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UNIT CELL NETWORK DESIGN AND OPERATION

[0001] Al subject matter of the Priority Application{s) is incorporated herein by

reference to the extent such subject matter is not inconsistent herewith,
TECHNICAL FIELD

[0002] The present disclosure generally relates to wireless signal transmission, and more
particularty, to techniques for wireless signal fransmission using metamaterial

transceivers.
BACKGROUND

[0003] Advances in modern technology, network connectivity, processing power,
convenience, and the like, support an ever increasing number of interconnected devices
such as mobile devices, cell phones, tablets, smart-cars, wearable devices, etc. In tumn,
these advances present new challenges and create new opportunities for network operators
and third party service providers to efficiently target, communicate, or otherwise exchange
signals between networked devices. Indeed, modern approaches for wireless signal
transmission must often account for complex conditions and dynamic factors such as
network traffic, signal propagation through various media, spectrum/frequency constraints

for signal transmission, and the like.

[0004] Recently, metamaterial devices have been developed fo transmit and receive
signals, in particular for wireless signals. Such metamaterial devices typical employ large
arrays of metamaterials that are controlled to achieve desired performance metrics during
operation of the metamaterials devices. However, as sizes of amrays of metamaterials
integrated into metamaterial devices grow, it becomes more and more difficult to identity
or model configurations and designs of the metamaterial devices across a broad frequency
range. In particular, it is difficult to design beamforming metamaterial devices for specific
applications while reducing the cost of such devices. Further, as sizes of arrays of
metamaterials integrated into metamaterial devices grown, it becomes more and more
difficult to control operation of the metamaterial devices according to optimized
performance considerations across a broad frequency range. In particular, it is difficult to

achieve fully dynamic beamforming using metamaterial devices across a broad frequency
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range, e.g. the acoustic frequency range and the entire electromagnetic spectrum. There
therefore exist needs for improved ways to control operation of metamaterials devices
across a broad frequency range. Further, there exist needs for improved ways to design

metamaterial devices for use in operation across a broad frequency range.
SUMMARY

[00058] In certain embodiments, an apparatus for transmitting or receiving signals
comprises a signal transduction system. The signal transduction system includes an
arrangement of interacting unit cells. Each unit cell has one or more adjustable parameters
that are adjustable to enable one or more adjustable impedance values of the unit cells at
each of one or more operational frequencies. The interactions of the unit cells within the
arrangement of the interacting unit cells are describable with an interaction matrix that is

approximately independent of the adjustable impedance values of the unit cells.

[00068] In various embodiments, a method for customizing a signal transduction system
for transmitting or receiving signals comprises identifying one or more target radiation
patterns of the signal transduction system for the signals. Further, one or more adjustable
parameters of unit cells in an arrangement of interacting unit cells forming the signal
transduction system can be adjusted according to the one or more target radiation patterns.
The one or more adjustable parameters can be adjustable to enable one or more adjustable
impedance values of the unit cells at each of one or more operaticunal frequencies. The
interactions of the unit cells within the arrangement of the interacting unit cells are
describable with an interaction matrix that is approximately independent of the adjustable

impedance values of the unit cells.

[00071 In certain embodiments, a method for manufacturing a signal transduction
system for sending or receiving signals comprises selecting one or more adjustable
parameters of unit cells of an arrangement of interacting unit cells of the signal
transduction systemn. The one or more adjustable parameters can be adjustable to enable
one or more adjustable impedance values of the unit cells at each of one or more
operational frequencies. The interactions of the unit cells within the arrangement of the
interacting unit cells are describable with an interaction matrix that 1s approximately

independent of the adjustable impedance values of the unit cells. Further, the signal
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transduction system can be manufactured according to the one or more adjustable

parameters of the unit cells selected for the signal transduction system.
BRIEF DESCRIPTION OF THE DRAWINGS

[0608] The embodiments herein may be better understood by referring to the following
description in conjunction with the accompanying drawings in which like reference
numerals indicate identical or functionally similar elements. Understanding that these
drawings depict only exemplary embodiments of the disclosure and are not therefore to be
considered to be limiting of tis scope, the principles herein are described and explained
with additional specificity and detail through the use of the accompanying drawings in

which:

[0009] FIG. 1 illustrates a schematic block diagram of an example communication

network;

[0010] FIG. 2 illustrates a schematic block diagram of example network devices/nodes,

including a source device and a target device;

[0011] FIG 3 illustrates a schematic block diagram of communications between a
source device and a target device, showing the target device transmitting a reference signal

to the source device;

[0012] FIG. 4 illustrates a schematic block diagram of transceiver, showing
metamaterial components adjusted according to one or more target tuning vectors of a

signal transduction system;

[0013] FIG. 5 illustrates a schematic block diagram of an array of reference points or
virtual ports circumscribing at least a portion of the transceiver of the source device shown
in FiG. 3;

[0014] FIG. o6 illustrates a schematic block diagram of source device, showing
metamaterial components of transceiver adjusted to generate a target signal 605 based on
one or more target tuning vectors;

[0018] FIG. 7 is a flowchart of an example method of determining an optimal
configuration of a signal transduction system for one or more signal transduction system

performance metrics;
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[0016] FIG. BA illustrates a rectangular lattice patiern of unit cells;
[0017] FIG 8B illusirates a triangular lattice pattern of unit cells;
[0018] FIG. 8C illusirates a hexagonal lattice pattern of unit cells;

