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Accurate Modelling of Liquid Crystal-Based
Microwave Devices
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S. BULJA,2 P. DEO,2 AND D. MIRSHEKAR-SYAHKAL2
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2University of Essex, Colchester, UK

Liquid crystal substrates have been shown to provide the means to develop low-cost,
reconfigurable, adaptive and tuneable microwave devices for mobile and wireless com-
munication systems. In order to take maximum advantage of the possibilities that these
materials offer and to design LC-based devices appropriately, techniques for the char-
acterisation of the liquid crystal dielectric properties are needed. Similarly, appropriate
modelling methods are required to simulate accurately the switching behaviour of the
liquid crystal and the characteristics of the wave propagation through the devices, taking
full consideration of the point-by-point variation of the material tensor permittivity.

Keywords Liquid crystals; microwave devices; tuneable microwave devices; recon-
figurable microwave devices

Introduction

Recent mobile and wireless communication systems as well as modern radars require recon-
figurable filters, tuneable and adaptive antennas, adaptive couplers, electronically controlled
delay-lines, etc., in order to be flexible and operational under different communication stan-
dards and environmental conditions. Also, for security reasons, lightweight field radios and
radar systems are required to reconfigure and operate over different frequency bands in
a short time span. Research has shown that liquid crystals (LCs) are particularly attrac-
tive for these applications. As in the optical range, liquid crystals offer the possibility of
large permittivity changes, controlled by low, externally applied voltages, so their incor-
poration as substrates in microwave devices provides a low-cost solution to the problem
of achieving tuneable, adaptive or reconfigurable systems. Some of the LC-based devices
reported in the literature are tunable microstrip patch antennas, variable phase shifters, re-
flect arrays, beam steering antennas, filters and tunable resonators and filters [1–11]. These
devices use nematic liquid crystals which are relatively cheap, respond to low voltages,
and are highly linear under large RF fields [12]. They offer various advantages over piezo-
electrics and ferroelectrics [13, 14] in many RF applications in spite of their slower response
time.

∗Address correspondence to F. A. Fernández, University College London, London, UK. E-mail:
a.fernandez@ucl.ac.uk

Color versions of one or more of the figures in the article can be found online at
www.tandfonline.com/gmcl.
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20 F. A. Fernández et al.

Figure 1. Atomic Force Microscopy images of (a) untreated and (b) planarised Rogers TMM3
microwave substrate.

To take full advantage of these possibilities and design devices effectively, it is neces-
sary to explore the opportunities offered by liquid crystals thoroughly, with a full character-
isation of the materials at the frequencies involved. It is also important to develop accurate
modelling techniques that can predict the behaviour of LC materials in complex device
configurations and can take into account the full anisotropy and non-uniformity of its per-
mittivity distribution in the modelling of the RF operation of the device. The LC properties
can be controlled by changing the components in the mixtures, but in order to formulate
the mixtures properly the properties must be measured over the relevant frequency ranges.

We have developed techniques that combine LC modelling, electromagnetic modelling
and experimental measurements for the wide-band characterisation of LC materials at
microwave frequencies and for the analysis and design of complex LC-based, reconfigurable
and tuneable microwave devices.

These methods have been used to design and analyse microwave filters, resonators and
phase shifters for phased antenna arrays and can be equally well applied in other frequency
ranges including terahertz and optics.

Device Fabrication Issues

The design and fabrication of LC devices at microwave frequencies present some different
challenges to those encountered in optical devices. Common microwave substrate materials
for planar devices have high surface roughness and hence they need to be especially treated
and planarized in order to provide an effective anchoring and alignment surface for the
LC. Fig. 1 shows atomic force microscopy (AFM) images of Rogers TMM3 microwave
substrate untreated and planarised using a thick layer (about 3 μm) of polyimide. Fig. 1(a)
shows the untreated substrate with surface roughness of 2 μm. Fig. 1(b) shows the roughness
reduced to less than 0.2 μm after being coated with a thick layer of polyimide. Effective
anchoring can now be provided by rubbing [15]. However, to take maximum advantage of
the liquid crystal anisotropy in designing complex devices, other anchoring methods, like
photo-alignment, can be more appropriate [16]. For example, if the device consists of curved
lines as in a meander line phase shifter or in a ring resonator, it would be advantageous that
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Accurate Modelling of LC-based Microwave Devices 21

Figure 2. Schematic procedure for the broadband characterisation of liquid crystal materials.

the liquid crystal alignment follows the bends of the line so the liquid crystal switching
would provide maximum anisotropy throughout the length.

The thickness of the conducting lines (electrodes) is another issue that can cause
problems with the liquid crystal anchoring and alignment. For example, in the common
microwave substrate series Rogers TMM3, the copper layer is around 17 μm thick and after
etching, the sides of the lines are of higher roughness than the top surface of the copper
layer. Although a thick layer of polyimide cannot make these sides planar, it provides
sufficient smoothness to avoid alignment problems.

