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LIQUID-CRYSTAL RECONFIGURABLE METASURFACE REFLECTOR
ANTENNA

RELATED APPLICATIONS

[0001] This application claims priority to and the benefit of United States
Provisional Patent Application Serial No. 62/409,710, filed October 18, 2016,
entitled “Liquid-Crystal Reconfigurable Metasurface Reflector Antenna”, and
United States Patent Application Serial No. 15/630,396, filed June 22, 2017,
entitled “Liquid-Crystal Reconfigurable Metasurface Reflector Antenna”, the

contents of which are incorporated by reference herein in their entirety.

FIELD

[0002] The present disclosure relates to reflector antennas. In particular,
the present disclosure relates to a liquid-crystal reconfigurable metasurface

reflector antenna.

BACKGROUND

[0003] Next generation wireless networks are likely to rely on higher
frequency, lower wavelength radio waves, including for example the use of
mm-wave technologies within the 24 -100 GHz frequency band. At these
frequencies, larger aperture and more directive antennas are likely to be used to
compensate for higher propagation losses. Common technologies for
large-aperture mm-wave antennas are lens and reflector antennas. Reflector
antennas have been used for various communications applications for many years.
There are various types of reflector antennas, including prime-feed reflectors,
offset-feed reflectors, dual-reflector antennas, etc. All these reflectors uses some
form of curved metallic reflector and/or sub-reflectors to form a RF
beam-collimation structure, such as the most commonly used parabolic reflectors
and the Cassegrain dual-reflectors. These reflector antennas offer simplicity,
low-cost and high-gain antenna performances. However, due to use of curved
shaped reflector, these antennas tend to be bulky and typically can provide only a

fixed beam with single feed horn.
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[0004] Accordingly there is a need for a re-configurable, space-efficient

reflector antenna suitable for small wavelength applications.

SUMMARY

[0005] The present description describes example embodiments of a beam
steerable, flat, reflector antenna that uses a liquid-crystal-loaded metasurface
reflector. The embodiments described herein may, for example, be applicable to
implementation of general classes of reflector antennas, including prime-feed
reflectors, offset feed reflectors, and dual-feed reflector antennas. Instead of
using a curved metallic surface as in conventional reflector antennas, the
embodiments described herein use an electronically tunable flat metasurface
as the main reflector, whose reflective phase can be electronically reconfigured
to allow effective beam forming and beam steering. Such a configuration may
in some applications permit a compact, space efficient and cost effective
antenna that is adapted for small wavelength, high frequency applications and

that can be dynamically reconfigured.

[0006] According to one aspect there is provided a reflector antenna that
includes a feed for generating a radio frequency (RF) signal, and a metasurface
reflector for reflecting the RF signal originating from the feed. The metasurface
reflector includes an array of cells each having a volume of liquid crystal with a
controllable dielectric value enabling a reflection phase of the cells to be selectively

tuned to effect beam steering of the reflected RF signal.

[0007] Optionally, in any of the previous examples, the antenna is a prime
focus reflector with the feed generating the RF signal towards the metasurface

reflector.

[0008] Optionally, in any of the previous examples, the feed is in-line with or

offset from a center of the metasurface reflector.

[0009] Optionally, in any of the previous examples, the antenna is a
dual-reflector antenna with the feed generating the RF signal towards a

sub-reflector that reflects the RF signal towards the metasurface reflector.
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[0010] Optionally, in any of the previous examples, the metasurface
reflector includes first and second double sided substrates defining an intermediate
region between them containing liquid crystal in a nematic phase. The first
substrate has a first microstrip patch array formed on a side thereof that faces the
second substrate, the first microstrip patch array comprising a two-dimensional
array of microstrip patches each being electrically connected to a common
potential. The second substrate has a second microstrip patch array formed on a
side thereof that faces the first substrate, the second microstrip patch array
comprising a two-dimensional array of microstrip patches each having a respective
conductive terminal. The first microstrip patch array and the second microstrip
patch array are aligned to form the array of cells, each cell comprising a microstrip
patch of the first microstrip patch array arranged in spaced apart opposition to a
microstrip patch of the second microstrip patch array with the volume of the liquid
crystal located therebetween. The conductive terminal to the microstrip patch of
the second microstrip patch array permits a control voltage to be applied to the cell
to control the dielectric value of the volume of the liquid crystal, thereby permitting

the reflection phase of the cell to be selectively tuned.