[00198] FIG 9 illustrates an example S-matrix for use in determining an optimal

contfiguration of the signal transduction system;

[0020] FIG. 10 is a flowchart of an example method of designing a structure of a signal

transduction system to meet an transceiver system performance metric; and,

[0021] FIG 11 illustrates a schematic block diagram of a signal transduction system.
DETAILED DESCRIPTION

[0022] The subject disclosure describes improved techniques for configuring operation
of metamaterial {ransceivers, metamaterial devices, or other applicable tunable signal
transduction systems. Specifically, the subject disclosure describes improved tunable
signal transduction systems for operation across a broad frequency range, techniques for
controlling tunable signal transduction systems to operate across a broad frequency range,
and techniques for designing and manufacturing tunable signal transduction systems
capable of operating across a broad frequency range. Further, the subject disclosure
describes improved tunable signal transduction systems for providing fully dynamic
beamforming across a broad frequency range, techniques for controlling tunable signal
transduction systems to provide fully dynamic beamforming across a broad frequency
range, and techniques for designing and manufacturing tusable signal transduction
systems capable of providing fully dynamic beamforming across a broad frequency range.
Notably, the techniques disclosed herein may be employed in a variety of applications
such as wireless communications, heating, wireless power transmission, far field directed
beams, 3D tomography, RADAR, and the like. While certain applications are discussed in

greater detail herein, such discussion is for purposes of explanation, not limitation.

[0023] For example, many of the above mentioned applications can be employed in a
communication network environment. In this context, a communication neitwork is a
geographically distributed collection of devices or nodes interconnected by
communication links and segments for transporting data between end nodes or terminal

devices, such as computers, workstations, mobile devices, sensors, and so on. Many types
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of networks are available, ranging from local area networks {LANs) to wide area networks
{(WANs). LANs typically connect the nodes over dedicated private communications links
focated in the same general physical location, such as a building or campus. WANSs, on the
other hand, typically connect geographically dispersed nodes over long-distance
communications links, such as common carrier telephone lines, optical lightpaths,
synchronous optical networks (SONET}, synchronocus digital hierarchy (SDH) links, or
Powerline Communications (PLC) such as IEEE 61334, IEEE P1901.2, and others. In
addition, a Mobile Ad-Hoc Network (MANET) 18 a kind of wireless ad-hoc network,
which is generally considered a self-configuring network of mohile routes (and associated

hosts} connected by wireless links, the union of which forms an arbitrary topology.

[0024] Smart object networks, such as sensor networks, in particular, are a specific type
of network having spatially distributed autonomous devices such as sensors, actuators,
etc., that cooperatively monitor physical or environmental conditions at difterent locations,
such as, e.g., energy/power consumption, resource consumption {e.g., water/gas/etc. for
advanced metering infrastructure or “AMI” applications) temperature, pressure, vibration,
sound, radiation, motion, pollutants, etc. Other types of smart obiects include actuators,
e.g., responsible for turning on/off an engine or perform any other actions. Sensor
networks, a type of smart object network, are typically shared-media networks, such as
wireless or PLC networks. That is, in addition o one or more sensors, each sensor device
{node) in a sensor network may generally be equipped with a radio transceiver or other
communication port such as PLC, a microcontroller, and an energy source, such as a
batiery. Ofien, smart object networks are considered field area neiworks (FANs),
neighborhood area networks (NANs), etc. Generally, size and cost constraints on smart
object nodes {e.g., sensors) result in corresponding constraints on resources such as

energy, mnemory, computational speed and bandwidth.

[0025] Some of the infrastructure that can be used with embodiments disclosed herein is
already available, such as general-purpose computers, RF transceivers, computer
programming tools and techniques, digital storage media, and communications networks.
A computing device may include a processor such as a microprocessor, microcontroller,
fogic circuitry, or the like. The processor may include a special purpose processing device
such as an ASIC, PAL, PLA, PLD, FPGA, or other customized or programmable device.

The computing device may also include a computer-readable storage device such as non-

5
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volatile memory, static RAM, dynamic RAM, ROM, CD-ROM, disk, tape, magnetic,

optical, flash memory, or other computer-readable storage medium.

[0028] Various aspects of certain embodiments may be implemented using hardware,
software, firmware, or a combination thereof. As used herein, a software module or
component may include any type of computer instruction or computer executable code
focated within or on a computer-readable storage medium. A software module may, for
instance, comprise one or more physical or logical blocks of computer instructions, which
may be organized as a routine, program, object, component, data structure, eic., that

performs one or more tasks or implements particular abstract data types.

[0027] In certain embodiments, a particular software module may comprise disparate
instructions stored in different locations of a computer-readable storage medium, which
together implement the described functionality of the module. Indeed, & module may
comprise a single instruction or many instructions, and may be distributed over several
different code segments, among different programs, and across several computer-readable
storage media. Some embodiments may be practiced in a distributed computing
environment where tasks are performed by a remote processing device linked through a

communications network.

[0028] The embodiments of the disclosure will be best understood by reference to the
drawings, wherein like parts are designated by like numerals throughout. The components
of the disclosed embodiments, as generally described and illustrated in the figures herein,
could be arranged and designed 1n a wide variety of different configurations. Furthermore,
the features, structures, and operations associated with one embodiment may be applicable
to or combined with the features, structures, or operations described in conjunction with
another embodiment. In other instances, well-known structures, materials, or operations

are not shown or described in detail to avoid obscuring aspects of this disclosure.

