10

15

20

25

30

WO 2023/119259 PCT/1B2022/062782

TUNABLE MICROWAVE/MMW REFLECTOR

RELATED APPLICATION

The present application gains priority from US provisional patent applications US
63/293,781 filed 26 December 2021, US 63/353,597 filed 19 June 2022, and US 63/395,918
filed 8 August 2022, all three which are included by reference as if fully set-forth herein.

FIELD AND BACKGROUND OF THE INVENTION

The invention, in some embodiments, relates to the field of electromagnetic radiation
and more particularly, but not exclusively, to a method of reflecting microwaves or
millimeter waves in a desired direction by illuminating a portion of a reflector with light, for
example by projecting an image on a portion of the reflector, and also to a microwave and/or
millimeter wave reflector that is tunable by illuminating a portion of the reflector with light,
for example by projecting an image on a portion of the reflector.

Microwaves are electromagnetic waves having a frequency of between 0.3 and 300
GHz. Millimeter waves (MMW) are electromagnetic waves having a frequency of between
100 and 10,000 GHz. It is known to direct a beam of microwaves or MMW from a source
such as a transmitter towards a destination such as a receiver. For example, modulated
microwaves and MMW are used in the field of point-to-point and multi-point wireless
communications to wirelessly carry information from a transmitter to a receiver.

To increase the power received and/or the signal-to-noise ratio at the receiver and/or
to prevent two different beams from interfering one with the other, it is preferred that an
information-carrying microwave/MMW beam be as narrow as possible. Typically,
information-carrying microwave or MMW beams have a half-power-beam width of less than
2°. A challenge is ensuring that such a narrow beam is consistently directed at the destination
over a substantial distance, especially when both the source and the destination move, for
example in instances when one or both are mounted on a moving object such as a tower or
building that is swaying in the wind.

It is therefore desirable to have methods and/or devices that allow continuously
aiming a narrow directional microwave/MMW beam from a source towards a destination,
especially when either or both the source and destination are moving,

In the art it is known to achieve this goal by using a reflector bearing a plurality of

scattering elements that constitute an electromagnetic metasurface to reflect an incident
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microwave/MMW beam in a desired direction by inducing a suitable phase shift in the
incident beam.

It is also known to configure a reflector to be tunable so that the reflection-direction
of an incident microwave/MMW beam can be controllably changed by allowing controllable-
changing of the phase-shift induced by the metasurface of the incident beam. This can be
done for horizontal and/or vertical polarization of the incident beam, depending on the
geometry and arrangement of the scattering elements.

It is further known to configure such a tunable reflector to be dynamically tunable,
allowing the controllable changing of the induced phase-shift in realtime.

It would be useful to have a dynamically-tunable microwave/MMW reflector that is
relatively simple to make (e.g., by having relatively few electrical and control circuits) and/or

that can be tuned quickly and accurately.

SUMMARY OF THE INVENTION

The invention, in some embodiments, relates to the field of electromagnetic radiation
and more particularly, but not exclusively, to a method of reflecting a microwave/MMW
beam in a desired direction with a reflector that comprises an electromagnetic metasurface
and to a microwave/MMW reflector that comprises an electromagnetic metasurface. In some
embodiments, the reflector is tunable by projecting light (in some embodiments, the projected
light constituting an image) on a portion of the reflector that includes light-sensitive
components. The projecting of the light controllably sets a value of an electrical property
(e.g., junction capacitance) of at least one of the light-sensitive components, where the values
of the electrical property of the light-sensitive components collectively determine the phase-
shift that the metasurface induces in an incident microwave or MMW beam which induced
phase-shift determines the direction in which the beam is reflected.

According to an aspect of some embodiments of the teachings herein, there is
provided a method for reflecting microwaves and/or millimeter waves (MMWs) in a desired
direction comprising:

a. providing a microwave and/or MMW reflecting surface comprising a plurality of

conductive patches on a surface of a dielectric substrate, each conductive patch in

wired electrical connection with at least one light-sensitive electronic component
having an electrical property that is dependent on a property (preferably the intensity)
of light illuminating the light-sensitive component, where the values of the electrical

property of the light-sensitive components collectively determine a phase-shift that



10

15

20

25

30

WO 2023/119259 PCT/1B2022/062782

the reflecting surface induces in an incident microwave/MMW beam which induced
phase-shift determines the direction in which an incident beam is reflected; and
b. illuminating each light-sensitive component with a selected value of the property of
the light (e.g., selected intensity of light) so as to set the electrical property to a
desired value,

so that a phase-shift is induced in an incident microwave/MMW beam to reflect the beam in a

desired direction.

According to an aspect of some embodiments of the teachings herein, there is also
provided a tunable microwave and/or MMW reflector, comprising:
a plurality of light-sensitive components having an electrical property that is
dependent on a property (preferably intensity) of light illuminating the light-sensitive
component; and
a microwave/MMW-reflecting surface including:
a dielectric substrate defining an upper dielectric surface,
on the upper dielectric surface, a plurality of conductive patches, each the
conductive patch in wired electrical connection with at least one of the light-
sensitive component,
where the values of the electrical property of the light-sensitive components collectively
determine a phase-shift that the microwave/MMW-reflecting surface induces in an incident
microwave/MMW beam which induced phase-shift determines the direction in which an
incident beam is reflected.
For the method and device, the property of light is preferably the intensity of the light,
but in some embodiments the property is additionally or alternatively some other property

such as the color of the light.

BRIEF DESCRIPTION OF THE FIGURES

Some embodiments of the invention are described herein with reference to the
accompanying figures. The description, together with the figures, makes apparent to a person
having ordinary skill in the art how some embodiments of the invention may be practiced.
The figures are for the purpose of illustrative discussion and no attempt is made to show
structural details of an embodiment in more detail than is necessary for a fundamental
understanding of the invention. For the sake of clarity, some objects depicted in the figures

are not to scale.
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In the Figures:

FIGS. 1A, 1B, 1C and 1D schematically depict an exemplary embodiment of a
reflector according to the teachings herein having four rows of four conductive patches in top
view (Figure 1A), side view from the x direction (Figure 1B), side view from the y direction
in cross section (Figure 1C) and bottom view (Figure 1D);

FIGS. 2A and 2B schematically depict an exemplary embodiment of a reflector
according to the teachings herein having four rows of four conductive patches in side view
from the y direction in cross section (Figure 2A) and bottom view (Figure 2B);

FIGS. 3A, 3B and 3C schematically depict three variants of the reflector of Figures 1
implementing reverse bias of PIN diodes in bottom view;

FIGS. 4A, 4B and 4C schematically depict three variants of the reflector of Figures 2
implementing reverse bias of PIN diodes in bottom view;

FIGS. 5A and 5B schematically depict an exemplary embodiment of a reflector
according to the teachings in side view from the x direction (Figure 5A) and in side view
from the y direction in cross section (Figure 5B);

FIG. 6 schematically depicts a reflector according to the teachings herein in top view
where the patches are arranged with hexagonal packing;

FIGS. 7A and 7B schematically depict tuning a reflector according to the teachings
herein with an image generated by an array of LEDs;

FIGS. 8A and 8B schematically depict tuning a reflector according to the teachings
herein with an image generated by a projector;

FIG. 9 schematically depicts a reflector according to the teachings herein, with an
LCD screen as an illumination component; and

FIGS. 10A and 10B schematically depict reflectors according to the teachings herein,

each made up of multiple different dielectric substrates.

DESCRIPTION OF SOME EMBODIMENTS OF THE INVENTION

The invention, in some embodiments, relates to a method of reflecting a
microwave/MMW beam in a desired direction with a reflector that comprises an
electromagnetic metasurface and to a microwave/MMW reflector that comprises an
electromagnetic metasurface. In some embodiments, the reflector is tunable by projecting
light (in some embodiments, the projected light constituting an image) on a portion of the
reflector that includes light-sensitive components. The portion is typically, but not

necessarily, on the back side of the reflector. The projecting of the light controllably sets a
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value of an electrical property of at least one of the light-sensitive components, where the
values of the electrical property of the light-sensitive components collectively determine the
phase-shift that the metasurface induces in an incident microwave or MMW beam which
induced phase-shift determines the direction in which the beam is reflected. Since tuning is
done wirelessly by projecting light on a portion of the reflector, in some embodiments the

reflector is relatively simple to manufacture and tuning is relatively quick and accurate.

The principles, uses and implementations of the teachings of the invention may be
better understood with reference to the accompanying description and figures. Upon perusal
of the description and figures present herein, one skilled in the art is able to implement the
teachings of the invention without undue effort or experimentation. In the figures, like
reference numerals refer to like parts throughout.

Before explaining at least one embodiment of the invention in detail, it is to be
understood that the invention is not necessarily limited in its application to the details of
construction and the arrangement of the components and/or methods set forth herein. The
invention is capable of other embodiments or of being practiced or carried out in various
ways. The phraseology and terminology employed herein are for descriptive purpose and

should not be regarded as limiting.

As known in the art of metasurfaces, the reflecting metasurface of a
microwave/MMW reflector can be divided into unit cells, each unit cell comprising at least
part of a conductive patch (e.g., a unit cell can comprise a single conductive patch, a unit cell
can comprise two halves of two different conductive patches) where the resonance of each
unit cell is dependent on factors such as the physical dimensions of the unit cell, the nature of
the dielectric surface, the geometry and dimensions of the constituent patch / patch parts, and
the electrical properties of electronic components that are electrically connected with the
patch or patches. The resonance of the unit cells making up the metasurface taken together
determine the phase-shift that the metasurface induces in an incident microwave or MMW
beam which induced phase-shift determines the direction in which the beam is reflected.

A reflector according to the teachings herein has a microwave/MMW-reflecting
metasurface comprising a plurality of conductive patches arranged on a dielectric surface, the
patches functioning as the scattering elements of the metasurface. Each conductive patch is in
wired electrical connection with at least one light-sensitive electronic component. Each light-

sensitive component has an electrical property (e.g., capacitance, phase, permittivity,
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inductance) that is dependent on a property (preferably the intensity) of light illuminating the
light-sensitive electronic component. When a given light-sensitive component is illuminated
with light having a given value of the property (e.g., intensity), the electrical property of the
light-sensitive component adopts a value related to that value of the property of light. The
value of the electrical property (capacitance, for example) of the light-sensitive component
effects the resonance of the one or more patches that are in wired electrical connection with
that light-sensitive component.

Since the reflective properties of the metasurface (e.g., in which direction an incident
microwave/MMW beam is be reflected) are determined by the resonance of the unit cells and
the resonances of the unit cells are determined in part by the value of a property (preferably
the intensity) of light that illuminates each one of the light-sensitive components, it has been
found and is here disclosed that it is possible to tune a reflector according to the teachings
herein by projecting light at the light-sensitive components. The collection of light having
selected values for one or more light properties (e.g., intensity) that illuminates each one of
the light-sensitive components at any one time can collectively be considered an image. Thus,
in some embodiments the reflective properties of a reflector according to the teachings herein
are determined by which image is projected at the light-sensitive components.

By illuminating the light-sensitive components with the correct combination of light
intensities (e.g., the correct image), the reflector is tuned to reflect an incident
microwave/MMW beam in a desired direction, for example, an incident beam that interacts
with the metasurface at a given incident x-angle and y-angle can be reflected from the
metasurface with a selected x-angle and/or y-angle. In brief, by controlling the light
illuminating the light-sensitive components, a metasurface having the desired beam-reflecting
properties is constituted on the reflector. Since tuning the reflector is done wirelessly, in some
embodiments a reflector according to the teachings herein can be relatively simple. In some
embodiments, relatively few or no wires, electrical circuits or boards are required to control
the direction to which an incident beam is reflected.

Embodiments of a reflector according to the teachings herein can be placed to receive
an incident beam (e.g., from a microwave/MMW source or from another reflector) and to
direct the outgoing reflected beam towards a destination (e.g., a receiver or another reflector).
By selecting the correct combination of light intensities (e.g., image) to illuminate the light-
sensitive components in order constitute a metasurface having the desired reflection
properties, an incident beam is reflected in the desired direction, for example, at the

destination, even when the source or destination are moving. Additionally, during installation
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of a specific reflector, the negative effects of inevitable manufacturing imperfections (e.g.,
negative effects such as dispersion of a reflected beam, destructive interference during
interaction with the substrate, increased reflected beam side lobes at the expense of the main
lobe and DC circuit losses) can be compensated for by appropriately illuminating the light-
sensitive components.