[0011] Optionally, in any of the previous examples, the metasurface
reflector includes a gridded wire mesh on the first substrate, each of the microstrip
patches of the first microstrip patch array being electrically connected to a
respective point of the gridded wire mesh to provide the common potential.

[0012] Optionally, in any of the previous examples, the gridded wire mesh is
formed on a side of the first substrate that is opposite the side on which the first
microstrip patch array is formed, each of the microstrip patches of the first

microstrip patch array being electrically connected to the gridded wire mesh by a

respective plated through hole that extends through the first substrate.

[0013] Optionally, in any of the previous examples, the first and second

double sided substrates are formed from planar printed circuit boards.

[0014] Optionally, in any of the previous examples, a thickness of the first

substrate and a thickness of the intermediate region containing the liquid crystal
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are each less than 1/20 of an intended minimum operating wavelength of the

incident wave.

[0015] Optionally, in any of the previous examples, the periodicity of the
cells is less than 1/4 of an intended minimum operating wavelength of the incident
wave.

[0016] Optionally, in any of the previous examples, the reflector antenna

further includes a controller operatively connected to the metasurface reflector for

selectively tuning the reflection phase of the cells.

[0017] According to another aspect, there is provided a method of beam
steering that includes: generating an RF signal at a feed for application to a
metasurface reflector comprising a two dimensional array of cells each including a
volume of liquid crystal; reflecting the applied RF signal off of the metasurface
reflector; and adjusting voltages to control terminals associated with a plurality of
the cells of the metasurface to adjust a phase of the reflected RF signal by

adjusting an orientation of the molecules of the liquid crystal within each cell.

[0018] Optionally, in any of the previous examples, the feed generates the

RF signal towards the metasurface reflector.

[0019] Optionally, in any of the previous examples, the feed generates the
RF signal towards a sub-reflector that directs the RF signal towards the

metasurface reflector.

[0020] According to a further example aspect is a reflector antenna that
includes a reconfigurable metasurface reflector for reflecting RF signals, the
metasurface reflector comprising an array of cells each having a tunable reflection
phase. The antenna also includes a controller configured to apply control signals to
the array of cells to tune the reflection phase of the cells to selectively beam steer
RF signals reflected from the metasurface reflector, and a feed structure for at
least one of: feeding RF signals to the metasurface reflector; and receiving RF

signals reflected from the metasurface reflector.
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[0021] Optionally, in any of the previous examples, the cells each have a
volume of liquid crystal with a dielectric value that is controllable by the control
signals.

[0022] Optionally, in any of the previous examples, the antenna is a prime
focus reflector antenna with the feed structure being located to feed RF signals

directly towards or receive RF signals directly from the metasurface reflector.

[0023] Optionally, in any of the previous examples, the feed structure is

offset from a center of the metasurface reflector.

[0024] Optionally, in any of the previous examples, the antenna is a
dual-reflector antenna with the feed generating the RF signal towards a

sub-reflector that reflects the RF signal towards the metasurface reflector.

[0025] Optionally, in any of the previous examples, the metasurface
reflector comprises: first and second double sided substrates defining an
intermediate region between them containing liquid crystal in a nematic phase; the
first substrate having a first microstrip patch array formed on a side thereof that
faces the second substrate, the first microstrip patch array comprising a
two-dimensional array of microstrip patches each being electrically connected to a
common potential; and the second double sided substrate having a second
microstrip patch array formed on a side thereof that faces the first substrate, the
second microstrip patch array comprising a two-dimensional array of microstrip
patches each having a respective conductive terminal; the first microstrip patch
array and the second microstrip patch array being aligned to form the array of cells,
each cell comprising a microstrip patch of the first microstrip patch array arranged
in spaced apart opposition to a microstrip patch of the second microstrip patch
array with the volume of the liquid crystal located therebetween, the conductive
terminal to the microstrip patch of the second microstrip patch array permitting a
control voltage from the controller to be applied to the cell to control the dielectric

value of the volume of the liquid crystal.