[0029] Thus, the following detaiied description of the embodiments of the systems and
methods of the disclosure is not intended to limit the scope of the disclosure, as claimed,
but is merely representative of possible embodiments. In addition, the steps of a method
do not necessarily need to be executed in any specific order, or even sequentially, nor need

the steps be executed only once.
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[0030] In certain embodiments, an apparatus for transmitting or receiving signals
comprises a signal transduction system. The signal transduction system includes an
arrangement of interacting unit cells. Each unit cell has one or more adjustable parameters
that are adjustable to enable one or more adjustable impedance values of the unit cells at
each of one or more operational frequencies. The interactions of the unit cells within the
arrangement of the interacting unit cells are describable with an interaction matrix that is

approximately independent of the adjustable impedance values of the unit cells.

f0031] In various embodiments, a method for customizing a signal transduction system
for transmitting or receiving signals comprises identifying one or more target radiation
patterns of the signal transduction system for the signals. Further, one or more adjustable
parameters of unit cells in an arrangement of interacting unit cells forming the signal
transduction system can be adjusted according to the one or more target radiation patterns.
The one or more adjustable parameters can be adjustable to enable one or more adjustable
impedance values of the unit cells at each of one or more operational frequencies. The
interactions of the unit cells within the arrangement of the interacting unit cells are
describable with an interaction matrix that is approximately independent of the adjustable

impedance values of the unit cells.

[0032] In certain embodiments, a method for manufacturing a signal transduction
system for sending or receiving signals comprises selecting one or more adjustable
parameters of unit cells of an arrangement of interacting unit cells of the signal
transduction system. The one or more adjustable parameters can be adjustable to enable
one or more adjustable impedance values of the unit cells at each of one or more
operational frequencies. The interactions of the unit cells within the arrangement of the
interacting unit cells are describable with an interaction matrix that is approximately
independent of the adjustable impedance values of the unit cells. Further, the signal
transduction system can be manufactured according to the one or more adjustable

parameters of the unit cells selected for the signal transduction system.

[0033] FIG 1 illustrates a schematic block diagram of an example communication
network 100 comprising various nodes/devices 200 (described in greater detatl with
respect to FIG. 2 below) interconnected by one of more links 105, which represent various
methods of communication. For instance, links 105 may he wired links or shared media
(e.g., wireless links, PLC links, etc) where certain nodes 200, such as, e.g, routers,

7
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sensors, base stations, user equipment, etc., may be in communication with other nodes

200 based on distance, signal strength, current operational status, location, etc.

[0034] Signals 140 represent traffic and/or messages (e.g., data packets) sent between
the devices/nodes over communication network 100 wusing predefined network
communication protocols such as certain known wired protocols, wireless protocols {e.g.,
IEEE Std. 802.15 4, Wi-Fi®, Bluetooth®, etc.), PLC protocols, or other shared-media
protocols where appropriate. In this context, a protocel consists of a set of rules defining
how the nodes interact with each other. Moreover, signals 140 may represent wireless
signals which are transmitted according to the improved beamforming technigues

described herein.

[00358] Those skilled in the art will understand that any number of nodes, devices, links,
etc. may be used in the computer network, and that the view shown herein is for
simaplicity. Also, those skilled in the art will further understand that while network 100 is
shown with the nodes/devices connected to the network, such network is merely an

example illustration that is not meant to limit the disclosure.

[0038] FIG. 2 illustrates a schematic block diagram of example network devices/nodes
that communicate over a communicaiion network, such as communication network 100,
As shown, the example network devices include a source device 200s, and a target device
200t. The source device 200s and the target device 200t can be applicable signal
transduction systems for transmitting and receiving signals, such as the signal transduction
systems described here. As mentioned above, although the illustrated devices are shown as
configured for operations in specific environments, such devices are shown for purposes
of discussion, not limitation, and further, it is appreciated the tmproved beamforming
techniques described herein may be emploved by any number of devices operating in a

variety of environments, as is appreciated by those skilied in the art.

[0037] Source device 200s and target device 200t comprise similar and/or
complimentary hardware/software components that support signal exchanges, e.g over
network 100. As shown, source device 200s and target device 200t includes one or more
network interfaces 210s/210t, at least one processor 220s/220t, and a memory 240s/240t

interconnected by a system bus 250s/250t,
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[0038] WNetwork interface(s) 210s/210t contain the mechanical, electrical, and signaling
mechanisms and circuitry for communicating data, eg. over links coupled to
communication network 100, For example, network interfaces 210s/210t may be
configured to transmit and/or receive data using a variety of different communication
protocols, over various types of wireless communication channels, as will be discussed
herein. The network interfaces 210s/210t can include a metamaterial components such as
metamaterial transceivers, tunable metamaterial elements (e.g., coders), and so on.
Specifically, the network interfaces 210s/210t can include one or more sub-wavelength
transceiver elements with variable impedances, as will be discussed in greater detail

below.

[0038] Memory 240s/240t comprises a plurality of storage locations such as data
structures 245s/245t, which are addressable by processor 220s/220t. In this fashion,
processor 220s/220t comprises necessary elements or logic adapted to execute the

software programs and manipulate data structures 245/245t.

