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Abstract—This paper presents the design and analysis of Liquid
Crystal (LC) based tunable reflectarray antenna with slot embedded
patch element configurations within X-band frequency range. The
slots are shown to modify the surface current distribution on the
patch element of reflectarray which causes the resonant patch
element to provide different resonant frequencies depending on the
slot dimensions. The simulated results are supported and verified by
waveguide scattering parameter measurements of different
reflectarray unit cells. Different rectangular slots on patch element
have been fabricated and a change in resonant frequency from
10.46GHz to 8.78GHz has been demonstrated as the width of the
rectangular slot is varied from 0.2W to 0.6W. The rectangular slot in
the center of the patch element has also been utilized for the
frequency tunable reflectarray antenna design based on K-15 Nematic
LC. For the active reflectarray antenna design, a frequency tunability
of 1.2% from 10GHz to 9.88GHz has been demonstrated with a
dynamic phase range of 103° provided by the measured scattering
parameter results. Time consumed by liquid crystals for
reconfiguration, which is one of the drawback of LC based design,
has also been disused in this paper.

Keywords—Liquid crystal, tunable reflectarray, frequency
tunability, dynamic phase range.

I. INTRODUCTION

B EAM steering of high gain antennas is usually required for
terrestrial and  space = communication  systems.
Conventionally, parabolic reflectors and phased array antennas
have been used for the antenna applications [1]. However, in
1991 J. Huang proposed microstrip reflectarray as an
alternative to the bulky parabolic reflector and expensive
phased array antennas [2]. Microstrip reflectarray consists of
an array of microstrip patches printed on a dielectric substrate
which is backed by a ground plane [3]. Reflectarray can
achieve a wide-angle electronic beam scanning. Direct
Broadcast Satellites (DBS) and Multi Beam Antennas (MBA)
are also considered as potential applications of reflectarrays.
Moreover, they can also act as amplifying arrays by including
an amplifier in each reflectarray element [4]. However, the
main concerns of a reflectarray antenna are its limited
bandwidth and high loss performance as compared to the
parabolic reflector antennas [5]-[7]. Different configurations
have been proposed by researchers in the past few years for
the bandwidth and loss performance improvement of
reflectarray antennas [8]-[10] but considerable efforts are still
required to improve the bandwidth performance of
reflectarrays.
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In order to steer the main beam of an active reflectarray, the
reflected phase from each of the resonant element can be
controlled. Hence the reflected beam can be directed in the
desired direction which makes a reflectarray capable of
achieving a wide-angle electronic beam scanning. Such beam
forming approach can have many advantages over traditional
tunable antenna array architectures, including a major
reduction in hardware required per element and increased
efficiency [11]. There have been a considerable research in
beam steering antennas such as the use of non-linear dielectric
materials [12]-[14], the integration of Radio Frequency Micro
Electro Mechanical Systems (RF MEMS) as switches [15],
[16], loading varactor diodes with the patch elements and
varying the varactor capacitance by using various biasing [17],
[18] and using aperture coupled elements where the tuning
circuit can be located on the non-resonating surface of the
element in order to control the contributed phase from each
element [19].

In this work, the use of slot embedded patch element
configurations has been proposed for Liquid Crystal (LC)
based unit cell reflectarray designs. Two patch unit cells with
different type of slots embedded into the patch elements have
been designed using Rogers RT/Duroid 5880 dielectric
substrate and K-15 nematic Liquid Crystal. Detailed
investigations have been carried out for rectangular slots in the
center of the patch element used for reflectarray designs. The
3D EM computer simulation software results have been
verified using waveguide scattering parameter measurements.

II. REFLECTARRAY PASSIVE UNIT CELL DESIGN

A.Design Procedure

Commercially available computer model of CST
Microwave Studio and Ansoft HFSS were used to design unit
cells patch elements with proper boundary conditions in order
to analyze the scattering parameters of an infinite reflectarray.
Initially a reflectarray with rectangular patch element was
designed to resonate at 10 GHz using Rogers RT/Duroid 5880
(6~=2.2 and tand=0.0010) as a substrate with thickness of
0.3818mm. Then different types of slot configurations are
introduced in the patch element and the effect on the
performance of the reflectarray was observed.

