λ1 and λ2.

hLC =
mλ1λ2

2n|λ2 − λ1|
(6)

To confirm the results obtained by this interferometric
method, the total thickness of the cells was also measured with
the micrometer screw over the spacers (to prevent warping of
the glasses), thereby subtracting the thickness of the glasses of
Table II, the gap hLC between the glasses can be calculated.
Both measurement results are shown and compared in Table
IV.

TABLE IV
AVERAGE THICKNESS OF THE GAP OF THE LC CELLS (hLC ).

Cell Interferometric Micrometer screw
measurement (µm) measurement (µm)

TH1 156 155± 9
TH2 151 150± 8
TH3 153 151± 3
TH4 146 144± 3

After obtaining the measurements of both the glasses and
the gap separation, the LC cells can be filled in. They are
filled by depositing the material on the “bed”, and the LC,
by capillarity, extending the material within the whole cell, as
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shown in Fig. 6. Then, the cells are sealed with optical glue
to prevent the emptying during the measurement process.

Fig. 6. Filling process of an LC cell by capillarity.

One of the great advantages of using LC cells formed by
transparent glasses is the possibility to check the correct align-
ment of the molecules. The asymmetry of the LC molecules
and their orientation, parallel to the polyimide rubbing, explain
the birefringence property of this material. When two linear
polarizers are placed orthogonally (crossed polarizers) over a
source of white light with an isotropic medium in between,
light transmission is blocked. This happens because the polar-
ization induced by the first polarizer is essentially maintained
through the isotropic medium and so, it is totally filtered by
the orthogonal second polarizer. This is what happens in the
dark zones of Fig. 7 (b), where air fills the gap between the
polarizers.

If a LC cell (with its axis rotated 45◦ with respect to
the linear polarizers) is introduced between the two crossed
polarizers, the light with linear polarization that goes through
the first polarizer can be decomposed in the axes of the LC
molecules into two orthogonal polarizations (Fig. 7 (a)) that,
crossing the same medium, present different refractive indexes
(different permittivity). This implies that the components travel
at different speeds and, therefore, a phase shift between them
is introduced. The result is a change in the polarization of
light from linear to elliptical, therefore, when the light crosses
the material and reaches the second polarizer, part of it passes
through. This effect can be clearly seen in Fig. 7 (b).

−→
E

−→
E ||

−→
E⊥

(a) (b)

Fig. 7. (a) Electric field decomposed in the axes of an LC molecule. (b) LC
cell rotated 45◦ with respect to the crossed polarizers.

This alignment procedure enables to measure the two
extreme permittivity values without applying any external
electric or magnetic field. For that, taking into account the
field distribution of the mode TE111 shown in Fig. 2(d), the
cell is placed into the resonator with the molecules aligned
in the same direction of the E-field, i.e. parallel to the major

field distribution to measure εrpos1. Then, the cell is placed in
the opposite direction (turned 90o perpendicular to the major
field distribution) to measure εrpos2, as can be seen in Fig.
8(a) and 8(b), respectively.

Since the E-field vector direction is not ideal for the TE111

mode, the εrpos1 and εrpos2 do not correspond to εr‖ and
εr⊥, so the field distribution of the cell should be considered
in order to extract the precise values as stated in eq. (7).

εrpos1
∫∫
|
−→
E |dS = εr⊥

∫∫
E⊥dS + εr‖

∫∫
E‖dS

εrpos2
∫∫
|
−→
E |dS = εr‖

∫∫
E⊥dS + εr⊥

∫∫
E‖dS

(7)

where:
– εrpos1 and εrpos2 are the extracted complex permittivities

with the cells in position 1 and 2 respectively, assuming
an ideal (lineal polarization) E field .

– |
−→
E | is the module of the electric field calculated in each

point of the cell, with the real polarization shown in Fig.
2 (d).

– E‖ is the component of the electric field in the parallel
direction, see Fig. 8 (c).