Additionally or alternatively, in some embodiments a single reflector is used as a
multiplexing component, for example, reflecting a beam from a single source to two or more
different destinations, reflecting beams from two or more destinations to a single destination,
or reflecting beams from two or more different sources to two or more different destinations.

Additionally or alternatively, in some embodiments, the methods and reflectors

according to the teachings herein are used for beam forming.

Method of reflecting microwaves/MMW

Thus, according to an aspect of some embodiments of the teachings herein there is
provided a method for reflecting microwaves and/or MMW in a desired direction comprising:

a. providing a microwave and/or MMW reflecting surface comprising a plurality of
conductive patches on a surface of a dielectric substrate, each conductive patch in
wired electrical connection with at least one light-sensitive electronic component
having an electrical property that is dependent on a property (preferably the intensity)
of light illuminating the light-sensitive component, where the values of the electrical
property of the light-sensitive components collectively determine the phase-shift that
the reflecting surface induces in an incident microwave/MMW beam which induced
phase-shift determines the direction in which an incident beam is reflected; and

b. illuminating each light-sensitive component with a selected value of the property of

the light (e.g., selected intensity of light) so as to set the electrical property to a

desired value,
so that a phase-shift is induced in an incident microwave/MMW beam to reflect the beam in a
desired direction. In preferred embodiments the surface of the dielectric substrate is planar.

In some embodiments, a reflector according to the teachings herein comprises a
printed circuit board having a microwave and/or MMW reflecting surface. Alternatively, in
some embodiments a reflector according to the teachings herein comprises an integrated
circuit having a microwave and/or MMW reflecting surface.

The electrical property of the at least one light-sensitive component connected to a

given conductive patch that is dependent on a property (such as the intensity) of light
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illuminating the light-sensitive component is any suitable electrical property that changes the
resonance of a unit cell of which the patch is part as this effects the phase shift induced in an
incident microwave/MMW beam by the conductive patch. In some embodiments, the
electrical property that is dependent on a property (such as the intensity) of light illuminating
the light-sensitive component is selected from the group consisting of capacitance, phase,
permittivity, inductance and combinations thereof.

Any suitable light-sensitive component may be used. In some embodiments a light-
sensitive component selected from the group consisting of a PN diode, a PIN diode, a PPD
(pinned photodiode), a CCD (charge-coupled device), a photoresistor, a phototransistor and a
Schottky Barrier Photodiode. In some embodiments where a reflector comprises a printed
circuit board, one or more of the light-sensitive components is a physically-separate
electronic component which is functionally-associated with the dielectric board during
assembly of the reflector. In some embodiments where a reflector comprises an integrated
circuit, one or more of the light-sensitive components is printed on the surface of a chip of
semiconductor material such as silicon, silicon carbide, gallium nitride, graphene or gallium
arsenide (GaAs).

The illumination light is any suitable light and is determined primarily by the
characteristics and properties of the specific light-sensitive component that is used. Typically,
the illumination light comprises, and in some embodiments consists of, light having a
wavelength of between 400 micrometers and 2000 micrometers.

In some embodiments the method is implemented so that the reflector has only two
possible states: either simultaneously illuminating all of the light-sensitive components with
light (all-white image, in some embodiments with some predetermined variation of intensity,
in some embodiments all light-sensitive components illuminated with an identical intensity of
light) or not illuminating any of the light-sensitive components (all-black image). In some
such embodiments, the method can be considered as using a reflector as a toggle or switch.

In some embodiments the method is implemented so that the reflector has only four
possible states, the illuminating of the light-sensitive components being not illuminating any
of the light-sensitive components (all-black image) or illuminating all of the light-sensitive
components with a single intensity of light selected from the group consisting of about 33%,
about 66% and at 100% intensity.

The relative spatial orientation of the light-sensitive components one to the other is
any suitable relative spatial orientation. In some preferred embodiments, the light-sensitive

components are arranged on a surface (in some preferred embodiments, a flat surface) and the
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illuminating of the light-sensitive components with light comprises projecting an image on
the surface so that each one of the light-sensitive components is illuminated with a
corresponding selected value for the property (e.g., intensity) of light. In some such
embodiments, the illumination light can can be considered to be an image having a pixel that
corresponds to each one of the light-sensitive components.

In some embodiments, the conductive patches are electrically isolated one from the
other except through one or more light-sensitive components.

In some embodiments, the plurality of conductive patches are arranged on the surface
(in some preferred embodiments, a flat surface) of the dielectric substrate (e.g., PCB or chip)
in a two-dimensional array having n rows, each row having m conductive patches, n and m
being integers of at least 2, at least 4, at least 5, at least 6, at least 8 and even at least 9. In
some such embodiments, m and n are equal. Alternatively, in some embodiments, m and n
are not equal.

In some embodiments where the patches are arranged in rows on the surface of the
dielectric substrate, adjacent patches in the same row are in wired electrical connection
through a light-sensitive components and are electrically isolated from patches in different
rows. Such embodiments are discussed in greater detail with reference to Figures 1A-1D, 3A-
3C and 5A-5B.

Alternatively, in some embodiments, the reflector further comprises a conductive
ground component and each light-sensitive component is in wired electrical connection with
a single patch and with the conductive ground component. In some preferred embodiments,
the conductive ground component is a floating ground. Such embodiments are discussed in

greater detail with reference to Figures 2A-2B and 4A-4C.

The method according to the teachings herein may be implemented using any suitable
device or combination of devices. In some preferred embodiments, the method is

implemented using a reflector according to the teachings herein.

Reflector

A reflector according to the teachings herein is a microwave and/or MMW reflector
that includes a dielectric surface on which are found a plurality of conductive patches, each
patch in wired electrical connection with at least one light-sensitive component having an
electrical property that is dependent on a property (such as the intensity) of light illuminating
the light-sensitive component. Changing the values of the property of the light that is
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illuminating the light-sensitive components changes the reflective properties of the reflector
in accordance with the teachings herein.
Thus, according to an aspect of some embodiments of the teachings herein, there is
also provided a tunable microwave and/or millimeter wave (MMW) reflector comprising:
a plurality of light-sensitive components having an electrical property that is
dependent on a property (preferably the intensity) of light illuminating the light-
sensitive component; and
a microwave/MMW-reflecting surface including:
a dielectric substrate defining an upper dielectric surface,
on the upper dielectric surface, a plurality of conductive patches, each patch in
wired electrical connection with at least one light-sensitive component,
where the values of the electrical property of the light-sensitive components collectively
determine a phase-shift that the microwave and/or MMW reflecting surface induces in an
incident microwave/MMW beam which induced phase-shift determines the direction in
which an incident beam is reflected. Preferably, the conductive patches are physically
separate one from the other on the upper dielectric surface. In preferred embodiments the
upper dielectric surface is planar.
The word "upper" in the term "upper dielectric surface" does not necessarily indicate
an orientation, but is only added to make the description of the reflector readable to a person

having ordinary skill in the art.

Dielectric substrate

The dielectric substrate is any suitable dielectric substrate.

In some embodiments, the dielectric substrate is a board (such as a PCB board)
having a first planar surface that is the upper dielectric surface of the reflector and a second
planar surface that is a planar lower surface of the board. In some embodiments, such a
second planar surface is a lower surface of the reflector. Alternatively, in some embodiments,
such a second planar surface is not a lower surface of the reflector. The separation of the two
surfaces (the thickness of the dielectric substrate board) is any suitable separation. In some
such embodiments, the dielectric substrate is at least 0.1 mm and not more than 10 mm thick.
In the experimental section is described a reflector having a 508 micrometer thick dielectric
substrate.

In some embodiments, the dielectric substrate is a chip of semiconductor material

such as silicon or GaAs as known in the art of integrated circuits. In preferred such
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embodiments, one side of the chip is the reflecting surface on which are present the plurality
of the conductive patches, the other side is a surface on which are present the light-sensitive
components (GaAs photodiodes on GaAs substrate, for example), and a given conductive
patch is in wired electrical connection with a given light-sensitive component in any suitable
way, for example, using a through-silicon or through-GaAs via (TSV/TGV). Such
embodiments can be made using standard integrated circuit manufacturing techniques. In
such embodiments, the semiconductor material is any suitable such material, for example
silicone or germanium or GaAs. The thickness of the chip is any suitable thickness as known
in the art of integrated circuits, at the current date from about 275 micrometers to about 925
micrometers, more typically between 375 micrometers and 675 micrometers, e.g., 375
micrometers, 525 micrometers or 625 micrometers and depending on the required operating

frequency.

Light-sensitive components

As discussed above, a suitable light-sensitive component is an light-sensitive
component having a suitable electrical property which value is dependent on a property
(preferably the intensity) of light illuminating the light-sensitive component. A suitable
electrical property is an electrical property which value influences the resonance of the unit
cell of which a conductive patch that is in wired electrical connection with the light-sensitive
component is part. In some embodiments, the electrical property that is dependent on the
property of light illuminating the light-sensitive component is selected from the group
consisting of capacitance, phase, permittivity, inductance and combinations thereof.

Any suitable light-sensitive component may be used. In some embodiments a light-
sensitive component is selected from the group consisting of a PN diode, a PIN diode, a PPD,
a CCD, a photoresistor, a phototransistor and a Schottky Barrier Photodiode.

In preferred embodiments, the light-sensitive components are selected from the group
consisting of PN diodes and PIN diodes.

In some embodiments, the light-sensitive components are made on the surface of a
chip of semiconductor material in the usual way of integrated circuits. In some such
embodiments, the dielectric substrate is a chip of semiconductor material on which one side
are the light-sensitive components and on the opposite side are the reflective patches, both the
light-sensitive components and the reflective patches preferably made on the respective
surface in the usual way of integrated circuits. In some such embodiments, the dielectric

substrate is a chip of semiconductor material on which one side are both the light-sensitive
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components and the reflective patches, both the light-sensitive components and the reflective
patches preferably made on the same surface in the usual way of integrated circuits.

In embodiments where the dielectric substrate is a PCB, commercially-available light-
sensitive components that are suitable for implementing one or more embodiments of the
teachings herein include the SFH 2704 Silicon PIN photodiode by OSRAM Opto
Semiconductors GmbH (Regensburg, Germany) and the BPV10 silicon PIN photodiode by
Vishay Semiconductors (Malvern, Pennsylvania, USA).

In some embodiments, the light-sensitive components are not biased, e.g., the light-
sensitive components are open-circuit PIN or PN diodes. Such embodiments are discussed in
greater detail with reference to Figures 1A-1D, 2A-2B and SA-5B. In open-circuit PN or PIN
diodes, incident light of the appropriate wavelength generates electrons and holes flowing to
the N- and P-type sides of the junction, narrowing the depletion region, thereby increasing the
junction capacitance C;. The closer the wavelength of the light is to the ideal (according to the
quantum-efficiency of the light-sensitive component), and the higher the intensity of the light,
the larger the junction capacitance C;.

Alternatively, in some embodiments the light-sensitive components are reverse-
biased, e.g., the light-sensitive components are reverse-biased PIN or PN diodes. Such
embodiments are discussed in greater detail with reference to Figures 3A-3C and 4A-4C.
When a PN or PIN diode is reverse-biased, the dynamic range of the junction capacitance C;
increases. In some embodiments, PIN diodes are preferred to PN diodes as PIN diodes react
more quickly to changes in illumination than PN diodes when exposed to light (in the order
of several tens of GHz), PIN diodes have a better long wavelength response and superior
quantum efficiency than PN diodes. PIN diodes typically have 50% - 90% quantum
efficiency in the visible (Silicon PIN PD) and near IR ( InGaAs PIN PD) region.

In embodiments where the light-sensitive components are PN or PIN diodes, any
suitable type of diode material can be used. In some embodiments, Si diodes are preferred as
these have a high quantum efficiency, but only when illuminated with wavelengths less than
1100 nm, for example 400-950 nm. In alternate preferred embodiments, Ge, GaAs or InGaAs
diodes are preferred, especially PIN diodes, as these have extremely fast response times when
illuminated with light having 1300-1500 nm wavelength. In some embodiments where the
dielectric substrate is a chip of semiconductor material, the light-sensitive components
preferably comprise or consist of germanium, GaAs or InGaAs. In such embodiments, the

surface area that each light sensitive component occupies on the surface of the chip is
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typically not more than about 0.01 mm?* (equivalent to a 100 micrometer by 100 micrometer

square).
photodetector wavelength responsivity dark current rise time
[nm] [A/W] [nA] [ns]

Silicon PIN 550-850 0.41-0.7 1-5 5-10
Silicon PIN 850-950 0.6-0.8 10 0.070
InGaAs PIN 1310-1550 0.85 0.5-1.0 0.005-5
InGaAs APD 1310-1550 0.80 30 0.100
Germanium 1000-1500 0.70 1000 1-2

Table: Typical Photodetector Characteristics

Second surface

The light-sensitive components are attached to the other components of the reflector
in any suitable fashion.