[0040] An operating system 242s/242t, portions of which are typically resident in
memory 240s/240t (and executed by processor 220s/220t), functionally organizes
respective devices by, fnfer alia, invoking operations in support of software processes
and/or services executing on the device. For example, these software processes and/or
services include operations to  support multiple-input  multiple-output  (MIMO)
communications, encoding/decoding symbols, spatial processing (e.g., precoding symbols,

etc.), modulating, de-modulating, converting, amplifying, filtering, and so on.

[0041] In addition, memory 240s of source device 200s includes an illustrative
transduction optimization process/service 244, which can be used to configure a signal
transduction system, such as the source device 200s and/or the target device 200t, (e.g.,
iransceiver, tunable metamaterial elements (e g, coders, etc ), and other applicable tunable
elements. Note that while process 244 is shown in centralized memory 240s, some
embodiments employ process 244 over a distributed network of devices, to send and
receive wireless transmissions. In particular the transduction optimization process/service
244 can configure a signal transduction system by controlling, as will be discussed in
greater detail iater, adjustable parameters of the signal transduction sysiem. For example,
the transduction optimization process/service 244 can identify and set impedance levels of
vartable impedance elements of a signal transduction system to configure the system to

9
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itransmit wireless signals at a specific or otherwise desired strength level in a specific

direction.

[0042] The transduction optimization process/service 244 can configure a signal
transduction system to operate, as will be discussed in greater detail later, according to one
or more target tuning vectors. Further, the transduction optimization process/service 244
can configure a signal transduction system to operate, as will be discussed in greater detail
fater, according to one or more performance metrics and corresponding optimal
configurations. Performance metrics can include applicable performance metrics of a
device in operating to transmit and receive wireless signals. For example, performance
metrics can include metrics related to steering a transmitted wireless signal, recetving a

steered wireless signal, and beamforming a transmitted wireless signal.

[0043] Source device 200s can determine for an array of reference points {e.g., virtual
reference ports) that circumscribe at least a portion of the source device 200s based on
reference signal amplitudes for each tuning vector. For example, the array of reference
points may define a surface that circumscribes the transceiver based on a Nyquist
sampling rate of one reference point per (W2)*. In addition, source device 200s can further
determine a target tuning vector, e.g. corresponding to an optimal configuration of a signal
transduction sysiem, which defines a target radiation pattern based on the field amplitudes
for the array of reference potints and transmits a target signal from the source device to a
target device based on the target radiation pattern. ln this fashion, the transduction
optimization process/service 244 can facilitate beamforming signals (e.g., wireless power
signals, communication signals, energy beams, etc.) for devices, e.g. devices having

metamaterial components. These and other features are described in greater detail below.

i0044] Notably, various processor and memory types, including computer-readable
media, may be used to store and execute program instructions pertaining to the techniques
described herein. Also, while the description illustrates various processes, it is expressly
contemplated that various processes may be embodied as modules configured to operate in
accordance with the techniques herein (e.g, according to the functionality of a similar
process). Further, while the processes have been shown separately, those skilled in the art
will appreciate that processes may be routines or modules within other processes. For
example, processor 220s/220t can include one or more programmable processors, eg.,

microprocessors or microcontrollers, or fixed-logic processors. In the case of a2

10
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programmable processor, any associated roemory, e.g., memory 240s/240t, may be any
type of tangible processor readable memory, e.g, random access, read-only, etc., that is
encoded with or stores instructions that can implement program modules thereon.
Processor 220s/220t can alse include a fixed-logic processing device, such as an
application specific integrated circuit (ASIC) or a digital signal processor that is
configured with firmware comprised of instructions or logic that can cause the processor
to perform the functions described herein. Thus, program modules may be encoded in one
or more tangible computer readable storage media for execution, such as with fixed logic
or programmable logic, e g, software/computer instructions executed by a processor, and
any processor may be a programmable processor, programmable digital logic, e.g., field
programmable gate array, or an ASIC that comprnises fixed digital logic, or a combination
thereof. In general, any process logic may be embodied in a processor or computer
readable medium that is encoded with instructions for execution by the processor that,
when executed by the processor, are operable to cause the processor to perform functions

described herein.

[0045] FIG. 3 illustrates a schematic block diagram 300 of communications between a
source device 310 and a target device 320. In the block diagram 300, a target device 320
can transmit a reference signal 325 to a source device 310 over a network such as the

communication network 100 shown in FIG. 1.

[0048] Both the source device 310 and the target device 320 can include a network
interface. The network interfaces can be formed through an arrangement of interacting unit
cells. The unit cells can function to transmit and/or receive signals at the source device
310 and/or the target device 320. Specifically, the unit cells can transmit and/or receive
waves as part of continuous wave (“CW”) signals at the source device 310 and/or the
target device 320. The unit cells can be formed by non-packaged elements, e.g non-

packaged electric components and/or acoustic components.

[0047] Signals received at the unit cells of the network interface of the target device 32

can be transduced, at least partially, into de electric currents. Specifically, signal received
at the target device 320 can be transduced into a de electric current for powering the target
device 320 and/or peripheral devices coupled to the target device 320. Alternatively,
signals received at the unit cells of the network interface of the target device 320 can be
transduced, at least partially, into heat. Still further, signals received at the unit cells of the

11
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network interface of the target device 320 can be transduced, at least partially, into

acoustic waves.