– E⊥ is the component of the electric field in the normal
direction, see Fig. 8 (c).

(a) (b)

E||
~E

E⊥

(c)

E||
~E

E⊥

(d)

Fig. 8. (a) Placement of sample in Pos1. (b) Placement of sample in Pos2.
(c) E-field and LC molecules in Pos1. (d) E-field and LC molecules in Pos2.

Although the actual cavity does not have a perfect electric
wall when the sample is placed, the work in [19] validates the
assumption of considering that fringing fields vanish outside
the resonator.

V. RESULTS

The set-up used for performing the measurements is shown
in Fig. 9. Four cells with different nematic LCs have been
prepared and measured: QYPD036 (Q036, in cell TH1) ,
QYPD142 (Q142, in cell TH2) , and QYPD193 (Q193, in cell
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TH3) from Qingdao QY Liquid Crystal Co and GT3-23002
(GT3, in cell TH4) from Merck. The measurements have been
carried out at two different frequencies (5 GHz and 11 GHz)
at room temperature (25◦C).

Fig. 9. Measurement setup: VNA and split-cylinder resonator.

For each cell THi, the resonance frequency and the Q factor
for positions 1 and 2 have been measured several times, see
Tables V and VIII. With these values and following the two
methods explained above, the complex dielectric permittivity
values are obtained. Then, the transformation explained in (7)
is applied to obtain the parallel and perpendicular dielectric
permittivity and the loss tangent is calculated.

There are many error sources that affect the extraction of the
complex permittivity: the features of the cylinder (dimensions
a and L, conductivity, feeding loops), the measured EM
response (fus and Qus), the thickness of the glasses (hg1 and
hg2) and the thickness of liquid crystal (hLC). The impact of
the cylinder dimensions (a, L, conductivity, and feeding loops)
is calibrated and compensated with a first measurement of the
empty cylinder. However, the tolerance in the measurement of
the other parameters is translated into a set of uncertainties (σi)
and their error contribution to the complex permittivity results
is quantified (∂ε∂i ). Then, if the error contribution of these
parameters is independent and known, the total uncertainty
of the complex dielectric permittivity can be expressed as the
quadrature sum [24] described in equation (8). Finally, the
complex permittivity error can be easily propagated to obtain
the loss tangent uncertainty.

σε =

(∣∣∣∣ ∂ε∂f
∣∣∣∣2 σ2

f +

∣∣∣∣ ∂ε∂Q
∣∣∣∣2 σ2

Q +

∣∣∣∣ ∂ε∂hg1

∣∣∣∣2 σ2
hg1

+

+

∣∣∣∣ ∂ε∂hg2

∣∣∣∣2 σ2
hg2

+

∣∣∣∣ ∂ε

∂hLC

∣∣∣∣2 σ2
hLC

) 1
2

(8)

The results corresponding to 5 GHz are presented in Tables
VI and VII for the modal and numerical methods, respectively.
Moreover, resulting values for 11 GHz are presented in Tables

IX and X for the modal and numerical methods, respectively.
Comparing the values of permittivity and loss tangent obtained
with both methods, they are in very good agreement, so it
can be said that the results are consistent. The highest value
of anisotropy (∆εr) for the Qingdao LCs family, is 0.81 at
5 GHz (QYPD193) and 0.98 at 11 GHz (QYPD036). The
highest values of the loss tangents are also recorded for these
two materials. Therefore, choosing an LC for designing a
reconfigurable microwave device must be a trade-off between
the dielectric anisotropy and the related loss, depending on the
required specifications.