Other issues that arise in the design of LC-based microwave devices are related to
the thickness of the liquid crystal layer. In order to achieve the desirable characteristic
impedance for the lines, and depending of the frequency of operation, the thickness of
the liquid crystal layer often needs to be of around 100 μm or more, which for common
liquid crystal devices is very large. This could cause some problems for the liquid crystal
alignment and will make the device slow to switch. This is not an issue for many tuneable
or reconfigurable devices where response times of around tens or hundreds of milliseconds
are acceptable, but this technology is inappropriate for fast modulators or other devices that
require rapid response times.

Broadband Characterization Method

Conventional methods used in optics for the characterisation of liquid crystals are not
practical due to the much larger cell thickness required in the microwave bands and hence
complex experimental equipment and specialised devices have been used [1, 17]. Methods
based on resonant structures have been used for the characterisation of LC materials at
single frequencies [18–21]. A method for the broadband characterisation of LC materials
was presented and used in [22–24]. The method is based on an optimisation approach using
experimental results for the effective permittivity of a planar transmission line section,
combined with liquid crystal and electromagnetic modelling. Schematically, the procedure
is represented in Fig. 2.

Using a simple device consisting of a section of a stripline and two matching feed
sections, and measuring it with a vector network analyser, the effective permittivity of the
microstrip section can be extracted over a frequency range for a set of different voltage
levels corresponding to different degree of switching of the liquid crystal substrate. An
optimisation procedure is then set up for the parallel and perpendicular permittivities of the
liquid crystal that use liquid crystal modelling to find the director distribution and hence,
the tensor permittivity distribution over the device cross-section. This is then used by an
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22 F. A. Fernández et al.

electromagnetic modal analysis program that finds the corresponding values of the effective
permittivity which are compared with the experimental results at two voltage values. Using
data obtained at more voltage values, additional parameters of interest of the liquid crystal
can be found, for example the elastic constants [23]. Similarly, if experimental data for
the effective loss tangent is used, the parallel and perpendicular loss tangent of the liquid
crystal can be found [23, 24].

Since defects in the liquid crystal ordering are not important in such large structures,
unless they cause large-scale alignment problems, the liquid crystal modelling used in these
calculations is based on the Ossen-Frank formulation, that is, the liquid crystal orientation
is found by minimising the energy functional:

F =
∫
�

{fD − fE} d� +
∫
�

{fS} d� (1)

where

fD = 1

2
K11(∇ · n̂)2 + 1

2
K22(n̂ · ∇ × n̂ + q0)2 + 1

2
K33(n̂ × ∇ × n̂ + q0)2 (2)

fE = 1

2
ε0( �E · ¯̄εr · �E) (3)

are the elastic distortion and electric energies respectively and fS is the surface anchoring
energy [25]. The electric field is found by the minimisation of the electric functional:

FE =
∫
�

{fE}d� (4)

and the solution is obtained using the finite elements method.
The electromagnetic modelling of the waveguide modes used to find the effective

permittivity is based on the variational form:

J ( �E) = 1

2

∫
�

{
1

μr

(∇ × �E) · (∇ × �E)∗ − k2
0
�E · ¯̄εr · �E

}
d� (5)

Using �E(x, y, z) = �E(x, y)e−jkz, the variational form (5) becomes:

J ( �E) = 1

2

∫
�

{
1

μr

(∇t × �Et ) · (∇t × �Et )
∗ − k2

0
�Et · ¯̄εr · �Et

+ 1

μr

(∇tEz + jkz
�Et ) · (∇tEz + jkz

�Et )
∗
}

d�

(6)

which results in a quadratic eigenvalue equation for the propagation constant kz.
For the most general case of LC orientations, giving a full permittivity tensor, the

resultant eigenvalue problem can be linearized in the form:
⎛
⎝ 0 I 0

Att 0 −jCtz

0 jCtz 0

⎞
⎠

⎛
⎝ et

kzet

kzez

⎞
⎠ = kz

⎛
⎝ I 0 0

0 Btt Btz

0 BT
tz Bzz

⎞
⎠

⎛
⎝ et

kzet

kzez

⎞
⎠ (7)
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Accurate Modelling of LC-based Microwave Devices 23

Figure 3. (a) A simple long patch resonator with liquid crystal substrate, (b) modelled (black and
grey) and measured return losses (blue and red) for the switched (black and blue) and unswitched
(grey and red) cases. Liquid crystal director distributions in (c) switched and (d) unswitched states.

where �et = kz
�Et and ez = −jEz. The solution is implemented using finite elements, with

a combination of edge elements for �et and nodal elements for ez.