BRIEF DESCRIPTION OF THE DRAWINGS
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[0026] Reference will now be made, by way of example, to the
accompanying drawings which show example embodiments of the present

application, and in which:

[0027] FIG. 1 is a top plan view of a liquid crystal tunable metasurface
reflector;
[0028] FIG. 2 is a bottom plan view of the liquid crystal tunable metasurface

reflector of FIG.1;

[0029] FIG. 3 is a side cross-section view of the liquid crystal tunable

metasurface reflector of FIG.1;

[0030] FIG. 4 is a side cross-section view of a unit cell of the liquid crystal

tunable metasurface reflector of FIG. 4;

[0031] FIG. 5 is a top plan view of selected elements of a unit cell of the

liquid crystal tunable metasurface reflector of FIG. 1;

[0032] FIG. 6 is a schematic illustration of a prime-focus beam-steerable
metasurface reflector antenna, where a feed structure is placed in the front center
of a metasurface reflector, according to example embodiments;

[0033] FIG. 7 is a schematic illustration of an offset feed beam-steerable
metasurface reflector antenna, where a single feed is placed at an offset location
from the front center of a metasurface reflector, according to example

embodiments;

[0034] FIG. 8 is a schematic illustration of a dual-reflector metasurface
reflector antenna where a flat sub-reflector is placed in the front center of a

metasurface reflector, according to example embodiments;
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[0035] FIG. 9 is a schematic perspective view of an simulation of the
dual-reflector metasurface reflector antenna of Fig. 8, showing typical phase
distribution on dual-reflector metasurface (tilt=0deg);

[0036] FIG. 10 shows a simulation of typical phase distribution of the
dual-reflector metasurface antenna of Fig. 8 (tilt=0 deg);

[0037] FIG. 11 shows a simulation of typical phase distribution of the

dual-reflector metasurface antenna of Fig. 8 (tilt=15deqg);

[0038] FIG. 12 shows a simulation of the effective dielectric constant

distribution of the dual-reflector metasurface antenna of Fig. 8 (tilt=0deg);

[0039] FIG. 13 shows a simulation of the effective dielectric constant

distribution of the dual-reflector metasurface antenna of Fig. 8 (tilt=15deqg);

[0040] FIG. 14 shows a simulation of the radiation pattern of the example

dual-reflector metasurface antenna of Fig. 8 (tilt=0deg);

[0041] FIG. 15 shows a simulation of the radiation pattern of the example

dual-reflector metasurface antenna of Fig. 8 (tilt=15deg); and

[0042] FIG. 16 is a flow diagram of a method of beam steering according to

example embodiments.

[0043] Similar reference numerals may have been used in different figures

to denote similar components.

DESCRIPTION OF EXAMPLE EMBODIMENTS

[0044] Example embodiments are described below that incorporate
metasurface technology, and in particular a metasurface that is a two-dimensional
periodical structure that contains electrically small scatterers with periodicity
relatively small compared to the operating wavelength. A metasurface can be used

to provide tailored reflection and transmission characteristics of EM waves using
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fixed patterned metallic structure. As described in United States Provisional Patent
Application No. 62/398,141 filed October 5, 2016, (incorporated herein by
reference), a reconfigurable metasurface can be achieved by loading a
metasurface with nematic liquid crystal. The metasurface makes use of the tunable
dielectric anisotropy of liquid crystals to realize phase-tunable flat metasurface
reflectors. By varying DC voltages on microstrip patches of unit cells, effective
dielectric constant, and therefore the phase differential at various locations of the
metasurface can be changed as desire. This concept combines features of
metasurface with the unique properties of electronically tunable liquid crystal to
enable real-time reconfiguration of metasurface to achieve beam steerable, flat,

reflector antennas.

[0045] The present description describes example embodiments of a beam
steerable, flat, reflector antenna that uses a liquid-crystal-loaded metasurface.
The embodiments described herein may, for example, be applicable to
implementation of general classes of reflector antennas, including prime-feed
reflectors, offset feed reflectors, and dual-feed reflector antennas. Instead of
using a curved metallic surface as in conventional reflector antennas, the
embodiments described herein use an electronically tunable flat metasurface
as the main reflector, whose reflective phase can be electronically reconfigured
to allow effective beam forming and beam steering. In example embodiments,
the flat metasurface is loaded with liquid crystal, embedded between two
microstrip patch array layers, which form an array of individually controllable
cells. An effective dielectric constant between the two microstrip patch layers
at each unit cell can be tuned individually by varying electrostatic field between
the patches due to the anisotropy of the liquid crystal. Therefore, the resonant
frequency of each unit cell can be tuned individually and electronically by
adjusting DC voltage at each cell. Because reflection phase is determined by
the frequency of the incoming wave with respect to the resonance frequency,
such surface can be tuned to form a distributed 2D phase shifter. Therefore, an
incoming wave can be redirected by adjusting DC voltages of unit cells of the
metasurface to give proper phase distribution for the desired direction of
reflected wave.
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[0046] In this regard, example embodiments of an electronically tunable
metasurface reflector 100 that can be used to implement a reflective antenna is
shown in FIGS. 1 to 5. The metasurface reflector 100 is a liquid-crystal-loaded
tunable sheet providing a reflective phase that can be electronically reconfigured
to allow effective antenna beam steering. The metasurface reflector 100 is a
high-impedance surface and includes an upper surface or side 102 (shown in FIG.
1), a bottom surface or side 104 (shown in FIG. 2), and includes an array of
addressable cells 106 for reflective beam steering antenna applications. In an
example embodiment, the cells 106 are arranged to provide a two-dimensional
periodical structure implementing an array of electrically small scatterers. The
dimensions of the cells 106 are selected such that the periodicity of the cell array
is relatively small compared to the operating wavelength of the radio waves that
the metasurface reflector 100 is intended to reflect. In some examples, the cells
have a periodicity that is less than a quarter of the minimum intended operating
wavelength.