[0048] The unit cells of the network interfaces of the source device 310 and the target
device 320 can have one or more adjustable parameters that are adjustable to enable one or
more adjustable impedance values of the unit cells. Specifically, adjustable parameters of
a unit cell can be controlled or otherwise implemented to change an impedance value, ¢.g.
either an electrical complex impedance or an acoustic complex impedance, of the unit cell

from a first impedance to a second different impedance.

[0049] Interactions of unit cells forming the network interfaces of either or both the
source device 310 and the target device 320 can be describable with an interaction matrix,
as will be discussed in greater detail fater. Specifically, interactions of the unit celis within
an arrangement of the umit cells can be describable with an interaction matrix that is
approximately independent of adjustable impedance values of the unit cells. More
specifically, the adjustable parameters of the interactions of the unit cells can be
describable with an interaction matrix that i1s approximately independent of the adjustable
impedance values of the unit cells. For example, the adjustable parameters of the
interactions of the unit cells can be describable based on static parameters, as will be
discussed in greater detail later, of the unit cells regardless of actual impedance values
achievable in the unit cells based on the static parameters. In another example, the
adjustable parameters of the interactions of the unit cells can be describable based on
dynamically adjustable parameters, as wiil be discussed in greater detail later, of the unit
cells regardless of actual impedance values achievable in the unit cells based on the

dynamically adjustable parameters.

[0050] The adjustable impedance values of the unit celis forming the network interfaces
of the source device 310 and the target device 320 can correspond to a frequency-domain
mode of one or more modes for each unit cell of a network of unit cells forming the
network interfaces. Specifically, impedance values of the adjustable impedance values of
the unit cells can correspond to an operational frequency of the unit cells. More
specifically, impedance values of the adjustable impedance values of the unit cells of the
source device 310 and the target device 320 can be specific to frequencies of signals that

the source device 310 and the target device 320 transmit and receive.

12
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[0051] An operational frequency of the unit cells can correspond to an applicable
operational frequency for transmitting and/or receiving signals wirelessly. For example,
signals transmitted and/or received at the unit cells can be electromagnetic waves, and
adjustable impedance values of the unit cells can be electrical complex impedances.
Further in the example, the signals can have operational frequencies in the radio frequency
hand, the microwave band, the millimeter band, and/or the terahertz band. Still further in
the example, the signals can have operational frequencies in the infrared spectrum and/or
the optical spectrum. In another example, signals transmitted and/or received at the unit
cells can be acoustic waves, and adjustable impedance values of the umt cells can be
acoustic impedance values. Specifically, the signals can have operational frequencies in
the audible acoustic band {16 Hz - 20 kHz), operational frequencies in the ultrasound
acoustic band (20 kHz - 100 MHz), and/or operational frequencies in the hypersound

acoustic band (100 MHz - 100 GHz).

[0052] The adjustable parameters of the unit cells can include static parameters of the
unit cells that remain unchanged during operation of the source device 310 and the target
device 320 operating as signal transduction systems. Static parameters of the unit cells can
include applicable static characteristics of the unit cells that affect operating impedance
values of the unit cells in the signal transduction systems. Specifically, the static
parameters of the unit cells can 1nclude characteristics of the unit cells that affect operating
impedance values of the unit cells at different operational frequencies of the signal
transduction systems. The static parameters of the unit cells can be selected at a design
stage of the signal transduction systems, e.g. before the signal transduction systems are
manufactured, to adjust impedance values of the umt cells for operation in the signal

transduction systems.

[0053] Static parameters of the adjustable parameters of the unit cells can include
geometric parameters of the unit cells. Geometric parameters of the unit cells can include
applicable physical characteristics of the unit cells that affect operating impedance values
of the unit cells in the signal transduction systems. Specifically, the geometric parameters
of the unit cells can include physical characteristics of the unit cells that affect operating
impedance values of the unit cells at different operational frequencies of the signal
transduction systems. The geometric parameters of the unit cells can be selected at a

design stage of the signal transduction systems, e g. before the signal transduction systems
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are manufactured, to adjust impedance values of the unit cells for operation in the signal

transduction systems.

[0054] Geometric parameters of the unit cells can include characteristics of material
gaps in the unit cells. For example, a geometric parameter of a unit cell can include a
width of a material gap in the unit cell. In another example, a geometric parameter of a
unit cell can include whether a material gap i the unit cell is a capacitive gap, e.g. when
the unit cell is included as part of a signal transduction system for processing

electromagnetic signals.

[0088] Further, geometric parameters of the unit cells can include characteristics of
packaged components, e.g. packaged electronic components, included as part of the unit
cells. For example, characteristics of packaged components included as part of the unit
cells can include dimensions of packaged components in the unit cells. In another
example, characteristics of packaged components included as part of the unit cells can
include a width of an inductive line associated with a packaged component in a unit cell.
In yet another example, characteristics of packaged components can include a width of a
material in a packaged component of a unit cell. In another example, characteristics of
packaged components can include a width of a capacitive gap in a packaged component of

a unit cell.