In some embodiments, the light-sensitive components are arranged on the same
surface as the reflective patches.

In some preferred embodiments, the reflector comprises a second surface on which
the light-sensitive components are arranged. In some such embodiments, the second surface
is planar. In preferred such embodiments, a planar second surface is parallel to the upper
dielectric surface. In some embodiments, such a second planar surface is a lower surface of
the reflector. In some embodiments, the second surface is a second dielectric surface.

In some alternative embodiments, the second surface on which the light-sensitive
components are arranged is of a component that is different from the component on which

first surface the reflective patches are arranged.

Second dielectric substrate

In some embodiments, a second dielectric surface is a surface of a second dielectric
substrate different from the dielectric substrate which defines the upper dielectric surface.

In some embodiments, the second dielectric substrate is a board having a first planar
surface that is the second dielectric surface of the reflector and an upper planar surface that is
a planar upper surface of the board. The separation of the two surfaces (the thickness of the
second dielectric substrate board) is any suitable separation. In some such embodiments, the
dielectric substrate is at least 0.1 mm and not more than 10 mm thick. In the experimental

section is described a reflector having a 127 micrometer thick second dielectric substrate.
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As noted above, in some embodiments where the dielectric substrate is a chip of
semiconductor material, the first dielectric surface is the first (front side) reflective surface of
the chip and the second dielectric surface is the opposite surface of the chip (back side) that

bears the light-sensitive components.

Conductive Ground Component

In some embodiments, the reflector comprises a conductive ground component.

In some embodiments, the dielectric substrate and a second dielectric substrate are
separated by such a conductive ground component. In some such embodiments, the ground
component is a planar component (e.g., a layer of conductive material) that contacts a planar
lower surface of the dielectric substrate and a planar upper surface of the second dielectric
substrate. In some such embodiments, the ground component is not less than 1 micrometer
thick and not more than 200 micrometers thick. In the experimental section is described a
reflector having a 50 micrometer thick planar conductive ground component.

In some embodiments, the conductive ground component is configured to be
grounded during operation of the reflector. In preferred embodiments, the conductive ground
component is not grounded during operation of the reflector. In some preferred embodiments,
the conductive ground component is configured as a floating ground. Embodiments of a
reflector having a floating ground component are depicted, inter alia, in Figures 1A-1D and
2A-2B.

In some embodiments, at least some of the patches are in wired electrical connection
with at least one of the light-sensitive component through a conductor that passes through the
dielectric substrate, a conductive ground component and a second dielectric substrate without
electrical contact with the conductive ground component. In some such embodiments, the
dielectric substrate and the second dielectric substrate are PCB boards and the conductive
components that pass through the dielectric substrate, the conductive ground component and
the second dielectric substrate are vias. Such embodiment are depicted, inter alia, in Figures

1 and 2.

Patches
The patches are made in any suitable way, have any suitable geometry, are of any
suitable arrangement, are of any suitable size and any suitable number as is known to a

person having ordinary skill in the art of metasurfaces.
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In some preferred embodiments, the patches are a layer of conductive material on the
upper dielectric surface of the dielectric substrate. In some such embodiments, for example
when the device is implemented as a PCB, the patches are of a conductive material between 1
micrometer and 200 micrometers thick, preferably between 50 micrometers and 100
micrometers thick. In the experimental section is described a reflector having 50 micrometer
thick patches of copper.

In some alternative preferred embodiments where the device is implemented as an
integrated circuit, the patches are a layer of conductive material on a (front) surface of the
chip having any suitable dimensions and any suitable thickness as known in the art of
integrated circuits. In such embodiments, the thickness of the patches is typically between
about 1 micrometer and about 100 micrometers, preferably between 10 micrometers and
about 50 micrometers, for example between about about 20 micrometers and about 40
micrometers such as about 35 micrometers thick.

As noted above, the conductive patches are preferably physically separate one from
the other on the upper dielectric surface. The separation between any two neighboring is any
suitable separation. In some embodiments, the patches are separated by a distance of not less
than 1 nm (7 copper atom radii) and not more than 5000 micrometer, depending on the
intended operation frequency of the reflector. As known to a person having ordinary skill in
the art of metasurfaces, the separation influences the resonance of the reflector unit cells and
is generally determined by the designed operating frequency of the reflector. In the
experimental section are described reflectors where neighboring patches are separated by
0.24 mm. In some embodiments, a reflector has different separations for different patches as
known in the art of metasurfaces, see for example Litmanovitch, Rothshild and Abramovich
in Chinese Optics Letters 2017, 15(1), 011101.

The patches may be made in any suitable way of any suitable material, preferably a
metal. In some embodiments where the device is made using PCB technology the patches are
made, for example in the usual way known in the art of PCB manufacture by etching
(chemically, mechanically, laser) of a copper foil on the upper surface of a PCB or by vapor
deposition. In some embodiments where the device is made using integrated circuit
technologies, the patches are made in the usual way of integrated circuit manufacture,
including, optionally, a protective layer using any suitable technology, for example, a gold,
aluminum or silver protective layer.

The patches are of any suitable size. In some embodiments, all of the patches of the

reflector have within about 5% of the same surface area (in the x-y plane of the upper
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dielectric surface), more preferably within about 3% of the same surface area. In some
alternative embodiments, a single reflector includes patches of different sizes, see for
example Litmanovitch, Rothshild and Abramovich in Chinese Optics Letters 2017, 15(1),
011101.

The size of a given patch and associated unit cell is any suitable size. As known to a
person having ordinary skill in the art of metasurfaces, the size of the unit cell generally
determines the wavelength of microwaves/MMW that can be effectively reflected by the
reflector. The relationship of wavelength to the size of a patch or unit cell is discussed in
greater detail below.

In some embodiments, each patch covers a surface area of not less than about 0.25
mm”* (equivalent to a 0.5 mm x 0.5 mm square patch) and not more than about 100 mm?
(equivalent to a 10 mm x 10 mm square patch) of the upper dielectric surface. In some
embodiments, each patch covers a surface area of not less than about 1 mm? (equivalent to a
1 mm x 1 mm square patch) of the upper dielectric surface. In some embodiments, each patch
covers a surface area of not more than 25 mm?® (equivalent to a 5 mm x 5 mm square patch)
of the upper dielectric surface. In the experimental section is described a reflector having 1.36

mm x 1.36 mm square patches.

Patch shape

The patches are of any suitable shape, as known to a person having ordinary skill in
the art of metasurfaces, including square, rectangular, polygonal circular, cross-shaped, star-
shaped, Jerusalem cross shaped, split-ring shaped (e.g., split-ring resonators, dual split-ring
resonators, square, circular) and fishnet patches. In some embodiments, all of the patches of a
reflector have the same shape. Alternatively, in some embodiments, a single reflector
comprises patches having different shapes.

In some embodiments, the patches are substantially square-shaped, having a width
dimension within about 10% of a length dimension and four internal angles of about 90°+3°
and more preferably square shaped having a width dimension within about 2% of a length

dimension and four internal angles of about 90°+1°.

Number of patches
The number of patches is any suitable number of patches, as known to a person
having ordinary skill in the art of metasurfaces. In some embodiments a reflector includes at

least four patches, at least sixteen, at least 25, at least 36, at least 64 and even at least 81
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patches. In Figures 1A-1D and 2A-2B are described reflectors each having 16 patches. In the

Experimental section is described a reflector having 256 patches.

Arrangement of patches on the surface

The patches are arranged on the upper dielectric surface in any suitable arrangment as
known to a person having ordinary skill in the art of metasurfaces.

In some embodiments, the patches are arranged on the upper dielectric surface in a
two-dimensional array having n rows, each row having m conductive patches, n and m being
integers of at least 2 (square packing). In Figures 1A-1D and 2A-2B are described reflectors
each having 16 patches arranged in four rows of four patches each. In the Experimental
section is described a reflector having 16 rows of 16 patches each.

In some alternative embodiments, the patches are hexagonally-packed on the upper
dielectric surface, in some such embodiments the patches are circular. In Figure 6 is
schematically depicted a reflector having hexagonally-packed circular patches.

Other embodiments having other suitable arrangements of patches are not described

for brevity.

Size of the reflecting surface

The size of the reflecting surface of a reflector is any suitable size which is typically
determined by the wavelength to be reflected and also by the size, number and arrangement
and separation of the unit cells and patches as is known to a person having ordinary skill in
the art of metasurfaces. Generally speaking, for reflecting microwave/MMW having a
wavelength %, , the dimensions of a reflecting surface are preferably at least about 10 A,
where the larger the reflector dimensions the better the reflector performances. Further, to
effectively reflect microwaves or MMW having a wavelength Ao, the unit cell and the patches
of the reflector preferably have in-plane dimensions (x and y dimensions that are in the plane
of the upper dielectric surface (front side) that are not more than about 0.25 Ao, preferably
between about 0.10 A and about 0.25 k.

In Figures 1A-1D and 2A-2B are depicted exemplary reflectors having sixteen 1.36
mm x 1.36 mm square patches arranged in a 4 x 4 square array, neighboring patches
separated by 0.24 mm so that the reflecting surface is a 6.4 mm x 6.4 mm square. With such
dimensions, the reflectors depicted in Figures 1A-1D and 2A-2B are not necessarily practical
reflectors but are simplified drawings to allow understanding of some aspects of the

invention. In the Experimental Section is described a reflector having 256 1.36 mm x 1.36
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mm square patches arranged in a 16 x 16 square array, neighboring patches separated by 0.24
mm so that the reflecting surface is a 25.6 mm x 25.6 mm square.

In some embodiments, the teachings herein are directed to reflect beams of
microwaves/MMW having frequencies of from about 1 GHz (Ao = 330 mm) to about 300
GHz (b = 1 mm). Based on the preferred dimensions of a reflecting surface preferably being
at least about 10 %, for 300 GHz radiation a reflecting surface preferably has dimensions of
at least about 10 mm with patches having dimensions of between about 0.1 mm and about
0.25 mm while for 1 GHz radiation a reflecting surface preferably has dimensions of at least
about 3300 mm with patches having dimensions of between about 33 mm and about 82 mm.

In some preferred embodiments, a reflector is made using PCB technology, where one
side of a PCB constitutes the reflecting surface and bears the conductive patches while the
opposite equally-sized side of a PCB bears the light-sensitive components. PCB boards
having dimensions up to about 300 mm (e.g., 300 x 300 mm square PCBs or 300 mm
diameter circular PCBs) are readily commercially-available and have dimensions that are
suitable to reflect wavelengths from A = 1 mm (300 GHz) up to about 30 mm (10 GHz).
Larger PCB boards are less available, more expensive and may require robust packaging to
reduce the chance of breakage and assist in maintaining sufficient planarity for use.

In some preferred embodiments, a reflector is a semiconductor chip made using
integrated circuit technology, where one side of the chip constitutes the reflecting surface and
bears the conductive patches while the opposite equally-sized side of the chip bears the light-
sensitive components. As is known, chips are made from standard-sized wafers. Currently
available wafer sizes are: 51 mm diameter / 275 micrometers thick wafers; 76 mm diameter /
375 micrometers thick wafers; 100 mm diameter / 525 micrometers thick wafers; 125 mm
and 130 mm diameter / 625 micrometers thick wafers; 150 mm diameter / 675 micrometers
thick wafers; 200 mm diameter / 725 micrometers thick wafers; 300 mm diameter / 775
micrometers thick wafers; and 450 mm diameter / 925 micrometers wafers.