[0047] A physical implementation of metasurface reflector 100 will now be
described according to example embodiments. FIG. 3 illustrates a side sectional
view of a row of cells 106 of metasurface reflector 100, and FIG. 4 shows an
enlarged side sectional view of one of the cells 106 as indicated by dashed box 4 in
FIG. 3. In the illustrated embodiment, the metasurface reflector 100 includes an
upper multi-layer double-sided printed circuit board (PCB) 120 and a lower
multi-layer double sided PCB 122, which respectively define the upper and bottom
sides 102, 104. A sub-operating wavelength layer of electronically tunable liquid
crystal (LC) 146 is located between the upper and lower PCBs 120,122.

[0048] Upper PCB 120 has a central non-conductive substrate layer (shown
in cross-hatch in FIGs. 3 and 4). A gridded wire mesh 118 forms the top layer of the
PCB 120, and a two dimensional array of conductive microstrip patches 140, each
of which is surrounded by an insulating slot or gap 148, forms the bottom layer of
the PCB 120. In the illustrated embodiment each microstrip patch 140 is
electrically connected by a conductive plated-through hole (PTH) via 112 that
extends from the center of the patch 140 through the PCB 120 substrate layer to a
respective intersection point of wire mesh 118 such that wire mesh 118 provides a
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common DC return path for each of the microstrip patches 140. FIG. 5 shows a top
view of the wire mesh 118 and microstrip patch 140 layers of a single cell 106 (the
substrate layer of PCB 120 is not shown in FIG. 5). In example embodiments, PTH
vias 112 may be provided by forming and plating holes through the PCB 120
substrate layer, microstrip patches 140 may be formed from etching gaps 148
from a conductive layer on the lower surface of PCB 120, and gridded wire mesh
118 may be similarly formed by etching a conductive layer on the upper layer of
PCB 120.

[0049] Lower PCB 122 has a central non-conductive substrate layer (shown
in cross-hatch in FIGs. 3 and 4). A two dimensional array of conductive microstrip
patches 142, which are each surrounded by an insulating slot or gap 148 and
correspond in shape and periodicity to the upper PCB microstrip patches 140, form
the top layer of lower PCB 122, and a conductive ground plane 130 forms the
bottom layer of PCB 122. Each microstrip patch 142 is electrically connected to a
respective conductive plated-through hole (PTH) via 114 that extends from the
center of the patch 142 through the PCB 122 substrate layer to the ground plane
130 layer. The ground plane 130 includes an array of openings on the substrate
layer that form a circular gap between the ground plane and the PTH vias 114 such
that the ground plane 130 is electrically isolated from each of the PTH vias 114,
permitting a unique control voltage to be applied to each PTH via 114. In example
embodiments, PTH vias 114 may be provided by forming and plating holes through
the PCB 122 substrate layer, microstrip patches 142 may be formed from etching
gaps 148 from a conductive layer on the upper surface of PCB 120, and ground
plane 130 may be similarly formed by etching a conductive layer on the lower layer
of PCB 120 to provide insulated openings around each of the PTH vias 114.

[0050] In the example embodiment described above, control voltages are
provided to the lower microstrip patches 142 through PTH vias 114 that are
accessible through the ground plane 130. Other embodiments could have different
configurations, including a control line layer that could be integrated into substrate
122 to provide conductive control terminals to each of the microstrip patches 142.