[0058] Characteristics of packaged components included as part of geometric
parameters of the unit cells can include either or both external or internal dimensions of
one or more packaged components embedded in the unit cells. External dimensions of a
packaged component can mnclude dimensions of the entire packaged component including
the packaging surrounding the component. Internal dimensiouns of a packaged component
can include dimensions of a component contained within a package to form the packaged
component. For example, external dimensions of a packaged chip can include dimensions
of the packaging containing the chip, while internal dimensions of the packaged chip can

include dimensions of the chip itself,

[0057] Static parameters of the adjustable parameters of the unit cells can include static
electromagnetic characteristics of the unit cells. Static electromagnetic characteristics of
the unit cells can include static electromagnetic characteristics of the unit cells themselves
and static electromagnetic characteristics of components of the unit cells that that affect

operating impedance values of the umit cells in the signal transduction systems.
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Specifically, the static electromagnetic characteristics of the unit cells can include static
electromagnetic characteristics of the unit cells themselves and the components of the unit
cells that affect operating impedance values of the unit cells at different operational
frequencies of the signal transduction systems. The static electromagnetic characteristics
of the unit cells can be selected at a design stage of the signal transduction systems, e.g.
before the signal transduction systems are manufactured, to adjust impedance values of the

unit cells for operation in the signal transduction systems.

[0058] Static electromagnetic  characteristics of the unit cells can  include
electromagnetic characteristics of non-metallic inclusions of the unit cells. Non-metallic
inclusions of the unit cells can include dielectric inclusions, hiquid crystal inclusions,
semiconductor inclusions, and magnetic inclusions. For example, electromagnetic
characteristics of a unit cell can include an electric susceptibility of a dielectric inclusion
included in the unit cell. The non-metallic inclusions of the unit celis can be integrated as
part of the unit cells in background filler of the unit cells. Specifically, the non-metallic
inclusions of the uunit cells can be integrated as part of the uuit cells in non-conductive

background filler of the unit cells.

[0059] Additionally, the adjustable parameters of the unit cells can include dynamically
adjustable parameters of the unit cells that are changeable during operation of the source
device 310 and the target device 320 operating as signal transduction systems.
Dynamically adjustable parameters of the unit cells can include applicable dynamic
characteristics of the unit cells that can be controlled during operation to change operating
impedance values of the unit cells in the signal transduction systems. Specifically, the
static parameters of the unit cells can include characteristics of the unit cells that affect
operating impedance values of the unit cells at different operational frequencies of the
signal transduction systems. The static parameters of the unit cells can be selected at a
design stage of the signal transduction systems, e.g. before the signal transduction systems
are manufactured, to adjust impedance values of the unit cells for operation in the signal

transduction systems.

(006801 Dynamically adjustable parameters of the unit cells can include variable voltage
levels applied to voltage dependent elements of the unit cells. Voltage dependent elements
of the unit cells include elements that use electrical power during operation of the signal
transduction systems. Further, voltage dependent elements of the unit cells can include
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elements that have different impedance levels in response to varying voltages applied to
the elements. As follows, voltages applied to the voltage dependent elements of the umit
cells can be controlled to adjust impedance values of the unit cells during operation of the

signal transduction systems.

[0061] Further, dynamically adjustable parameters of the unit cells can include variable
electric fields applied to one or more electroactive elements of the unit cells. Electroactive
elements of the unit cells can include semiconductor elements, piezoelectric elements,
electroactive polymers, and liquid crystals. More specifically, electroactive elements can
include elements that have different impedance levels in response to varving electric fields
applied to the elements. As follows, electric fields applied to the electroactive elements
can be controlled to adjust impedance values of the unit cells during operation of the

signal transduction systems.

[0062] Dynamically adjustable parameters of the unit cells can include variable
magnetic fields applied to the unit cells. More specifically, variable magnetic field can be
applied to the unit cells to change the impedances of the unit cells as part of controlling the
dynamically adjustable parameters during operation of the signal transduction systems.
Further, dvnamically adjustable parameters of the unit cells can include electric currents
applied to magnetic-field generating elements of the unit cells. More specifically,
dynamically adjustable parameters can include electric currents applies to magnetic-field
generating elements interacting with magnetoactive elements of the unit cells.
Magnetoactive elements include applicable elements that have properties that change in
response {0 a varying magnetic field, ¢.g acoustic metamatenials, As follows, electric
fields applied to the magnetic field generating elements can be varied to change a
magnetic field generated by the magoetic field generating elements. The changing
magnetic field can change properties of the magnetoactive elements to ultimately adjust

impedance values of the unit cells during operation of the signal transduction systems.

[0063] Additionally, dynamically adjustable parameters of the unit cells can include
geometric displacements applied to the unit cells. For example, a force can be applied to a
unit celi to change the geometry of the unit cell. In turn, the changing geometry of the unit
cell can adjust an impedance value of the umit cell during operation of the signal
transduction systems. Further, dynamically adjustable parameters of the unit cells can
include dvnamically adjustable geometric parameters within the unit cells that can be
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controlled to actually change the geometry of the unit cells. For example, a component of
a unit ¢cell can be controlled to change a width of a capacitive gap within the unit cell. As
follows, the changing width of the capacitive gap within the unit cell can ultimately
change an impedance value of the unit cell during operation of the signal transduction

systems.

(00641 Dynamically adjustable geometric parameters within the unit cells can include
operational characteristics of one or more electromechanical systems included as part of
the unit cells. For example, a micro electromechanical system can be controlled to change
a position of a dielectric inclusion in a unit cell. As follows, the changing position of the
dielectric wnclusion within the unit cell can ultimately change an impedance value of the

unit cell during operation of the signal transduction systems.