It is well-known to make multiple chips from a single wafer, for example, allowing to
make small-sized reflectors according to the teachings herein suitable for reflecting short
wavelength / high frequency beams. Alternatively, in some embodiments, an entire wafer is
used for making a single chip that constitutes a reflector according to the teachings herein, for
example: a 51 mm diameter wafer for making a reflector suitable for reflecting up to about Ao
= 5 mm (60 GHz) beams; a 76 mm diameter wafer for making a reflector suitable for
reflecting up to about & = 7 mm (43 GHz) beams; a 100 mm diameter wafer for making a

reflector suitable for reflecting up to about A, = 10 mm (30 GHz) beams; a 125 mm / 130 mm
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diameter wafer for making a reflector suitable for reflecting up to about As = 12 mm (25 GHz)
beams; a 150 mm diameter wafer for making a reflector suitable for reflecting up to about Ag
= 15 mm (20 GHz) beams; a 200 mm diameter wafer for making a reflector suitable for
reflecting up to about Ao = 20 mm (15 GHz) beams; a 300 mm diameter wafer for making a
reflector suitable for reflecting up to about Ay = 30 mm (10 GHz) beams; and a 450 mm
diameter wafer for making a reflector suitable for reflecting up to about Ao = 45 mm (6 GHz)

beams.

Composite reflecting surface

In some embodiments, the dielectric substrate bearing a reflecting surface of a
reflector according to the teachings herein is a single physical unit, e.g., a single PCB board
or a single semiconductor chip.

Alternatively, in some embodiments, for example in some instances when it is desired
to provide a reflector suitable for efficiently reflecting relatively low frequency / long
wavelength beams (e.g., Ao = 300 mm (1 GHz) to A, = 45 mm (6 GHz), when it is more
economical taking technical considerations into account) and/or when fragility / planarity of
large-dimension boards or chips is a factor, the microwave/MMW-reflecting surface of a
device comprises at least two different dielectric substrates each defining an upper dielectric
surface bearing a plurality of conductive patches, e.g., at least two PCB boards or at least two
semiconductor chips. Preferably, the different dielectric substrates are all coplanar. The
separation between any two different dielectric substrates is any suitable separation and is
typically determined by the size and arrangement of the patches on the two substrates. Since
the reflective properties of the dielectric surfaces of each dielectric substrate is controlled by
the illumination of the associated light-sensitive components, the coordination of the
reflective properties of multiple separate dielectric substrates to function together as a single
reflective surface is simple. Such embodiments are schematically depicted in Figures 10A-

10B, discussed hereinbelow.

Wired electrical connection of patches with the light-sensitive components

Each conductive patch of a reflecting surface of a reflector according to the teachings
herein is in wired electrical connection with at least one light-sensitive component having an
electrical property that is dependent on a property of light illuminating the light-sensitive

component. The wired electrical connection is such that a change in the value of the electrical
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property of the light-sensitive component as a result of a change in illumination of the light-
sensitive component, leads to a change in the resonance of the unit cell of which the light-

sensitive component is part.

Wired electrical connection of single patch with multiple light-sensitive components

In some embodiments, at least 50% of the patches are in wired electrical connection
with two light-sensitive components. Such embodiment are discussed with reference to
Figures 1A-1D, Figures 3A-3C, and Figures 5A-5B.

In some such embodiments, the total number of patches is greater than the total
number of light-sensitive components.

In some such embodiments, at least 50% of the patches are in wired electrical
connection with exactly two light-sensitive components.

In some such embodiments, the conductive patches are electrically isolated one from
the other except through the light-sensitive components.

In some such embodiments, for a patch in wired electrical connection with two light-
sensitive components, the connection is through opposite sides of the patch.

In some such embodiments, for a patch in wired electrical connection with two light-
sensitive components (such as PIN or PN diodes), the patch is in wired electrical connection
with an anode of a the light-sensitive component (the P electrode of a PIN or PN diode) and
with a cathode of a different the light-sensitive component (the N electrode of a PIN or PN
diode).

In some such embodiments, the patches are arranged on the upper dielectric surface in
a two-dimensional array having n rows, wherein:

patches of a row are in wired electrical connection with a neighboring patch in the

row through a single light-sensitive component;

each row has two edge patches in wired electrical connection with a single light-

sensitive component;

each row has at least one internal patch, each such internal patch in wired electrical

connection with an anode of a light-sensitive component and with a cathode of a

different light-sensitive component; and

there is no wired electrical connection between any two the rows. Such an

embodiment is discussed with reference to Figures 1A-1D.
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Wired electrical connection of single patch with a single light-sensitive component

In some embodiments, each one of the patches is in wired electrical connection with a
single light-sensitive component. Such an embodiment is discussed with reference to Figures
2A-2B.

In some such embodiments, a light-sensitive component comprises two contacts, a
first contact in wired electrical connection with a patch and a second contact in wired
electrical connection with a conductive ground component. In some such embodiments, the
patches are in wired electrical connection one with the other only through a conductive
ground component.

In some such embodiments, an anode of the light-sensitive component (such as a PN
or PIN diode) is in wired electrical connection with the patch and a cathode of the light-
sensitive component is in wired electrical connection with a conductive ground component.
Alternatively, in some such embodiments, a cathode of the light-sensitive component (such as
a PN or PIN diode) is in wired electrical connection with the patch and an anode of the light-

sensitive component is in wired electrical connection with a conductive ground component.

Reverse Bias

In some embodiments, the light-sensitive components are in an open circuit with the
patches and are not biased. Such embodiments are discussed with reference to Figures 1A-
1D, Figures 2A-2B and Figures SA-5B.

In some alternative embodiments, the light-sensitive components (e.g., PN or PIN
diodes) are reverse-biased. Such embodiments are discussed with reference to Figures 3A-

3C; and 4A-4C.

Illumination Module

In some embodiments, a reflector according to the teachings herein comprises an
illumination module configured to illuminate the light-sensitive components of the reflector
with illumination light having a selected value for one or more of the light properties, e.g., a
selected intensity and/or a selected color and/or selected polarization. In some such
embodiments, a reflector further comprises a controller functionally associated with the
illumination module to control activation of the illumination module in order to control the
reflective properties of the microwave/MMW reflecting surface.

As discussed above, a reflector according to the teachings herein is tuned by

illuminating the light-sensitive components of the reflector with illumination light having a
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selected value of a selected property such as intensity so as to set the electrical property of
the light-sensitive component to a desired value, which ultimately leads to the constitution of
a metasurface having the desired reflecting properties. Taken together, the light illuminating
the different light-sensitive components can be considered as constituting an image.

In order to tune the reflector, that is to say, to change the metasurface to achieve
different reflecting properties, the illumination light is changed, that is to say, one or more
properties of light illuminating one or more of the light-sensitive components is changed.

In some preferred embodiments, changing of the illumination light comprises
changing the intensity of the illumination light. In preferred such embodiments, the
illumination light is monochromatic.

Additionally or alternatively, in some embodiments, changing of the illumination light
comprises changing the color (wavelength or wavelength distribution) of the illumination
light.

The illumination light is any suitable illumination light comprising any suitable
wavelength or wavelengths that is typically dependent on the wavelength-dependent response
of the light-sensitive components. In some typical embodiments where the light-sensitive
components are PIN diodes, especially Ge, InGaAs or GaAs PIN diodes that have
particularly fast response times to light having a 1300-1500 nm wavelength, the illumination
light is produced by one or more NIR LEDs. NIR LEDs that produce light having
wavelengths of ~1000 nm to 1700 nm are commercially available.

In some embodiments, an illumination module is configured to illuminate at least one
group (each group comprising at least one light-sensitive component) of the light-sensitive
components of the reflector with a chosen one of at least two different illumination light,
allowing setting the electrical property of the light-sensitive components of the group to at
least two different values. In some such embodiments (such as depicted in Figures 7A-7B and
8A-8B), each group includes exactly one light-sensitive component so that the value of the
electrical property can be independently set for each light-sensitive component. The two
different illumination lights differ in any suitable way so that illumination of the light-
sensitive components therewith changes the electrical value of the property of the light-
sensitive components in accordance with the teachings herein. Suitable ways the different
illumination lights differ can include intensity, wavelength, polarization and combinations
thereof, preferably intensity as the intensity of light is technically simple to quickly and

accurately change between different fixed values.
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An exemplary commercially-available component that can be used as an illumination
module or as a component of an illumination module is a 5-inch round screen 1080*1080
LCD display controller board (Catalogue Nr. TOPOSOMIPI10801080R) by Wisecoco Display
(Longgang District, Shenzhen, China). In embodiments having a (front) reflector surface and
a different (back) surface bearing the light-sensitive components, the component can be
attached to the surface bearing the light-sensitive components, see Figure 9 discussed below.
In some such preferred embodiments, an illumination surface (a surface through which light
emerges) of the illumination module is within 1 mm (and even contacts) a surface of a

reflector that bears the light sensitive components, see Figure 9 discussed below.

Materials

In some embodiments, at least some patches are in wired electrical connection with a
light-sensitive electronic component through a via. In some embodiments, some or all of the
vias are solid conductive pegs (of any cross section). In some embodiments, some or all of
the vias are hollow conductive tubes.

In some preferred embodiments, the dielectric substrate (and, if present, the second
dielectric substrate) is any suitable dielectric rigid substrate that defines a planar surface. The
substrate is made of any suitable material or combinations of materials having a dielectric
strength of less than 400 V/micrometer. In some embodiments, the dielectric substrate
comprises a dielectric material selected from the group consisting of polyester (300V/um),
polyimide (280V/um), polycarbonate (250V/um), polyethylene (200V/um), polypropylene
(200V/um), polystyrene (200V/um), polytetrafluoroethylene (90-180V/um), epoxy resin (25-
45V/um) and poly(vinylidene fluoride) (10.2 V/um), in some embodiments being composite
materials that also include a reinforcing phase such as fibers. For example, in preferred
embodiments, a dielectric substrate is a PCB substrate such as a fiber-reinforced thermoset
resin known in the art of PCBs.

The patches, vias, leads and ground component of a reflector according to the
teachings herein are all made of a conductive material. Any suitable material or combination
of materials is independently selected for implementing these components. In some
embodiments patches, vias, leads and ground component are made of a conductive material
independent selected from the group consisting of copper, silver, gold, aluminum, zinc,

nickel, iron, platinum and alloys thereof.
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Use of a Reflector

In some embodiments, after a reflector is made and prior to installation for use, the
reflector is placed on a testing bench and functionally associated with an illumination module
such as a LED array or image projector. A beam of microwaves or MMW is directed at the
reflecting surface of the reflector and some, many or all combinations of possible
combinations of light properties are used to illuminate the light-sensitive components (e.g.,
each such combination constituting an image) each combination inducing a different induced
phase-shift and therefore reflection of the beam. A look-up table is generated for the specific
reflector that allows an operator to select a specific combination of light intensities (e.g., each
specific combination constituting an image) to provide the desired reflective properties.

An embodiment of a tunable reflector according to the teachings herein is discussed
with reference to the exemplary embodiments depicted in Figures 1A-1D.

Figures 1 schematically depict an exemplary reflector 10 in Figure 1A (top view),
Figure 1B (side view from the x direction), Figure 1C (side view from the y direction, cross
section) and Figure 1D (bottom view).

In Figure 1A, a reflecting surface 12 of reflector 10 is a microwave/MMW reflecting
metasurface comprising a 4 x 4 array of conductive copper patches 14 printed on a planar
upper surface 16 of a first dielectric substrate 18 (a PCB board). Each copper patch 14 is a
1.36 x 1.36 mm square and 0.05 mm thick (in the z-direction). Neighboring patches 14 are
separated by 0.24 mm. Upper dielectric surface 16 is a planar 6.4 x 6.4 mm square that
defines the x-y plane of reflector 10. Upper dielectric surface 16 and patches 14 are coated
with a microwave/MMW-transparent coating to prevent corrosion and wetting of patches 14.
Patches 14 are arranged in four rows 20a, 20b, 20¢ and 20d of four patches 14 each, rows 20
oriented in the x-direction.