10
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[0051] As described above, the upper and lower PCBs 120, 122 are located
in spaced opposition to each other with an intermediate layer of liquid crystal 146
located between them. The upper PCB microstrip patches 140 and the lower PCB
microstrip patches 142 align with each other to from an array of cell regions 144,
each of which contains a volume of liquid crystal 146, thus providing an array of

individually controllable, LC cell regions 144.

[0052] Accordingly, as can be appreciated from FIG. 4, each unit cell 106
includes a volume of tunable liquid crystal 146 that is located in region 144
between an upper conductive microstrip patch 140 and a lower conductive
microstrip patch 142. Upper conductive microstrip patch 140 is connected by a
respective conductive path (PTH via 112) to a common potential, namely wire
mesh 118, and lower conductive microstrip patch 142 is connected to a control
terminal (PTH via 114) that allows a unique control voltage from an adjustable DC

voltage source 160 to be applied to the microstrip patch 142

[0053] The metasurface reflector 100 has a resonant frequency that can
depend on the geometry of the cells 106 and dielectric properties of the materials
used in the PCBs 120, 122. In a example embodiments, the microstrip patches
140, 142 have rectangular surfaces (for example square) having a maximum
normal dimension that is less than ¥ of the minimum intended operating
wavelength, however other microstrip patch configurations could be used. In
example embodiments, the microstrip patches 140, 142 may have dimensions that
are less than quarter of a wavelength of the intended operating wavelength of the
metasurface reflector 100. In an example embodiment, wire mesh 118 has a
periodicity and grid dimensions that correspond to those of microstrip patches 140,
with a grid intersection point occurring over a center point of each microstrip patch
140.

[0054] As noted above, in at least some examples, the metasurface reflector
100 illustrated in Figs 1 to 5 provides a structure in which etching can be used to
form the components of PCB boards 120, 122. During assembly, liquid crystal 146
is can be placed between the PCB’s 120, 122, which can then be secured together.

11
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[0055] In example embodiments, the liquid crystal 146 is a nematic liquid
crystal that has an intermediate nematic gel-like state between solid crystalline
and liquid phase at the intended operating temperature range of the metasurface
reflector 100. Examples of liquid crystal include, for example, GT3-23001 liquid
crystal and BLO38 liquid crystal from the Merck group. Liquid crystal 146 in a
nematic state possesses dielectric anisotropy characteristics at microwave
frequencies, whose effective dielectric constant may be adjusted by setting
different orientations of the molecules of liquid crystal 146 relative to its reference

axis.

[0056] At microwave frequencies, the liquid crystal 146 may change its
dielectric properties due to different orientations of the molecules 602 caused by
application of electrostatic field between the microstrip patches 140 and 142. Thus,
the dielectric constant between the microstrip patches 140 and 142 at each unit
cell 106 can be tuned by varying the DC voltage applied to patch 142, allowing the
reflection phase at each individual unit cell 106 to be controlled. The unit cells 106
can be collectively controlled so that metasurface reflector 100 acts like a
distribuied spatial phase shifter that interacts with an incident wave and produces
a reflected wave with varying phase shift across its aperture. Because reflection
phase is determined by the frequency of the incoming wave with respect to the
resonance frequency, the metasurface reflector 100 can be tuned to form a
distributed 2D phase shifter. Therefore, an incoming wave may be redirected by
adjusting DC voltages of unit cells 106 to give proper phase distribution for the
desired direction of reflected wave.

[0057] In example embodiments the metasurface reflector 100 has a
relatively high density/small periodicity of cells 106. In an example embodiment,
where A represents an minimum intended operating frequency, top PCB 120 is
relatively thin, having a thickness h1<A/20 and the liquid crystal 146 in cell region
144 has a thickness of h2<A/20 (i.e. the gap between the opposed microstrip
patches 140 and 142). The thicknesses h1l and h2 can be different from each other.
In example embodiments the bottom PCB 122 has a finite thickness h3< A/4.

12
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[0058] It will thus be appreciated that the reflection phase of an incident
wave at the surface of the metasurface reflector 100 can be controlled by varying
the DC voltages applied to unit cells 106 such that continuous beam steering of an
EM wave can be achieved by regulating DC voltage distribution to unit cells 106
across the metasurface reflector 100.

[0059] Example embodiments of LC reconfigurable metasurface reflector
antennas will now be described. Although the reflector antenna embodiments
described below incorporate LC reconfigurable metasurface reflector 100, it is
possible that other LC reconfigurable metasurface configurations could also be

suitable for use as a reflector in the antennas described below.