Propagation Analysis

An accurate modelling of the electromagnetic propagation through a device containing
liquid crystal substrates is necessary to study the effects of the switching behaviour of the
liquid crystal on the different field components and optimise the device design. The method
developed here is a scattering approach that is based on a variational form of the Helmholtz
equation and can find the full electromagnetic field in a device, or in specified ports, when
an excitation field is applied.

The device is assumed to be contained in a region which is bounded by either metal
walls or absorbing boundary conditions. Additionally, radiation can also be allowed by
treating the exterior region as boundary elements (Green’s functions), at the expense of a
much greater computing time.

The variational expression used for the case of only two ports is [26]:

K( �E) = 1

2

∫
�

{
1

μr

(∇ × �E) · (∇ × �E)∗ − k2
0
�E · ¯̄εr · �E

}
d�

+
2∑

k=1

∫
Sk

{
jk0

2
(n̂ × �E) · (n̂ × �E)∗ + �Et · Uinc

k

}
dS

+
∫

�\∪Sk

{
jk0

2
(n̂ × �E) · (n̂ × �E)∗

}
dS (8)
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24 F. A. Fernández et al.

Figure 4. Results for a reflection-type phase shifter. (a) Schematic outline of the top layer, (b) electric
field distribution, (c) differential phase shift for different applied voltages, and (d) insertion losses for
different applied voltages.

The excitation vectors Uinc
k are determined from the modal fields at the ports. Again,

a combination of liquid crystal and electromagnetic modelling, implemented with finite
elements is used to find the full electromagnetic fields in the structure. The permittivity
distribution over the liquid crystal layer is found first using a 3D version of (1)–(4) and
these are then mapped over the tetrahedral mesh for the complete structure. The modal
analysis described in (5)–(7) is used to find the modal fields at the ports and to determine
the corresponding scattering parameters.

Results

The methods described above have been used to study a number of devices. Figure 3(a)
shows a simple long patch resonator 7.84 mm long over a solid aluminium ground plane.
The space between the top layer (superstrate) and the ground plane, 101 μm thick is filled
with liquid crystal, which is switched by means of a low frequency voltage applied between
the ground plane and the patch resonator. The modelled and measured return losses for the
switched and unswitched states of the liquid crystal are shown in Fig. 3(b). Dielectric losses
were not considered in the modelled results and that causes the magnitude (vertical) shift
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Accurate Modelling of LC-based Microwave Devices 25

Figure 5. An optical ring resonator. (a) Field distribution at resonance, and (b) transmittance versus
wavelength in the unswitched state.

observed in the frequency response. There is good agreement in the resonant frequencies
between the experimental results and the modelling.

Figure 4 shows results for a reflection-type phase shifter [27]. The outline of the top
layer including the input and output lines and the resonators is shown in (a). This metal
layer also acts as the top electrode to apply the switching voltage across the liquid crystal
layer. The electric field distribution at 65 GHz on a plane inside the liquid crystal layer
is shown in Fig. 4(b). The differential phase shift with respect to the unswitched state
(0 V) and the insertion losses are shown in Fig. 4(c) and 4(d) respectively, for a range
of different states of switching of the liquid crystal substrate, corresponding to different
voltages applied between the top and ground electrodes.

The modelling techniques developed here not only are applicable to the microwave
range of frequencies but can also be used in the terahertz region and in optics. As an
example, Fig. 5 shows modelling results for an optical ring resonator. The guide and the
ring are segments of a rib waveguide of 290 nm by 250 nm and refractive index 11.7, over a
substrate of refractive index 3.9 with the liquid crystal as a cladding. The field distribution
on a plane within the liquid crystal cladding is shown in Fig. 5(a) at resonance, which
occurs at a wavelength of 1557.6 nm. Fig. 5(b) shows the transmittance versus wavelength
for the unswitched state.

Conclusions

We have presented accurate modelling techniques for the characterisation of liquid crystal
materials in the microwaves range and to study electromagnetic wave propagation through
devices containing liquid crystal substrates. This allows the efficient design of LC-based mi-
crowave devices tacking full advantage of the liquid crystal externally controlled anisotropy.
The permittivity data for the electromagnetic solvers is calculated by an accurate liquid
crystal modelling method based on the minimization of the free energy. For the charac-
terisation, the test device is based on a uniform stripline and a 2D modal analysis is used
to determine the effective permittivity (or propagation constant) from which the relevant
parameters of the liquid crystal material can be found. For the modelling of devices, a 3D
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26 F. A. Fernández et al.

scattering software has been implemented, that use the 3D (tensor) permittivity distribution
over the liquid crystal layer found by LC modelling, to calculate EM fields over the whole
structure and scattering parameters at defined ports. Results of the applications of the mod-
elling techniques for different examples were presented and verified by measurements. The
extension of the modelling to THz and optical devices containing liquid crystal as substrate
is straightforward and this is demonstrated by an example.
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