In Figure 1B, reflector 10 is viewed from the side from the x-direction so that a single
patch 14 and a single light-sensitive component 22 (an InGaAs PIN diode) from each one of
four rows 20 is seen. Also seen is a conductive ground component, ground plate 24, of
conductive material (0.05 mm thick copper) separating first dielectric substrate 18 from a
second dielectric substrate 26 (a PCB board). In the z-direction, first dielectric substrate 18 is
0.508 mm thick and second dielectric substrate 26 is 0.127 mm thick. There is no electrical
connection between the components of any two different rows or with conductive ground
plate 24. Light-sensitive components 22 are arranged on a second dielectric surface 28 which

is the lower, exposed, surface of second dielectric substrate 26.
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In Figure 1C, reflector 10 is viewed from the y-direction in cross-section A-B that
bisects patches 14 of first row 20a. It is seen that each patch 14 is associated with two vias 30
(0.3 mm diameter) that pass through holes 32 (0.7 mm diameter). Outer vias 30" of the two
outer patches 14 pass through first dielectric substrate 18 and ground plate 24 to anchor into
second dielectric substrate 26. All other vias 30 pass through first dielectric substrate 18,
ground plate 24 and second dielectric substrate 26 to emerge on second dielectric surface 28.
Electrically connecting any two vias 30 of any two neighboring patches 14 in the same row
20 is a light-sensitive component 22, which, as stated above, in reflector 10 are InGaAs PIN
diodes. None of vias 30 contact ground plate 24 and are electrically isolated therefrom.

Accordingly, in reflector 10 a row 20 of four patches 14 is associated with three light-
sensitive components 22. All light-sensitive components 22 are oriented in the same
direction, that is to say, a P-contact (anode) 34 of a first PIN diode being in electrical contact
with an N-contact 36 (cathode) of a second PIN diode through two vias 30 and a patch 14.

In Figure 1D, reflector 10 is seen from the bottom. Light-sensitive components 22 are
seen arranged on second dielectric surface 28 in four rows 20a, 20b, 20c and 20d, with P-
contacts (anode) 34 and N-contacts (cathode) 36 contacting vias 30 that emerge through
second dielectric substrate 26. In Figure 1D, dashed lines indicate the location of patches 14
on upper dielectric surface 16: patches 14 are not apparent on second dielectric surface 28. As
is seen in Figure 1D, reflector 10 has a greater number of patches 14 than light-sensitive
components 22.

A second embodiment of a reflector of the teachings herein, reflector 38 is
schematically depicted in Figures 2A (side view from the y direction, cross section) and
Figure 2B (bottom view). In top view and in side view from the x-direction, reflector 38
appears identical to reflector 10 as depicted in Figure 1A and Figure 1B, respectively.

In Figure 2A, reflector 38 is viewed from the y-direction in a cross-section that bisects
patches 14 of first row 20a. It is seen that each patch 14 is associated with a single via 30a
that passes through a hole 32 in first dielectric substrate 18, ground plate 24 and second
dielectric substrate 26 to electrically connect to a P-contact (anode) 34 of a light-sensitive
component 22 (an InGaAs PIN diode). In reflector 38, none of vias 30a that are electrically
connected to a patch 14 contact ground plate 24 and are all electrically isolated therefrom.

The N-contacts (cathode) 36 of light-sensitive components 22 each contact a via 30b
that passes through a hole 32 in second dielectric substrate 26, emerges through second

dielectric substrate 26 and electrically connects to ground plate 24.
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In reflector 38, a row of patches 14 such as row 20a has an equal number of light-
sensitive components 22 as patches 14. All light-sensitive components 22 are oriented in the
same direction, that is to say, for all light-sensitive components 22, a P-contact 34 is in
electrical contact with a patch 14 through a via 30a and an N-contact 36 is in electrical
contact with ground plate 24 through a via 30b. In a non-depicted variant of reflector 38, the
orientation of the light-sensitive components 22 is different: for all light-sensitive
components 22, for all light-sensitive components 22, an N-contact 36 is in electrical contact
with a patch 14 through a via 30a and a P-contact 34 is in electrical contact with ground plate
24 through a via 30b.

In Figure 2B, reflector 38 is seen from the bottom. Light-sensitive components 22 are
seen arranged on second dielectric surface 28 in four rows 20a, 20b, 20¢ and 20d, with P-
contacts 34 and N-contacts 36 contacting vias that emerge through second dielectric substrate
26. In Figure 2B, dashed lines indicate the location of patches 14 on upper dielectric surface
16: patches 14 are not apparent second dielectric surface 28. As is seen in Figure 2B, reflector
38 has an equal number of patches 14 as light-sensitive components 22.

In Figures 3A, 3B and 3C, three variants of reflector 10 (discussed with reference to
Figures 1A-1D) are schematically depicted in bottom view, all three implementing reverse
bias of light-sensitive components 22.

In Figure 3A, reflector 40 comprises a single variable-voltage DC power supply 42.
An anode 44 of power supply 42 is in electrical connection with P-contacts (anode) 34 of all
light-sensitive components 22. A cathode 46 of power supply 42 is in electrical connection
with N-contacts (cathode) 36 of all light-sensitive components 22. As a result, all light-
sensitive components 22 can be reverse-biased with the same voltage, which voltage can be
varied.

In Figure 3B, reflector 48 comprises three different variable-voltage DC power
supplies 42a, 42b and 42c¢. Each one of power supplies 42 is in electrical connection with
four light-sensitive components 22, each one of the four light-sensitive components 22
belonging to a different row of patches 20. As with reflector 40, an anode 44 of a power
supply 42 is in electrical connection with P-contacts 34 of a light-sensitive components 22
and a cathode 46 of a power supply 42 is in electrical connection with N-contacts 36 of a
light-sensitive components 22.

In Figure 3C, reflector 50 comprises twelve different variable-voltage DC power
supplies 42. Each one of the twelve power supplies 42 is in electrical connection with a single

light-sensitive component 22, an anode 44 of a power supply 42 in electrical connection with
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a P-contact 34 of a light-sensitive components 22 and a cathode 46 of a power supply 42 in
electrical connection with an N-contact 36 of a light-sensitive components 22. As a result,
each light-sensitive component 22 can be reverse-biased with an independent voltage, which
voltage can be varied. Such embodiments are exceptionally useful in embodiments when the
reflector is used for beam-shaping.

In Figures 4A, 4B and 4C, three variants of reflector 38 (discussed with reference to
Figures 2) are schematically depicted in bottom view, all three implementing reverse bias of
light-sensitive components 22.

In Figure 4A, reflector 52 comprises a single variable-voltage DC power supply 42.
An anode 44 of power supply 42 is in electrical connection with P-contacts (anode) 34 of all
light-sensitive components 22. A cathode 46 of power supply 42 is in electrical connection
with N-contacts (cathode) 36 of all light-sensitive components 22. As a result, all light-
sensitive components 22 can be reverse-biased with the same voltage, which voltage can be
varied.

In Figure 4B, reflector 54 comprises four different variable-voltage DC power
supplies 42. Each one of power supplies 42 is in electrical connection with four light-
sensitive components 22, each one of the four light-sensitive components 22 belonging to a
different row of patches 20. As with reflector 52, an anode 44 of a power supply 42 is in
electrical connection with P-contacts 34 of a light-sensitive components 22 and a cathode 46
of a power supply 42 is in electrical connection with N-contacts 36 of a light-sensitive
components 22.

In Figure 4C, reflector 56 comprises sixteen different variable-voltage DC power
supplies 42. Each one of the sixteen power supplies 42 is in electrical connection with a
single light-sensitive component 22, an anode 44 of a power supply 42 in electrical
connection with a P-contact 34 of a light-sensitive components 22 and a cathode 46 of a
power supply 42 in electrical connection with an N-contact 36 of a light-sensitive
components 22. As a result, each light-sensitive component 22 can be reverse-biased with an
independent voltage, which voltage can be varied. Such embodiments are exceptionally
useful in embodiments when the reflector is used for beam-shaping.

The specific embodiments of a reflector according to the teachings herein described
with reference to Figures 1A-1D, 2A-2B, 3A-3C and 4A-4C all included two substrate
boards, first dielectric substrate 18 and second dielectric substrate 26, separated by a
conductive ground component, ground plate 24. An exemplary reflector 58 is schematically

depicted in Figure SA (side view from the x direction) and Figure 5B (side view from the y
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direction, cross section). Reflector 58 includes a single substrate board 18 having a first
planar surface that is an upper dielectric surface 16 of reflector 58 and a second planar
surface that is a second dielectric surface 28 of reflector 58. Reflector 58 is devoid of a
conductive ground component.

The specific embodiments of a reflector according to the teachings herein described
with reference to Figures 1A-1D, 2A-2B, 3A-3C, 4A-4C and 5A-5B all included sixteen
equal-sized square patches, arranged on a dielectric surface in a square-packed arrangement
of n=4 rows, each row including four patches. As noted above and as is clear to a person
having ordinary skill in the art of metasurfaces upon perusing the description herein, in some
embodiments a reflector has one or more of different sized-patches and/or patches having a
shape different than square and/or fewer / a greater number of patches, arranged in any
suitable way on a dielectric surface. For example, In Figure 6, a reflector 59 is schematically
depicted in top view where thirty-seven circular patches 14 are arranged on an upper
dielectric surface 16 in a hexagonal-packed arrangement.

In Figures 7A and 7B is depicted an exemplary reflector 60 according to the teachings
herein comprising an illumination module that includes an image projector 62, image
projector 62 functionally associated with a controller 64, a software-configured general-
purpose computer.

Reflector 60 is any suitable reflector according to the teachings herein having sixteen
light-sensitive components arranged in a 4 x 4 array on a second dielectric surface, for
example, reflector 10 depicted in Figures 1 or reflector 38 depicted in Figures 2.

Image projector 62 comprises sixteen NIR/VIS LEDS (near-infrared / visible light
emitting diodes) arranged in a 4 x 4 array and is configured so that when activated, the light
produced by any given one of the sixteen NIR LEDs illuminates only a single specific one of
the sixteen light-sensitive components arranged on a second dielectric surface 28 of reflector
60. The intensity of light produced by any one of the sixteen LEDs is independently
controllable to illuminate a corresponding light-sensitive electronic components with a
selected one of sixteen discrete intensities of light. Each combination of sixteen intensities for
each one of the sixteen LEDs constitutes an image.

Controller 64 includes a stored look-up table of the reflective properties of the
metasurface constituted by illuminating the light-sensitive electronic components of reflector
60 with any one of the images.

In Figure 7A, at a first time t1, controller 64 activates image projector 62 to illuminate

the light-sensitive components of reflector 60 with a first image 66a that leads to generation
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of a metasurface on a reflecting surface 12 of reflector 60, which metasurface reflects an
incident microwave beam 68 from a microwave transmitter 70 in a first direction as a
reflected beam 72a towards a first receiver 74a.

In Figure 7B, at a second time t,, controller 64 activates image projector 62 to
illuminate the light-sensitive components of reflector 60 with a second image 66b different
from first image 66a that leads to generation of a metasurface on reflecting surface 12 of
reflector 60, which metasurface reflects incident microwave beam 68 in a second direction as
a reflected beam 72b towards a second receiver 74b.

In Figures 7A and 7B, images 66a and 66b consist of sixteen pixels arranged in a 4x4
matrix where the different shadings in Figures 7A and 7B represent different light intensities
emitted by a corresponding LED of image projector 62.

In Figures 8A and 8B is depicted an exemplary reflector 76 according to the teachings
herein comprising an illumination module that includes an image projector 78 (a standard
commercially-available pixelated image projector such as an AAXA P7 HD commercially
available from AAXA Technologies, Inc., Irvine, California, USA), image projector 78
functionally associated with a controller 64, a software-configured general-purpose computer.

In Figure 8A, image projector 78 is positioned to project an image 66a on a second
dielectric surface 28 of reflector 76 on which the light-sensitive components of reflector 76
are arranged. Controller 64 includes a stored look-up table of the reflective properties of the
metasurface generated on a reflecting surface 12 of reflector 76 when the light-sensitive
electronic components of reflector 76 are illuminated with different images projected by
image projector 78.

In Figure 8A, at a first time t,, controller 64 activates image projector 78 to illuminate
the light-sensitive components of reflector 76 with a first image 66a that leads to generation
of a metasurface on reflecting surface 12 of reflector 76 which metasurface reflects an
incident microwave beam 68 from a microwave transmitter 70 in a first direction as a
reflected beam 72a towards a first receiver 74a.

In Figure 8B, at a second time t,, controller 64 activates image projector 78 to
illuminate the light-sensitive components of reflector 76 with a second image 66b different
from first image 66a that leads to generation of a metasurface on reflecting surface 12 of
reflector 76, which metasurface reflects incident microwave beam 68 in a second direction as
a reflected beam 72b towards a second receiver 74b.