[0060] As with parabolic reflectors, many types of feed configurations can
be used with flat metasurface reflectors. FIGS. 6-8 show some possible antenna
configurations for beam-steerable metasurface reflector antennas, according to
example embodiments. Fig. 6 illustrates prime-focus beam-steerable metasurface
antenna 170, where a feed structure 172 for generating an RF signal is placed in
the front center of a metasurface reflector 100. Fig. 7 shows an offset feed beam
steerable metasurface reflector antenna 180, where a single RF feed structure 172
is placed at an offset location from the front center of a metasurface reflector 100.
Fig. 8 shows a dual-reflector metasurface antenna 190 with a central RF feed
structure 192, where a flat sub-reflector 194 is placed in the front center of a
metasurface reflector 100.

[0061] In each of the configurations of Figs 6, 7 and 8, liquid-crystal-loaded
flat metasurface reflector 100 is used to provide the necessary parabolic phase
distribution (represented by parabola 174) across the surface of the metasurface
reflector, including phase offset required for beam collimation and possible beam
tilt, 80, required to provide the reflected wave-front represented by line 176. The
required phase distribution on the metasurface reflector can be computed using
path delay of wave propagation between the feed structure 172, 192 and the
metasurface reflector 100. In example embodiments, a controller 165 is
configured to control the DC voltage applied across each of the unit cells 106 in the

metasurface reflector 100 to achieve the required phase distribution.

13
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[0062] Referring to Fig. 8, the example of prime-feed metasurface reflector
antenna 190 will be described in greater detail, however it will be noted that the

general geometrical parameters discussed below in respect of the dual reflector

antenna of Fig. 8 are also applicable to the single reflector antennas of Figs. 6 and
7. In single prime-feed case of Fig. 6, the feed structure 172 is placed at the focal
point of the metasurface reflector 100. In the case of Fig. 8 where a dual-reflector
is used, a flat metallic sub-reflector 194 is used and the metasurface reflector 100
is designed to have phase distribution 174 such that its focus point F, falls at the
mirror image of the phase center of the sub-reflector structure 194. Referring to

Fig. 8, geometrical parameters of the metasurface reflector 100 can be calculated

using the following relationships:

[0063] o = tan”} (%)
Dm _ D

[0064] D _ 2

[0065] Ly = Fy—F,

[0066] Where:

Dm - minimum dimension of the reflecting surface of metasurface reflector
100 (e.g. the lesser of width or length in the case of a rectangular

metasurface reflector, radius in case of circular reflector);

D: = minimum dimension of the reflecting surface of metasurface flat
sub-reflector 194 (e.g. the lesser of width or length in the case of a

rectangular metasurface reflector, radius in case of circular reflector);

F. = distance of flat sub-reflector 194 from end of feed structure 192

= distance of flat sub-reflector 194 from focal point F;

Fm = focal length (normal distance of focal point F, from reflecting surface of
metasurface reflector 100)
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[0067] Based on the dimension of the metasurface reflector (Dm) and its
focal length (Fm), along with the required beam tilt angle (60), an initial phase
distribution ¢ (x;, y;) (where x;, y; represent a cell location in the metasurface
reflector) for the cell units 106 of the metasurface reflector 100 can be calculated

by controller 165 using the path delay:

2 D\ 2
[0068] ¢y = T [[FE+ (%) — i+ xi +tan(8o)]
[0069] Where 1; = /xlz +y2+F2
[0070] Controller 165 can apply DC voltages to unit cells 106 required to

achieve the calculated phase distribution. In examples, the calculations can be
ongoing to provide adaptive phase compensation across the metasurface reflector
100, allowing the reflector to be continuously shaped for optimum amplitude taper
to give optimum beam performance. In example embodiments, controller 265
comprises a processor and an associated digital storage that stores instructions
and data for the processor to enable the beam steering functionality described
herein. In some examples, controller 265 may comprise a programmable logic

controller.

[0071] In example embodiments the metasurface reflector antennas 170,
180, and 190 can be operated to both transmit and receive RF signals. In the case
of RF signal transmission, the RF feed structure 172, 192 converts electric currents
from a transmitter circuit into wireless RF waves that are reflected by the
metasurface reflector 100, and in the case of RF signal reception, the RF feed
structure 172, 192 converts RF waves reflected by the metasurface reflector 100
into electric currents for a receiver circuit. In some examples the metasurface
reflector antennas 170, 180, and 190 may be used as transmit-only or receive-only

antennas.