[0065] The unit cells of the network interfaces can form one or more transceivers 311
for transmitting or receiving signals. The transceivers 311 can be implemented by one or
more antennas, e.g. an array of antennas. The one or more transceivers 311 can comprise
an array of metamaterial elements 312. Metamaterial elements 312 can be tunable two-
dimensional meta-surface objects, where each metamaterial element 312 forms a unit cell.
Metamaterial elements 312 can include, for example, resistors, capacitors, inductors,
diodes, transistors, alternative circuit components {e.g., discrete or integrated}, and the
like, as 15 appreciated by those skilled in the art. The unit cells may be mapped and/or
modeled as a unit cell “IN;” having respective impedance elements “z”. The impedance
elements of the unit cells can have different impedance values based on values of the

adjustable parameters selected for the unit cells.

[0066] Moreover, metamaterial elements 312 can be passive, active, or variably passive-
active and, for a given frequency, the respective impedance element z may be described by
a complex value. In this fashion, a positive integer may be used to describe a portion of the
tunable impedance values for the metamaterial elements 312, Alternatively, (or in
addition), tunable values for respective adjustable parameters of the unit cells may be
described by complex vector, [Zs]. Although metamaterial components 312 are
represented by respective one element, it is also appreciated transceiver 311 can include a
common transmission line {TL) or wave guide {not shown) coupled to one or more

metamaterial components 312 via the element.
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[0067] Preferably, metamaterial components 312 form sub-wavelength transceiver
elements with inter-element spacing that is substantially less than a free-space wavelength
for an operating frequency or frequency range of transceiver 311. For example, the inter-
element spacing may be less than one-half or one-quarter of the free-space operating
wavelength or frequency, which can include, as described previously, microwave
frequencies, very low frequencies, low frequencies, medium frequencies, high frequencies,
very high frequencies, ultra-high frequencies, super-high frequencies, extremely high

frequencies, millimeter waves, optical frequencies, or acoustic frequencies.

[0068] In an example of operation with respect to the adjustable parameters of the unit
cells, target device 320 transmits or radiates reference signal 325 at an arbitrary (but
sufficient} power level to reach source device 310. Source device 310 receives reference
signal 325 over a sequence of tuning vectors. For example, a controller 313 (eg, a
processor such as processor 220s) effectively adjusts transceiver 311 to different
frequencies by adjusting parameters of the unit cells for one or more metamaterial
components 312, individually or collectively using on control input(s) 314 that correspond
to the adjustable parameters of the unit cells. In this fashion, controller 313 adjusts
transceiver 311 to receive reference signal 325 over the sequence of tuning vectors. Put
differently, target device 320 continucusly transmits reference signal 325 while adjustable
parameters of the source device 310 are adjusted to each tuning vector and/or the sequence

-

of tuning vectors of control inputs 314, described in greater detail below.

[0068] Notably, adjusting may be a one-time static operation performed during the
manufacturing of transceiver 311, or adjusting may be a dynamic process controlled by the
one or more control inputs during operation of the signal transduction systems. Here,
metamaterial components 312 can be dynamically manipulated in real-time to receive
signals over a wide range of frequencies as well as to transmit or radiate signals over a
wide range of radiation patterns. The number of metamaterial components 312, associated
impedance elements “z”, and the number of control inputs, e.g the adjustable parameters
of the unit cells, may be a 1:1:1 ratio or an X:Y.Z, where X, Y, and Z are integers that may
or may not be equal For instance, in one embodiment there may be a 1:1 mapping of
impedance elements to sub-wavelength transceiver elements while there is only one-tenth

the number of the control inputs.
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[0070] FIG. 4 illustrates a schematic block diagram of transceiver 311, showing
metamaterial components 312 adjusted according to one or more target tuning vectors of a
signal transduction system. Specifically, the signal transduction system can be adjusted to
receive reference signal 325 over the sequence of tuning vectors of control inputs 314
While FIG. 4 1s discussed with reference to adjusting the transceiver 311 according to a
target tuning vector, in various embodiments, as will be discussed in greater detail later,
the transceiver 311 can be manufactured and/or adjusted according to an optimal

configuration of a signal transduction system.

[0071] Here, source device 310 measures reference signal amplitudes for tuning vectors
and ftor unit cells (N2} mapped o respective metamaterial componeunts 312, Specifically,
the reference signal amplitudes can be measured, e.g. for corresponding tuning vectors,
based on received reference signals at the signal transduction system. In turn, these field
amplitudes define, at feast in part, radiation patterns for received reference signals over a
sequence of tuning vectors [Zna] for a frequency range. Notably, the simplest measurements
may be represented by an transceiver having one input/output unit cell (Nip =1), with a
signal amplitude measurement for cach tuning vector, however it is also appreciated any
the transceiver may have any number of input/output unit cells. Tuning vectors can
correspond to characteristic impedance values, eg of unit cells based on selected
adjustable parameters, which can subsequently be used to configure the signal
transduction systerns according to the tuning vectors. These reference signal amplitades
are represented by a signal amplitude graph 405 and can be used, in part, to estimate a

corresponding scattering matrix {S-matrix)y 410

[0072] S-matrix 410 comprises scattering parameters Sy, which represent a complex
magnitude of field (e.g., electric field) at a particular location in space, given by a radius
vector 7, normalized to the field magnitude at a corresponding location in space. An
absolute value |Sy|, or an algebraically convenient quantity [Syy|%, quantifies the quality
of field concentration at a given location in space {(e.g., transceiver unit cells N,, which are
mapped to respective metamaterials components 312). Identifying the S-matrix 410 can be
very difficult and consume large amounts of time and computational resources for large
numbers of metamaterial components 312 forming large area arrays. Accordingly, as will
be discussed in greater detail later, the S-matrix 410 can be estimated, e g. based on the

periodic or non-periodic nature of the metamaterial components 312 and corresponding
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unit cells, in order to reduce computational resources and time used to identify the S-
matrix 410, More specifically, the S-matrix 410 can be estimated using an estimated
interaction matrix that is estimated to reduce computational resources and time used to
identify the interaction matrix. This, in turn, can allow for easier control and fabrication of
signal transduction systems in order to meet one or more desired performance sysiem
metrics for the signal transduction systems. More specifically, signal transduction systems
with large arrays of metamaterial elements can be modeled and subsequently designed and

controlled under cusrent operational and design constraints.