In Figure 9 is depicted a reflector 80 in side view functionally-associated with a

display screen 82 as a component of an illumination module. Any suitable display screen can
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be used for example, a 5-inch round screen 1080*1080 LCD display controller board
(Catalogue Nr. TOPOSOMIPI10801080R) by Wisecoco Display (Longgang District,
Shenzhen, China). Reflector 80 is made using semiconductor methods including a dielectric
substrate 18, a silicon chip which is substantially a complete round 100 mm diameter / 525
micrometer thick wafer of silicon. Top surface 12 of reflector 80 has a surface area of 7854
mm’. The 100 mm diameter makes reflector 80 particularly suitable for reflecting
electromagnetic radiation having a wavelength of up to about 10 mm (i.e., frequencies of
about 30 GHz and higher). Substrate 18 has an upper first dielectric surface 16 and a lower
second dielectric surface 28. On second dielectric surface 28 are a plurality of light-sensitive
components 22, substantially gallium arsenide (GaAs) PIN photodiodes. On upper dielectric
surface 16 of substrate 18 are found a plurality of metal conductive patches 14, each patch 14
in wired electrical connection with a light-sensisitive component 22 by at least one through-
silicon via (TSV) so that upper dielectric surface 16 is the microwave/MMW-reflecting
surface 12 of reflector 80. An illuminating front face 84 of display screen 82 is attached to
reflector 80 through second dielectric surface 28 using a 160 micrometer thick circle of
transparent double-sided adhesive film 86. Patches 14, light-sensitive components 22 and the
TSV are all made using known semiconductor fabrication methods. The dimensions and
shapes of patches 14 determine the reflected frequencies. For example, in embodiments
where patches 14 have dimensions of about 2.5 mm, reflector 80 can have about 1500
patches and is suitable for reflecting frequencies of around 30 GHz. For example, in
embodiments where patches 14 have dimensions of about 0.25 mm, reflector 80 can have
about 150,000 patches and is suitable for reflecting frequencies of around 300 GHz.

In Figure 10A is depicted a reflector 84 made up of seven different dielectric
substrates 18. Each dielectric substrate 18 is a silicon chip made up of a single 450 mm
diameter / 925 micrometer thick wafer having an upper dielectric surface 16 with a plurality
of conductive patches (not depicted) in wired electrical connection through TSVs with a
plurality of light-sensitive components on a back side of the chip, substantially as described
for reflector 80 with reference to Figure 9. The seven dielectric substrates 18 are connected to
a framework 86 which ensures that substrates 18 are all coplanar and have a desired
separation in the depicted hexagonal packing. The vertex-to-vertex dimension of reflector 84
is 1350 mm and the side-to-side dimension is 1169 mm so that reflector 84 has a reflective
surface of about 1100 mm, suitable for reflecting beams having a wavelength of up to about

110 mm (2.7 GHz).
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In Figure 10B is depicted a reflector 88 made up of one hundred different dielectric
substrates 18 (only one labeled). Each dielectric substrate 18 is a 350 mm x 350 mm PCB
board having an upper dielectric surface 16 with a plurality of conductive patches (not
depicted) in wired electrical connection through vias with a plurality of light-sensitive
components on a back side of the board. The one hundred dielectric substrates 18 are
connected to a framework (not depicted) which ensures that substrates 18 are all coplanar and
have a desired separation in the depicted square packing. The side-to-side dimension of
reflector 88 is 3500 mm so that reflector 84 has a reflective surface of about 3500 mm,

suitable for reflecting beams having a wavelength of up to about 350 mm (0.85 GHz).

EXPERIMENTAL

Reflector design and construction

An experimental reflector according to the teachings herein, similar to reflector 38 as
discussed above with reference to Figures 2A and 2B was simulated using CST
electromagnetic field simulation software by Dassault Systems and demonstrated successful
two-dimensional steering of an electromagnetic beam, as detailed in the attached Appendix.
In the attached Appendix some components may be referred to using terminology that is
different than used in this description. A person having ordinary skill in the art is able to
understand the attached Appendix and the referred-to components. The attached Appendix
also describes additional embodiments and features of the teachings herein. In the attached
Appendix are listed 44 references: at least some of the references provide general background
and are not relevant to the patentability of the claims.

In the experimental reflector, he first dielectric substrate was a 0.508 mm thick PCB
board.

In the experimental reflector, the second dielectric substrate was a 0.127 mm thick
PCB board.

In the experimental reflector, the conductive ground component was a 0.05 mm thick
layer of copper disposed between and separating the first substrate and the second substrate.
The conductive ground component was continuous except where perforated with holes
allowing the passage of vias as described below.

Instead of sixteen patches like depicted for reflector 12 in Figures 2A-2B, the
experimental reflector has 256 patches arranged in a square-packed array of sixteen rows

each row comprising sixteen patches on the upper surface of the first dielectric substrate.
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Each patch was a 1.36 mm x 1.36 mm square, 0.05 mm thick layer of copper.
Neighboring patches were separated by 0.24 mm.

Each patch was in wired electrical connection with the anode of a SFH 2704 Silicon
PIN photodiode through a 0.3 mm solid via that passed through a 0.7 mm hole that passed
through the first substrate, the conductive ground component and the second substrate.

The cathode of each SFH 2704 Silicon PIN photodiode was in wired electrical
connection with the conductive ground component through a 0.3 mm solid via that passed

through a 0.7 mm hole that passed through the second dielectric substrate.

Unless otherwise defined, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which the invention
pertains. In case of conflict, the specification, including definitions, takes precedence.

As used herein, the terms “comprising”, “including”, "having" and grammatical
variants thereof are to be taken as specifying the stated features, integers, steps or
components but do not preclude the addition of one or more additional features, integers,
steps, components or groups thereof. As used herein, the indefinite articles "a" and "an" mean
"at least one" or "one or more" unless the context clearly dictates otherwise.

As used herein, when a numerical value is preceded by the term "about", the term
"about" is intended to indicate +/-10%. As used herein, a phrase in the form “A and/or B”
means a selection from the group consisting of (A), (B) or (A and B). As used herein, a
phrase in the form “at least one of A, B and C” means a selection from the group consisting
of (A), (B), (C), (A and B), (A and C), (B and C) or (A and B and C).

It is appreciated that certain features of the invention, which are, for clarity, described
in the context of separate embodiments, may also be provided in combination in a single
embodiment. Conversely, various features of the invention, which are, for brevity, described
in the context of a single embodiment, may also be provided separately or in any suitable
subcombination or as suitable in any other described embodiment of the invention. Certain
features described in the context of various embodiments are not to be considered essential
features of those embodiments, unless the embodiment is inoperative without those elements.
Embodiments of methods and/or devices described herein may involve performing or
completing selected tasks manually, automatically, or a combination thereof. Some methods
and/or devices described herein are implemented with the use of components that comprise
hardware, software, firmware or combinations thereof In some embodiments, some

components are general-purpose components such as general purpose computers, digital
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processors or oscilloscopes. In some embodiments, some components are dedicated or
custom components such as circuits, integrated circuits or software.

For example, in some embodiments, some of an embodiment is implemented as a
plurality of software instructions executed by a data processor, for example which is part of a
general-purpose or custom computer. In some embodiments, the data processor or computer
comprises volatile memory for storing instructions and/or data and/or a non-volatile storage,
for example, a magnetic hard-disk and/or removable media, for storing instructions and/or
data. In some embodiments, implementation includes a network connection. In some
embodiments, implementation includes a user interface, generally comprising one or more of
input devices (e.g., allowing input of commands and/or parameters) and output devices (e.g.,
allowing reporting parameters of operation and results.

Although the invention has been described in conjunction with specific embodiments
thereof, it is evident that many alternatives, modifications and variations will be apparent to
those skilled in the art. Accordingly, it is intended to embrace all such alternatives,
modifications and variations that fall within the scope of the appended claims.

Citation or identification of any reference in this application shall not be construed as
an admission that such reference is available as prior art to the invention.

Section headings are used herein to ease understanding of the specification and should

not be construed as necessarily limiting.
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Article

Abstract: Lately, metasurface has become an essential and promising component in implementing
intelligent Reflecting Surface (IRS) for 5-G and 6-G. A novel method that simplifies the ability to
reconfigure the metasurface is presented in this paper. The suggested technology uses a PIN
photodiode as a tuning element. The desired image is projected on the metasurface's back side,
where the PIN photodiodes are placed, and reconfigures the metasurface. The projected image's
color and intensity pattern influence the PIN photodiodes' junction capacitance, which leads to
local reflection phase control. This enables the required pattern reflection phase distribution to
manipulate the reflection beam, for example, 2D beam steering or focusing, and any other beam
forming combination. This, instead of wiring many Digital-to-Analog Converters (DACs) or FPGA
outputs, which bias the standard tuning element like PIN diode or varactor using a complex RF
circuit. Using PIN photodiode as a tunable element instead of a varactor diode, PIN diode, Liquid
Crystal, and MEMS allows for changing the internal junction capacitance without direct contact
and thus continuously controlling the reflection phase. In addition, an open circuit work mode
with negligible energy consumption can be obtained. This technology can be used to implement
metasurface based on discrete or continuous phases and is called Steer By Image (SBI). A full
description of the SBI technology using PIN photodiode is presented in this paper.

Keywords: metasurfaces; beam steering; antennas;

1. Introduction

Metamaterials are materials with unique electromagnetic properties not found in
nature. Vesselago first suggested the idea of the metamaterial. In his paper, Vesselago
described the phenomenon of material with a negative index of refraction [1]. This
theory was proven experimentally by David R. Smith et al. [2]. The name Meta-Material
(MM) was suggested by Walser, who defined MM as a combination of metals and
dielectric arranged in a unique cyclic geometric structure, which defines the unique
electromagnetic properties of the designed MM [3]. The unique interaction between the
unit cells and the incident electromagnetic wave helps to design innovative components
that pave the way to new concepts. Metasurfaces is a private case of flat 2D
metamaterials. The list of metasurface applications is long and includes Meta Surface
perfect absorber [4], cloaks [5], MMW flat 2D parabolic mirror surfaces (FLAPS) [6], and
dielectrics lenses [7,8], and vortex beams [9,10].

Intelligent Reflecting Surface (IRS) using a reconfigurable metasurface reflector is a
novel concept suggested for 5G and 6G communication [11]. It will reconfigure the
reflection propagation via software control. This surface will consist of low-cost
components that can reflect electromagnetic waves in any required direction. This would
increase the signal at the receiver with no added hardware cost. In this paper, a new
technology, named Steer By Image (SBI), is presented. Using SBI technology, the control
over the IRS regarding the reflected beam direction and shape will be determined by an
image projected onto the backside of the IRS. The projected image's color and intensity
pattern influence the PIN photodiodes' junction capacitance, which leads to local
reflection phase control. The projected image pattern determines the metasurface's
reflected phase and leads to beamforming like 2D beam steering and/or focusing. Using
SBI technology, almost no wiring of DC biasing or RF circuit is required inside the IRS,




WO 2023/119259

PCT/1B2022/062782
Appendix - page 2 of 15

significantly simplifying the design and the manufacturing process. Additional use of
photodiode as a tunable element for metasurface is shown in [12,13]. In [12,13],
light-controlled digital coding metasurface is demonstrated. It is shown that by remotely
changing the illumination light intensity, the voltage generated by the photodiodes can
be dynamically controlled and therefore be used for biasing the metasurface tunable
elements, that is, in that case, a varactor. The concept suggested here further simplifies
this by using the photodiodes instead of varactor as the tunable metasurface elements.
The photodiodes in this concept are placed on the metasurface's backside, allowing light
projection from an external source placed on the backside of the metasurface, and thus,
lower scan loss can be achieved[14].

2. Reconfigurable metasurfaces

The electromagnetic properties of the metasurface are a function of the structure. This
includes size, shape, and the inter meta-atomic distances, as well as the electromagnetic
property of the materials. However, traditional metasurfaces have a complicated circuit
and are limited to be tuned after being fabricated. Thus, it is highly desirable to realize a
reconfigurable metasurface whose functionalities can be actively tunable with simplified
control and almost no RF circuits or components. The SBI technology proposed here is
shown to address those goals.

Reconfigurable metasurface includes an active tunable element that changes the
electromagnetic properties of the metasurface unit cell [12-17]. There are four methods to
realize reconfigurable metasurface. The first is a mechanical tuning of the unit cell
geometry using piezoelectric crystal components that can change the electromagnetic
properties of the metasurface [17,18]. The second method is the electronic tuning in
which a Varactor diode, PIN diode, or MEMS are used to change the resonance
frequency of the unit cells [19]. The third method is material property tuning using, for
example, Liquid Crystal (LC) to change the dielectric constant, er, of the unit cells
composing the metasurface [20,21], and the fourth is optical tuning [22,23].