The direction of port excitation and surface currents on a
patch without slot is shown in Fig. 1. It can be observed from
Figs. 1 (a) and (b) that the maximum currents on the surface of
the patch occur in the center of the length of patch when the
electric field is excited in the Y-direction. Figs. 1 (c) and (d)
show a clear modification of surface current distribution when
a rectangular or a circular slot is embedded in the center of
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patch element. This phenomenon of surface currents
modification is exploited in this work to tune the reflection
phase of the proposed reflectarray element. The proposed slot
configurations can be used for active and reconfigurable
reflectarray antenna design. Rectangular slots and circular
slots are observed to have a similar kind of effect on the
performance of reflectarray unit cells. Therefore, the detailed
investigation provided in this work only comprises on the
design with rectangular slot embedded in the center of the
patch element.

W

current.

@ (b)

(© (d)

Fig. 1 Proposed reflectarray design (a) A unit cell showing E-field
and maximum surface currents (b) Surface currents on patch without
slot (c) Surface currents with rectangular slot, and (d) Surface
currents on a patch with circular slot

In order to validate the detailed analysis carried out for
different slot embedded patch element configurations, a
number of unit cells were designed and fabricated for
operation in X-band frequency range. Two patch element unit
cells were used for the waveguide scattering parameter
measurements [20]. The main objective of this work was to
practically verify the proposed configurations and to
characterize the resonant elements based on their performance.
Fig. 2 shows the basic geometry of the unit cell patch element
and the measurements set-up that was used in this work. The
unit cell patch element was inserted inside the aperture of the
waveguide which is attached with the network analyzer
through a coaxial cable and an X-band coax-waveguide
adapter.

Reflection loss and reflection phase curves for different
resonant elements were obtained in order to demonstrate the
feasibility of practical implementation of the proposed
designs. In order to obtain appropriate scattering parameter
measurements of unit cell patch elements, apart from standard
network analyzer calibration, manual calibrations using
different ground planes was also done. The scattering
parameters of different ground planes of each sample were

carried out. Ideally the ground plane should exhibit a straight
line at zero when its reflection loss is measured. However due
to losses generated by the connections and the equipment, the
reflection loss for different samples of ground is observed to
have some ripples throughout the measured frequency range.
Moreover, it was observed that all the samples provide almost
constant curves which show that the loss is caused by the
measurement set-up. Therefore, these curves can be used as a
reference for the manual calibration in order to reduce the
discrepancy in the measured and simulated results.
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Fig. 2 Geometry of the unit cell patch element and complete
measurement set-up

B. Fabrication and Measurements
The basic design topology of unit cell reflectarray has been
utilized where periodic boundary conditions have been used in

Ansoft HFSS to represent a single patch element as an infinite
array as shown in Fig. 3.
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Fig. 3 Active reflectarray unit cell design (a) perspective view of
rectangular slot embedded patch element unit cell (b) Illustrative side
view (c) E-fields in perspective view (d) E-fields in side view

The resonant patches, as shown in Figs. 3 (a) and (b), have
been fabricated on a thin supporting layer of Rogers
RT/Duroid 5880 with substrate thickness of 0.127mm. K-15
nematic LC has been deposited within a cavity made in
dielectric substrate of Rogers RT/Duroid 5880 with substrate
thickness of 0.787mm backed by a ground plane. The
dimensions of resonant patch element are kept 8.4mm x
11.8mm (L x W) for resonance within X-band frequency
range. It can be observed from Figs. 3 (c) and (d) that the E-
fields are sinusoidaly distributed with maxima at the corners
of the resonant patch element. Therefore, the surface currents
will be maximum in the center of the patch element along the
direction of field excitation (X-axis).