TABLE V
LC MEASUREMENT AT 5 GHZ

LC fus−pos1

(MHz) Qpos1
fus−pos2

(MHz) Qpos2

Q036 4528±0.13 281.61±1.5 4533±0.28 245.3±0.51
Q142 4536±0.07 298.94±1.49 4540±0.07 255.6±0.07
Q193 4530±0.18 292.99±2.11 4537±0.09 238.94±0.09
GT3 4537±0.017 308.51±3.76 4543±0.09 286.05±0.09

TABLE VI
RESULTS AT 5 GHZ USING MODAL METHOD

LC εr‖ tanδ|| × 1000 εr⊥ tanδ⊥ × 1000
Q036 3.08±0.19 17.06±2.08 2.28±0.15 75.45±7.89
Q142 2.72±0.17 7.95±1.09 2.27±0.16 58.51±7.20
Q193 3.03±0.19 7.14±0.97 2.22±0.15 91.90±7.55
GT3 2.59±0.15 5.13±1.79 1.94±0.14 39.33±10.90

TABLE VII
RESULTS AT 5 GHZ USING NUMERICAL METHOD

LC εr‖ tanδ|| × 1000 εr⊥ tanδ⊥ × 1000
Q036 3.11±0.22 17.01±2.67 2.29±0.19 75.61±9.45
Q142 2.74±0.15 8.73±2.03 2.26±0.13 65.97±6.70
Q193 3.07±0.10 6.64±0.70 2.22±0.13 94.82±14.51
GT3 2.63±0.16 4.81±2.27 1.97±0.17 39.14±11.81

TABLE VIII
LC MEASUREMENT AT 11 GHZ

LC fus−pos1

(MHz) Qpos1
fus−pos2

(MHz) Qpos2

Q036 8716±0.58 127.54±1.02 8754±0.42 108.75±0.58
Q142 8742±0.55 129.24±1.02 8767±0.96 115.78±0.17
Q193 8725±0.35 128.15±0.2 8757±0.16 106.19±0.18
GT3 8735±0.61 133.02±1.26 8767±0.32 124.82±1.59

TABLE IX
RESULTS AT 11 GHZ USING MODAL METHOD

LC εr‖ tanδ|| × 1000 εr⊥ tanδ⊥ × 1000
Q036 3.22±0.19 3.95±0.67 2.24±0.15 57.51±6.80
Q142 3.05±0.18 5.80±1.06 2.36±0.16 40.88±4.92
Q193 3.26±0.20 1.97±0.11 2.40±0.17 63.31±4.40
GT3 3.25±0.21 2.50±0.83 2.35±0.17 22.05±3.81

VI. CONCLUSION

In this work, the split-cylinder resonator method has been
used for the characterization of LCs at microwave frequencies.
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TABLE X
RESULTS AT 11 GHZ USING NUMERICAL METHOD

LC εr‖ tanδ|| × 1000 εr⊥ tanδ⊥ × 1000
Q036 3.22±0.20 3.47±0.80 2.23±0.19 71.38±18.57
Q142 3.09±0.21 6.63±1.76 2.33±0.15 43.05±3.77
Q193 3.26±0.16 3.58±0.54 2.34±0.17 60.43±4.75
GT3 3.32±0.20 3.70±1.00 2.32±0.0.16 19.92±5.20

The method is based on the measurement of the resonance
frequency and quality factor of the two states of the LC
molecules. To achieve these two states, no electric or magnetic
fields are needed, instead the cell must be turned 90◦ inside
the cavity. The dielectric properties (permittivity and loss
tangent) of four different LC samples, GT3-23002 from Merck
and QYPD193, QYPD142, and QYPD036 from Qingdao QY
Liquid Crystal Co, have been obtained. The highest values
of the dielectric anisotropy are presented for the samples
QYPD036 and QYPD193, together with the highest values of
the corresponding loss tangent parameters. Furthermore, it is
observed for all the LCs that the loss tangent decreases and the
dielectric anisotropy increases at higher frequencies. This must
be taken into account in the development of reconfigurable
microwave devices.
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sitat Politécnica de Valéncia. She worked from 1997
to 2001 in the ETRA I+D company as a project
engineer in research and development on automatic
traffic control, public transport management and
public information systems using telecommunication
technology. In 2001 she joined the Communica-
tion Department of the Universitat Politécnica de
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