[0072] By way of example, Fig. 9 shows an example of a dual-reflector
antenna 190 using a flat sub-reflector liquid-crystal-loaded metasurface reflector
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100. This example is simulated using a full-wave finite element EM simulator, HFSS.
The dimension of the metasurface is Dm=88mm with focal length of Fm=30mm.
The sub-reflector 194 dimension is 20mm with Ls=23.2mm. Figs. 10 and 11 show
simulated reflection phase distribution across the cells 106 on the metasurface
reflector 100 for Odeg and 15 deg tilt angle cases. Figs. 12 and 13 give simulated
effective dielectric constant distributions of liquid crystal in the cells 106 of
metasurface reflector 100 for tilt angle Odeg and 15 deg. Figs. 14 and 15 gives

simulated radiation patterns of the dual-reflector metasurface antenna 190.

[0073] Fig. 16 shows an method of beam steering that can be carried out
using a reflector antenna such as antnna 170, 180 or 190 according to example
embodiments. As indicated at step 1602, the method includes generating an RF
signal at a feed (for example feed structure 172 or 192) for application to a
metasurface reflector 100 comprising a two dimensional array of cells 106 each
including a volume of liquid crystal 146. The method also includes reflecting the
applied RF signal off of the metasurface reflector 100 (step 1604) and adjusting
voltages to control terminals 114 associated with a plurality of the cells of the
metasurface to adjust a phase of the reflected RF signal by adjusting an orientation
of the molecules of the liquid crystal within each cell (step 1606).

[0074] The present disclosure may be embodied in other specific forms
without departing from the subject matter of the claims. The described example
embodiments are to be considered in all respects as being only illustrative and not
restrictive. Selected features from one or more of the above-described
embodiments may be combined to create alternative embodiments not explicitly
described, features suitable for such combinations being understood within the
scope of this disclosure. For examples, although specific sizes and shapes of cells

106 are disclosed herein, other sizes and shapes may be used.

[0075] Although the example embodiments disclose individually
addressable cells, other embodiments may have cells that may be addressable by

row or column or in a multiplexed manner.
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[0076] Although the example embodiments are described with reference to
a particular orientation (e.g. upper and lower), this was simply used as a matter of
convenience and ease of understanding in describing the reference Figs. The

metasurface may have any arbitrary orientation.

[0077] All values and sub-ranges within disclosed ranges are also disclosed.
Also, while the systems, devices and processes disclosed and shown herein may
comprise a specific number of elements/components, the systems, devices and
assemblies could be modified to include additional or fewer of such
elements/components. For example, while any of the elements/components
disclosed may be referenced as being singular, the embodiments disclosed herein
could be modified to include a plurality of such elements/components. The subject
matter described herein intends to cover and embrace all suitable changes in

technology.
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CLAIMS
1. A reflector antenna, comprising:
a feed for generating a radio frequency (RF) signal; and

a metasurface reflector for reflecting the RF signal originating from the feed,
the metasurface reflector comprising an array of cells each having a volume
of liquid crystal with a controllable dielectric value enabling a reflection
phase of the cells to be selectively tuned to effect beam steering of the

reflected RF signal.

2. The reflector antenna of claim 1 wherein the antenna is a prime focus
reflector antenna with the feed generating the RF signal towards the metasurface

reflector.

3. The reflector antenna of claim 2 wherein the feed is offset from a center of

the metasurface reflector.

4, The reflector antenna of any of claims 1 to 3 wherein the antenna is a
dual-reflector antenna with the feed generating the RF signal towards a
sub-reflector that reflects the RF signal towards the metasurface reflector.

5. The reflector antenna of any of claims 1 to 4 wherein the metasurface

reflector comprises:

first and second double sided substrates defining an intermediate region

between them containing liquid crystal in a nematic phase;

the first substrate having a first microstrip patch array formed on a side
thereof that faces the second substrate, the first microstrip patch array comprising
a two-dimensional array of microstrip patches each being electrically connected to

a common potential; and

the second double sided substrate having a second microstrip patch array
formed on a side thereof that faces the first substrate, the second microstrip patch
array comprising a two-dimensional array of microstrip patches each having a
respective conductive terminal; the first microstrip patch array and the second
microstrip patch array being aligned to form the array of cells, each cell comprising
a microstrip patch of the first microstrip patch array arranged in spaced apart
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opposition to a microstrip patch of the second microstrip patch array with the
volume of the liquid crystal located therebetween, the conductive terminal to the
microstrip patch of the second microstrip patch array permitting a control voltage
to be applied to the cell to control the dielectric value of the volume of the liquid
crystal, thereby permitting the reflection phase of the cell to be selectively tuned.