The ability to control and reconfigure the reflected phase from each unit cell
throughout the whole metasurface reflector allows manipulating the reflected beam

steering angle, 6, according to (1) [6].
}quJ)c
0= (m) 1

where A is the beam wavelength, Agx is the phase gradient on the X-axis, and AX is
the periodicity on the X-axis. This approach is called phase-gradient and is divided into
two sub-approaches: continuous and discrete (digital coding) tuning. Components for
continuous tuning of the metasurface , such as Liquid-Crystal materials [24],
piezoelectric materials and MEMS [25,26], and varactor diodes [18,27-31], require
complicated wiring of DC bias, control boards, and RF circuits. In addition, the control
system and the attached biasing circuit (see Figure 1) on the back of the IRS may degrade
the steering performance of the IRS.

For example, in [29], an IRS containing 40X33 unit cells that allow a tunable
one-dimensional control of the reflected beam in the X-Band and Ku-Band is
demonstrated. A varactor diode model of MACOM MAVR-011020-11411 was used as a
tunable component. By using 32 channels of D/A for each of the 32 columns of varactors
in this IRS, the metasurface is controlled in 1D mode. A photo of this IRS is shown in
Figure 1:
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Figure 1. The IRS prototype with 40X33 unit cells allows a tunable one-dimensional control of the
reflected beam in the X-Band and Ku-Band [28]. Control of the reflected beam in 1D was achieved
with 32 D/A voltages applied to each of its 33 columns.

In the above example, 32 Digital to Analog Converters (DACs) varying from 0 to 20 V
were wired to each column independently, yielding a capacitance gradient only along
the X-axis. Thus, the steering is possible only on the X-axis. Simulation results at 11 GHz,
12GHz, and 13.5 GHz of this design for steering angles of 10°, 30°, and 50° are given in
[29]. By varying the bias voltages of the varactor diodes between the 33 columns of the
metasurface, different A@x (see Eq. 1) can be applied along the X-direction. Such
operation allows steering of the reflected beam to different angles, 6, at the same
frequency. The reflected wavefronts are shown in Figure. 2.
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Figure 2. Far-field simulation results for metasurface reflector at 11 GH [29].

2-D beam steering requires, in the above case, a total number of 40X32 DACs, one
DAC for each varactor of the IRS. This significantly complicated the wiring and the
design of the control system of that IRS. Furthermore, such a complicated design may
degrade the steering performance, and an RF circuit should be added, increasing the
manufacturing cost.

On the other hand, the discrete or "digital coding" method can be implemented for
IRS beam steering based on metasurface [32-37]. A common component for
implementing digital coding metasurface is the PIN switch diode since it is very
inexpensive and can be easily placed on surfaces of standard PCB manufacturing. Each
unit cell of the metasurface, integrated with one PIN switch, enables two different phase
modes (1-bit resolution) 0° and 180°. If two PIN switches per unit cell are used, four
different phase modes (2-bit resolution), 45°, 135°, 225°, and 315° can be realized. In
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those cases, each PIN diode can be modeled as lumped element with two or four fixed
capacitance values. For example, in [33,35], a 1-bit resolution metasurface for X-band is
demonstrated. Each unit cell is integrated with one PIN switch operating in two
reflected phases (states) with a difference of 180° between the states, realizing a 1-bit
digital unit cell.

According to [33], a phase difference of 180° was obtained at 8.6 GHz. A unit cell
with the desired reflection phase value of 0° up to 180° will be set to digital value '0', and
a unit cell with desired reflection phase value between 180° to 360° will be set to digital
value 1. The unit cell state of each column of the metasurface was defined
independently, and 1-D beam steering was achieved.

The disadvantage in the context of DC biasing is the energy consumption of the PIN
in the 'ON' state, which is not negligible for a metasurface with many unit cells, given
the statistical assumption that half of the unit cells state on the surface is in the 'ON' state
[36]. Furthermore, the FPGA control board and the DC biasing circuit and wiring are
complicated, and for a larger metasurface, even more, and may degrade the RF
performance due to the electric circuit on the backside of the IRS [14].

In the above examples, whether it is used for biasing continuous or discrete phase
control, a complicated control system is needed. This system can be based on an FPGA,
microcontroller board [34,35], connectors, RF chokes, radial stubs, and parallel DACs.
Also, additional PCB layers are needed for the DC biasing of the metasurface. This is a
well-known technology in which the beam steering is done using wires and circuits. This
leads to degeneration of the implementation to only 1-bit phase control for 2D beam
steering due to the cost and complexity of using a high number of DACs. Examples of
those complex control circuits for the 1-bit phase control metasurface are given in [34]
for 1010 unit cells and in [35] for 14x14 unit cells. In those examples, only a relatively
small size metasurface with up to several hundreds of unit cells is demonstrated. In
addition, the margins are added to the effective metasurface area for the placements of
the connectors used for DC bias control. This decreases the aperture efficiency of the
metasurface. In addition, continuous phase control improves the beam steering
performance by about 3.5 dB compared to 1-bit phase control [14].

In the next section, we suggest a new and very promising technology in which no
wires nor RF circuits are required, namely SBI. This paper demonstrates a 2D continuous
reflection phases beam steering with a metasurface size of 60x60 cells. In this case of a
large number unit cell, A 2D beam steering using the standard DC biasing technology
requires 60x60 controlled DC sources, RF chokes, and a very complex board.
Implementation of such an IRS is arduous to design, manufacture, and control.
However, the metasurface control design is significantly simplified using the SBIL
technology, whereas a standard image projector could replace the much more complex
control system. Also, SBI technology can solve the limitation of implementing a larger
area metasurface with many more unit cells.

3. Steer by image technology

The tunable component that is suggested to be embedded in the design of the IRS unit
cell, realizing the SBI technology is a PIN photodiode. PIN diodes in general [38] and
PIN photodiodes are used extensively in RF and microwave photonic communication
applications [39]. Discrete or digital IRS based on PIN diode were designed and
experimentally tested, and a two-state 1-bit control [34,35] and four states 2-bit control
metasurface were also demonstrated [40].

Here we propose to design a reconfigurable discrete or continuous unit cell based
on a PIN photodiode. Using PIN photodiode as a tunable component in the unit cell has
the following advantages: 1) It can operate in an open circuit mode with very low energy
consumption relative to PIN diode, 2) High-speed response, 3) High sensitivity to light,
4) Very inexpensive, 5) Long lifetime, 6) Its internal junction capacitance, Cj, is controlled
by the incident light intensity impinging onto the PIN photodiode [39]. Experimental
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results of a commercial PIN photodiode (Vishay Semiconductors BVP10 [41]) showing
the influence of the projection light color and intensity influence the PIN photodiodes'
junction capacitance is given in Figure 3 [41].
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Figure 3. Capacitance-voltage characteristics of a commercial PIN photodiode (Vishay
Semiconductors BVP10), under dark conditions and under illumination with different
wavelengths (red, green, and blue) which is analogs to three different intensities due to high
quantum efficiency at red light compared to green light and blue light respectively [34,35].

In an open circuit PIN photodiode (I=0) operation, the projected light generates electrons
and holes flowing to the n- and p-type sides of the junction, narrowing the depletion
region and increasing the junction capacitance C;. Figure. 3 gives the total photodiode
capacitance, C,; depending on the color of the light incident on the photodiode. In this
case, the dynamic range of the total photodiode capacitance C,, is 4.5pF-12pF without
DC biasing (1=0).

To realize an IRS based on reconfigurable metasurfuce with a PIN photodiode as a
tunable element, the PIN photodiode must be located on the backside of the metasurface
. This will enable a convenient and flexible projection of the light onto each PIN
photodiode changing its junction capacitance, Cj as required. A similar geometry, in
which the tunable element is located on the backside of an entire Ku-band metasurface
board, was suggested by us in [28]. In this study, a Varactor diode was located on the
backside of such metasurface , demonstrating a very good beam reflection performance
compared to typical geometry in which the varactor diode is located on the front side of
the metasurface. This new geometry design in which the varactor diodes are located on
the backside of the reflector eliminates the absorbance and scattering by the varactor
diode on the reflected radiation. The alternative solution of using larger unit cells and
diodes on the front side [43] suffers from low resolution and limited performance due to
scan loss which increases for large size unit cells [43]. In the new geometry, shown in
Figure 4, improved performances of the reflected beam were achieved.
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Figure 4. Design of the metasurface reflector structure with varactor diodes DC stimulations
circuit (a) Front side with the structure of rectangular metal patches array, (b) Back side with DC
voltage and diode polarization, (c) 3D inside view — closure of electrical circuit for each diode [27].

The design of the SBI metasurface is based on the geometry and structure shown in
Figure 4, but with PIN photodiodes instead of the varactor. As explained, the design of
the SBI metasurface is based on PIN photodiodes as tunable elements operating in open
circuit mode. No DC stimulation is required in this operating mode, simplifying the
design and eliminating the need for an FPGA board and wire connections. Figure 5
illustrates the concept of SBI technology.
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Figure 5. The proposed concept of steer by image technology (SBI). In this concept, a projector
illuminates the backside of the IRS with the desired color patterns that change the capacitance of
the photodiodes so that an EM wave incident on the metasurface will steer in the desired
direction.

The SBI configuration suggested in Figure 5 requires an image to be projected on
the backside of the IRS. One- or two-dimension beam steering or other beam
manipulation like focus can be realized by a projection image with appropriate light and
color levels on the IRS back side, as shown in Figure. 5. The color pixel changes between
the columns and rows determine the beam steering angle or other beam manipulation of
the IRS. No FPGA board nor DC biasing circuit are required in SBI technology IRS. A
simple and compact image projector [44] is needed to project an image on the backside
of such IRS.

Using SBI technology, a 2D beam steering for a variety of wavefronts can be
implemented. Also, discrete or digital coding patterns can be easily projected on the
backside of the IRS, creating any required beam steering, 6, and for any incidence,
wavefront beam demonstrated in [36,37].

3. Unit cell and metasurface design

The unit cell configuration suggested for SBI technology where the tunable element,
a photodiode, is located on the backside of the IRS [28], is shown in Figure. 6. The
photodiode used is AMS OSRAM SFH2704 which has very similar properties to Vishay
Semiconductors BVP10 [41] and offers a good capacitance response to the light color as
shown in Figure 3.
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Figure 6. Design of the unit cell: (a) Front side, (b) Back side, (c) Side view of the layers structure,
(d) 3D view of the inner unit cell, (e) cell equivalent circuit configuration suggested for SBI
technology.

In Figure 6b, the PIN photodiode is connected between two adjacent patches on the
backside of the metasurface. Figure 6e shows the electrical equivalent circuit for the unit
cell. The losses of the metasurface are a result of the resistances of the dielectric substrate
(R,,) and Cooper's (R , ). The unit cell paramater values are determined by the unit
cell's material, dimensions, and geometry. As a rule of thumb, C,, is proportional to the
metal area of the unit cell and L, to its thickness [28]

A simplified illustration of small size metasurface in the SBI technology is shown in
Figure 7.
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{c}

Figure 7: 3D structure of the SBI metasurface: (a) Front side, (b) Back side, (c) Side view of the
layers structure.

The PIN photodiode of Figure 3 has a capacitance dynamic range contribution in
zero bias. The unit cell parameters and the metasurface parameters are given in Table 1.

Table 1. Unit cell dimensions Parameters.

Value, mm
parameter Description .
Uniform unit cell
w Unit size 15
Wp Patch size 14.7
DV Via diameter 0.4
t Cupper thickness 0.035
Dc Clearance diameter 0.6
H, Top dielectric substrate thickness 1.575
Hz Bottom dielectric substrate thickness 0.254
H, Bundle thickness 0.051
D, Silicon PIN Photodiode length 1.8
DW Silicon PIN Photodiode width 2
DH Silicon PIN Photodiode height 0.6

The simulated photodiode parameters for the unit cell reflection are shown in Table 2.