In order to design a frequency tunable reflectarray unit cell,
the properties of K-15 nematic LC have been exploited. For
this type of LC, a voltage variation from OV-20V can be
applied to change the orientation of K-15 nematic LC
molecules from perpendicular (e~2.7 and tand=0.04) to
parallel (&=2.9 and tan6=0.03).

Different rectangular slots embedded unit cell patch
elements have been fabricated for X-band frequency range
operations as shown in Fig. 4 (a). Encapsulations made of
aluminum shown in Fig. 4 (b) have been used to keep intact
different parts of unit cells and a connecting wire has been
used to electrically short the two patches in order to apply the
desired voltage.

(a) (b)

Fig. 4 Fabricated Samples (a) Unit cell patch element and LC cavity
(b) Rectangular slot embedded path and back side of complete unit
cell assembly in encapsulator

Fig. 5 LC filling in cavity, unit cell inserted in waveguide simulator
and complete measurement set-up for scattering parameter
measurements

Fig. 5 shows the measurement procedure and LC filling
inside the cavity constructed under the resonant patch element.
The complete assembly of unit cell patch elements filled with
LC has been inserted in the aperture of waveguide and
scattering parameter measurements have been carried out
using waveguide simulator with vector network analyzer while
the voltage from to OV to 20V has been supplied by a function
generator to the resonant patch elements.

III. RESULTS AND DISCUSSION

The scattering parameter measurements of the LC based
rectangular slot embedded patch elements unit cells have been
carried out and a comparison between simulated and measured
results has been presented in Fig. 6. The simulated and
measured results provided a close agreement with a variation
in measured resonant frequency from 10GHz to 9.88GHz with
an increase in voltage from OV to 20V. Moreover, a dynamic
phase range of 103° measured from reflection phase curve has
been demonstrated by the proposed design of reconfigurable
LC based unit cell.

In order to further investigate the proposed design, different
voltage levels have been applied to K-15 Nematic LC and the
effect on reflection loss and resonant frequency has been
observed as shown in Fig. 7. It can be observed that each
increment in voltage level contributes to a small frequency
tunability which reaches to 180 MHz at 20V level. It can also
be observed from Fig. 7 that the reflection loss also decreases
from 8.5dB at 10GHz to 6.2dB at 9.88GHz with an increase in
voltage from 0 to 20V.

The decrease in reflection loss is because of decrease in loss
tangent value of K-15 Nematic LC material from 0.04 to 0.03
with an increase in voltage from 0 to 20V.
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Fig. 6 Comparison of measured and simulated results for rectangular
slot embedded patch element unit cell reflectarray
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Fig. 7 Measured reflection loss curves for different voltage levels
applied to LC of unit cells designs

One of the main issue with liquid crystal is the time
consumed by its molecules to change its orientation. The time
taken by the liquid crystal based unit cell planar reflector with
for demonstrating frequency tunability was also investigated.
Fig. 8 depicts step wise and total time consumed for setting of
liquid crystal for different increasing and decreasing voltage
levels. It can be observed from Fig. 8 that the time taken for
each variation with increasing voltage (up time) is between
102s to 110s while the time taken for decreasing voltage
(down time) is even longer with variation between 801s and

840s. This huge time takes for frequency tunability can restrict
the use of liquid crystal based planar reflectors in a number of
applications.
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Fig. 8 Step wise and total time consumed for setting of liquid crystal
for different increasing and decreasing voltage levels

IV. CONCLUSION

Slot embedded patch element configurations have been
identified as a potential configuration for the improved design
of passive and reconfigurable reflectarray antennas. The slot
embedded patch elements also provide an extra parameter
which is the dimensions of the slot for the control of resonant
frequency and reflection phase of reflectarray unit cells. The
dependence of liquid crystals on the applied voltage has been
exploited in order to design reflectarray antennas with a
control over a wide range of frequencies. Further
investigations are required to improve the frequency tunability
and reflection loss performance of reconfigurable reflectarray
antennas by investigating the material properties of liquid
crystals.
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