6. The reflector antenna of claim 5 wherein the metasurface reflector
comprises a gridded wire mesh on the first substrate, each of the microstrip
patches of the first microstrip patch array being electrically connected to a
respective point of the gridded wire mesh to provide the common potential.

7. The reflector antenna of claim 6 wherein the gridded wire mesh is formed on
a side of the first substrate that is opposite the side on which the first microstrip
patch array is formed, each of the microstrip patches of the first microstrip patch
array being electrically connected to the gridded wire mesh by a respective plated
through hole that extends through the first substrate.

8. The reflector antenna of any of claims 5 to 7 wherein the first and second
double sided substrates are formed from planar printed circuit boards.

9. The reflector antenna of any of claims 5 to 8 wherein a thickness of the first
substrate and a thickness of the intermediate region containing the liquid crystal
are each less than 1/20 of an intended minimum operating wavelength of the

incident wave.

10. The reflector antenna of any of claims 5 to 9 wherein the periodicity of the
cells is less than 1/4 of an intended minimum operating wavelength of the incident

wave.

11. The reflector antenna of any of claims 1 to 10 comprising a controller
operatively connected to the metasurface reflector for selectively tuning the
reflection phase of the cells.

12. A method of beam steering, comprising:

generating an RF signal at a feed for application to a metasurface reflector
comprising a two dimensional array of cells each including a volume of liquid

crystal;

reflecting the applied RF signal off of the metasurface reflector; and
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adjusting voltages to control terminals associated with a plurality of the cells
of the metasurface to adjust a phase of the reflected RF signal by adjusting an
orientation of the molecules of the liquid crystal within each cell.

13. The method of claim 12 wherein the feed generates the RF signal directly
towards the metasurface reflector.

14. The method of any of claims 12 to 13 wherein the feed generates the RF
signal towards a sub-reflector that directs the RF signal towards the metasurface

reflector.
15. A reflector antenna, comprising:

a reconfigurable metasurface reflector for reflecting RF signals, the
metasurface reflector comprising an array of cells each having a tunable reflection

phase;

a controller configured to apply control signals to the array of cells to tune
the reflection phase of the cells to selectively beam steer RF signals reflected from

the metasurface reflector; and

a feed structure for at least one of: feeding RF signals to the metasurface

reflector; and receiving RF signals reflected from the metasurface reflector.

16. The reflector antenna of claim 15 wherein the cells each have a volume of

liquid crystal with a dielectric value that is controllable by the control signals.

17. The reflector antenna of claim 16 wherein the antenna is a prime focus
reflector antenna with the feed structure being located to feed RF signals directly

towards or receive RF signals directly from the metasurface reflector.

18. The reflector antenna of claim 17 wherein the feed structure is offset from a

center of the metasurface reflector.

19. The reflector antenna of any of claims 16 to 18 wherein the antenna is a
dual-reflector antenna with the feed generating the RF signal towards a
sub-reflector that reflects the RF signal towards the metasurface reflector.

20. The reflector antenna of any of claims 16 to 19 wherein the metasurface

reflector comprises:
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first and second double sided substrates defining an intermediate region

between them containing liquid crystal in a nematic phase;

the first substrate having a first microstrip patch array formed on a side
thereof that faces the second substrate, the first microstrip patch array comprising
a two-dimensional array of microstrip patches each being electrically connected to

a common potential; and

the second double sided substrate having a second microstrip patch array
formed on a side thereof that faces the first substrate, the second microstrip patch
array comprising a two-dimensional array of microstrip patches each having a

respective conductive terminal;

the first microstrip patch array and the second microstrip patch array being
aligned to form the array of cells, each cell comprising a microstrip patch of the first
microstrip patch array arranged in spaced apart opposition to a microstrip patch of
the second microstrip patch array with the volume of the liquid crystal located
therebetween, the conductive terminal to the microstrip patch of the second
microstrip patch array permitting a control voltage from the controller to be

applied to the cell to control the dielectric value of the volume of the liquid crystal.
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