Table 2. simulated photodiode parameters.

parameter Description Value, mm
R Diode resistance 0.1[Q]
de max Max diode capacitance 12 [PF]
de min Min diode capacitance 4.5 [PF]
de Intermediate diode capacitance 5.45 [PF]
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The unit cell simulation results were based on CST simulation code. The magnitude
and phase reflection as a function of frequency for three capacitance values are shown in

Figure 7 : de min= 4.5 pF, de max = 12 pF, and for de = 5.45 pF, which leads to
resonance frequency at 1GHz.
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Figure 7. unit cell results. (a) Phase. (b) Magnitude.

The results in Figure 7a show a dynamic phase range of about 340°. The maximum

about 4 dB.

unit cell loss at the operation frequency is for the capacitance of Cp 4= 045pF and is

Investigating the capacitance as a function of a reflected phase at 1 GHz will

min and Cp ,max can be converted to light color.

provide beam steering using SBI technology (see Figure 3). The capacitance between Cp "
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Photo diode capacitance (pF)

Figure 8. reflected phase at 1GHz as a function of the photodiode capacitance, Cpd.

Figure 8 shows that by using the PIN photodiode of AMS OSRAM SFH2704, a high
tunning of the reflection phase can be achieved. The data shown in figure 8 was used to
plan the phase distribution on the metasurface, thus reconfiguring the metasurface for
1-D and 2-D beam steering at 1 GHz. Higher frequencies can also be accomplished using
PIN photodiodes with lower capacitance [28].

The Far-field results were simulated for metasurface with 14x120 cells. The 1D beam
steering results are shown in Figure 9a, and the respectively 2-D color pattern with only
column change is shown in Figure 9b.
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Figure 9. The IRS far-field simulation results. The beam steering angles of about 10°,20°,30°,40°,
and 50° degrees and the reference cases for 0° are shown in (a), and the corresponding projection
patterns that were used for those beam steering are shown in (b) to (g). The metasurface
simulations were carried out with an metasurface size of 14x120 cells. In (a), the red line is for
constant photodiodes capacitance, and the blue graph is for a metal copper plate as a reference.

To demonstrate beam steering ability in the X-axis direction, the number of rows (Y-axis)
was decreased significantly to save on simulation execution time. As shown in Figure 9,
in all the projection patterns, the dominant pixel color is blue, representing the C,, value
of around 5 pF. This is since most of the dynamic reflection phase concentrates about 5
pE, making the blue color dominant (see Figures 3 and 8). The greater the beam steering
is to a larger angle, the more dense and cyclic the pixels pattern are, as shown in the
Figure 9b-g

The 2D beam steering was also simulated with 60x60 cells. The simulation result is

shown in Figure 10 for a steering angle of 30° in the azimuth direction and -30° in the
elevation direction.
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Figure 10: Right is two-dimensional beam steering with an angle of 30° in the azimuth direction
and -30° in the elevation direction. Left is a projection pattern that was used for this 2D beam
steering. The metasurface simulations were carried out with a size of 60x60 cells.

4, Conclusions

A steering and 60x60 for 2D beam steering. The simulations performed in this case
were very heavy and required a long calculation time. For a 60x60 cells metasurface to
operate traditionally, 6400 different analog outputs are required. Thus it is a very
complex and very impractical circuit. SBI technology eliminates the need for many
DAC:s cards, digital output, and other components. Instead, an image can be projected to
the backside of the metasurface, where the PIN photodiodes are located (see Figures 5).
The projected image controls the junction capacitance of the PIN photodiode, which
changes the reflected beam phase accordingly (see Figure. 8). Furthermore, A full unit
cell design for an operating frequency of 1 GHz was carried out. Finally, a far-field beam
steering simulation of a 60x60 cell was demonstrated, showing radiation steering of
about 30° in the azimuth direction and -30° in the elevation direction.
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CLAIMS

1. A method for reflecting microwaves and/or millimeter waves (MMWSs) in a desired

direction comprising:
a. providing a reflecting surface comprising a plurality of conductive patches on a
surface of a dielectric substrate, each said conductive patch in wired electrical
connection with at least one light-sensitive electronic component having an electrical
property that is dependent on a property of light illuminating said light-sensitive
component, where the values of said electrical property of said light-sensitive
components collectively determine a phase-shift that said reflecting surface induces in
an incident microwave/MMW beam which induced phase-shift determines the
direction in which an incident beam is reflected; and
b. illuminating each said light-sensitive component with a selected value of the
property of light so as to set said electrical property to a desired value,

so that a phase-shift is induced in an incident microwave/MMW beam to reflect said beam in

a desired direction.

2. The method of claim 1, wherein a said electrical property that is dependent on the
property of light illuminating said light-sensitive component is selected from the group

consisting of capacitance, phase, permittivity, inductance and combinations thereof.

3. The method of any one of claims 1 to 2, wherein said light-sensitive components are
selected from the group consisting of a PN diode, a PIN diode, a PPD, a CCD, a

photoresistor, a phototransistor and a Schottky Barrier Photodiode.

4. The method of any one of claims 1 to 3, wherein said illumination light comprises

light having a wavelength of between 400 micrometers and 2000 micrometers.

5. The method of any one of claims 1 to 4, wherein said light-sensitive components are
arranged on a surface and said illuminating comprises projecting an image on said surface so
that each said light-sensitive component is illuminated with a corresponding selected value of

the property of light.
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6. The method of any one of claims 1 to 5, wherein said plurality of patches are arranged
on said surface of said dielectric substrate in a two-dimensional array having n rows, each

said row having m said patches, n and m being integers of at least 2.

7. The method of claim 6, n and m being equal.

8. The method of any one of claims 6 to 7, wherein adjacent said patches in a same said
row are in wired electrical connection through a said light-sensitive components and said

patches are electrically isolated from patches in a different said row.

9. The method of any one of claims 1 to 6, said reflector further comprising a conductive
ground component and each said light-sensitive component is in wired electrical connection

with a single said patch and with said conductive ground component.

10. A tunable microwave and/or millimeter wave (MMW) reflector (10, 38, 48, 50, 52,
54, 56, 58, 59, 60, 76), comprising:
a plurality of light-sensitive components (22) having an electrical property that is
dependent on a property of light illuminating said light-sensitive component (22); and
a microwave/MMW-reflecting surface (12) including:
a dielectric substrate (18) defining an upper dielectric surface (16),
on said upper dielectric surface (16), a plurality of conductive patches (14),
each said conductive patch (14) in wired electrical connection with at least one
said light-sensitive component (22),
where the values of said electrical property of said light-sensitive components (22)
collectively determine a phase-shift that said reflecting surface (12) induces in an incident
microwave/MMW beam (68) which induced phase-shift determines the direction in which an

incident beam (68) is reflected.

11.  The reflector of claim 10, wherein a said electrical property that is dependent on the
value of the property of light illuminating said light-sensitive component (22) is selected
from the group consisting of capacitance, phase, permittivity, inductance and combinations

thereof.
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12.  The reflector of any one of claims 10 to 11, wherein said light-sensitive components
(22) are selected from the group consisting of a PN diode, a PIN diode, a PPD, a CCD, a

photoresistor, a phototransistor and a Schottky Barrier Photodiode.

13. The reflector of any one of claims 10 to 12, wherein said dielectric substrate (18) is a
board having a first planar surface that is said upper dielectric surface (16) and a second

planar surface that is a planar lower surface of said board.

14.  The reflector of any one of claims 10 to 13, wherein said dielectric substrate (18) is at

least 0.1 mm and not more than 10 mm thick.

15.  The reflector of any one of claims 10 to 14, further comprising a second dielectric

surface (28) on which said light-sensitive components (22) are arranged.

16. The reflector of claim 15, wherein said second dielectric surface (28) is planar.

17.  The reflector of claim 16, wherein said second dielectric surface (28) is parallel to

said first dielectric surface (16).

18. The reflector of any one of claims 13 to 17, wherein said second dielectric surface

(2728 is a surface of a second dielectric substrate (26) different from said dielectric substrate
(18).

19.  The reflector of claim 18, wherein said second dielectric substrate (26) is a board
having a first planar surface that is said second dielectric surface (28) and and a second planar

surface that is a planar upper surface of said board.

20. The reflector of any one of claims 18 to 19, wherein said dielectric substrate (18) and

said second dielectric substrate (26) are separated by a conductive ground component (24).

21.  The reflector of claim 20, wherein said conductive ground component (24) is planar

and is not less than 1 micrometer thick and not more than 200 micrometers thick.
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22.  The reflector of any one of claims 20 to 21, wherein said conductive ground

component (24) is configured as a floating ground.

23.  The reflector of any one of claims 20 to 22, wherein at least some of said patches (14)
are in wired electrical connection with at least one said light-sensitive component (22)
through a conductor (30) that passes through said dielectric substrate (18), said conductive
ground component (24) and said second dielectric substrate (26) without electrical contact

with said conductive ground component (24).

24, The reflector of claim 23, wherein said dielectric substrate (18) and said second
dielectric substrate (26) are PCB boards and said conductive components that pass through
said dielectric substrate (18), said conductive ground component (24) and said second

dielectric substrate (26) are vias (30).

25. The reflector of any one of claims 10 to 24, comprising at least four said patches (14).

26.  The reflector of any one of claims 10 to 25, wherein said patches (14) are arranged on
said upper surface (16) in a two-dimensional array having n rows (20), each row (20) having

m said patches (14), n and m being integers of at least 2.

27.  The reflector of any one of claims 10 to 26, wherein said patches (14) each covers a
surface area of not less than 0.025 mm® (0.5 mm x 0.5 mm) and not more than 100 mm? (10

mm x 10 mm) of said upper dielectric surface (16).
28.  The reflector of any one of claimsl0 to 27, any two neigboring said patches (14)
separated by a distance of not less than 1 nm (7 copper atom radii) and not more than 1000

micrometer.

29.  The reflector of any one of claims 10 to 28, wherein at least 50% of said patches (14)

are in wired electrical connection with two said light-sensitive components (22).

30.  The reflector of claim 29, wherein said at least 50% of said patches (14) are in wired

electrical connection with exactly two said light-sensitive components (22).
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31 The reflector of any one of claims 29 to 30, wherein for a patch (14) in wired
electrical connection with two said light-sensitive components (22), said communication is

through opposite sides of said patch (14).

32. The reflector of any one of claims 29 to 31, wherein for a patch (14) in wired
electrical connection with two said light-sensitive components (22), said patch (14) is in
wired electrical connection with an anode (34) of a said light-sensitive component (22) and

with a cathode (36) of a different said light-sensitive component (22).

33. The reflector of any one of claims 29 to 32, wherein said patches (14) are arranged on
said upper surface (16) in a two-dimensional array having n rows (20), wherein:
patches (14) of said row (20) in wired electrical connection with a neighboring patch
(14) in said row (20) through a single said light-sensitive component (22);
each row (20) has two edge patches (14) in wired electrical connection with a single
said light-sensitive component (22);
each row (20) has at least one internal patch (14), each said internal patch (14) in
wired electrical connection with an anode (34) of a said light-sensitive component
(22) and with a cathode (36) of a different said light-sensitive component (22); and

wherein there is no wired electrical connection between any two said rows (20).

34.  The reflector of any one of claims 10 to 33, wherein each one of said patches (14) is

in wired electrical connection with a single said light-sensitive component (22).

35.  The reflector of claim 34, wherein a said light-sensitive component (22) comprises
two contacts (34, 36), a first said contact in wired electrical connection with a said patch (14)
and a second said contact in wired electrical connection with a conductive ground component

(24).

36. The reflector of any one of claims 34 to 35, wherein an anode (34) of said light-
sensitive component (22) is in wired electrical connection with a said patch (14) and a
cathode (36) of said light-sensitive component (22) in wired electrical connection with a

conductive ground component (24).
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37.  The reflector of any one of claims 34 to 36, wherein a cathode (36) of said light-
sensitive component (22) is in wired electrical connection with a said patch (14) and an anode
(34) of said light-sensitive component (22) in wired electrical connection with a conductive

ground component (24).

38.  The reflector of any one of claims 10 to 37, further comprising an illumination
module (62, 78) configured to illuminate said light-sensitive components (22) with said

illumination light.

39. The reflector of claim 38, said illumination module (62, 78) configured to illuminate
at least one group of said light-sensitive components (22), each group comprising at least one
light-sensitive component (22) with a chosen one of at least two different said illumination

lights, allowing setting said electrical property to at least two different said values.
40. The reflector of claim 39, where each group includes exactly one said light-sensitive

component (22) so that said value of said electrical property can be independently set for

each said light-sensitive component (22).
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