[0073] In operation, source device 310 adjusts transceiver 311 based on a sequence of
tuning vectors [Z,], where the tuning vectors adjust impedance elements (z) according to
the adjustable parameters for corresponding metamaterial components 312 and unit cells.
The tuning vectors include N, vectors, where each tuning vector Z is defined, in part, by
a length Ny, The tuning vectors may be predefined, selected from a list of options,
and/or determined dvnamically based on additional measurements performed by source

device 310, a5 is appreciated by those skilled in the art.

[0074] Source device 310 can further compute or estimate scatiering or S-parameters for
the S-matrix 410, based on a model of unit cells, N, of known impedance values for
tuning vectors [Zx], and an interaction matrix {Y-matrix) of interaction parameters, where

the Y-matrix is an equivalent inverse matrix of the Z-matrix such that Y=2"%,

[0075] The S-Matrix may be expressed by a relationship between the Z or Y matrices

and the values of the impedance elements as follows:
= === =1 ey =
S=(1-vayWe)(1 +vaywWz) ~ = (1 +Va¥vz) (1 —V2¥vz)
[0076] Where “17 represents a unit matrix of size N.

[0077] Further, z can represent an adjustable impedance vector z (converted to a
diagonal matrix}). The adjustable impedance vector z can be a pre-determined vector
function of the tuning vectors, e.¢. a sample tuning vector. When the adjustable impedance
vector z is a pre-determined vector function, the pre-determined vector function of the
tuning vector can be pre-determined using an applicable technique. For example, the pre-
determined vector function of the tuning vector can be pre-determined using a numerical
model of an arrangement of the interaction unit cells in the signal transduction

systems/transceivers. Alternatively, the pre-determined vector function of the tuning
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vector can be pre-determined using a series of numerical model of each of the interaction

unit cells in the signal transduction systems/transceivers

[0078] The Y matrix can be a pre-determined interaction matrix. When the Y matrix is a
pre-determined inferaction matrix, the Y matrix can be pre-determined using an applicable
technique For example, the Y matrix can he pre-determined using a numerical model of

the arrangement of interacting unit cels in the signal transduction systems/transceivers.

[0079] Notably, impedance values for the Z-matrix and scaitering parametess for the Y-
matrix are typically defined in terms of Zs - Vi/ln, where V,; and I, represent a voltage at
transceiver unit cell “n” and a current at unit cell “m”, measured with all other unit cells
open. That is, assuming unit cell currents =0 for all k not equal to m or n. Similardy, for
the Y-Matrix, Yun=kn/Vy, measured with all other unit cells open. Again, that is assuming

unit cell currents I=0 for all k not equal to m or n.

[0080] The S-matrix 410 can represent cell-to-cell transmission of off-diagonal elements
in an N-port transceiver such as transceiver 311, In a lossless system, the S-matrix is
necessarily unitary. If elements Sy are singular values of the S-matrix, which are the same
as the magnitudes of the eigenvalues, it can be stated that in a lossless system, all §;=1. In

general, if Smax is the largest singular value, then for a passive lossy system it can be stated

[0081] In ap active system, these bounds still hold, however Spax can now exceed unity,
representing an overall power gain for at least one propagation path. The Z and Y matrices

are diagonal in the same basis represented by a unitary matrix:
UUT=U"Y), suchthatZ = UTZ4U Y = UTY, U
[0082] Where “d” indicates a diagonal matrix comprising complex-valued eigenvalues.

[0083] In general, unless vz is proportional to a unit matrix, i.e., all unit cell impedances
are equal, the S-Matrix will not be diagonal in the U-basis. In the U-basis, the general

form of the S-Matrix is:
§ = UT(L = 0Y,0(1 + (Y0
[0084] Where a new non-diagonal matrix { = UvzU7 is used such that:

vz = Uty
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(00851 Where Yy is diagonal (though not generally commutative with ().

[0088] The S-matrix can be numerically evaluated with any desired accuracy by solving
N linear system problems, e.g., Zom™Vr/In of You=In/Vy, and the associated open unit cell
conditions described above. Such problems may be solved with Finite Element Methods
(FEM) or finite-difference time-domain (FDTD) based solvers for linear electromagnetic
systems. Examples of commercially available solvers include ANSYS HFSS, COMSOL,
and CST. These numerical simulations incorporate various fine effects of the near-field

and far-field interactions between various parts of the system, regardless of complexity.

[00871 The values of the Z-matrix may also be mapped to scattering parameters of the S-
matrix by a non-linear mapping. In some instances, this mapping may be expressible as a
single- or multivariate polynomial. The polynomial may be of a relatively low order (e.g.,
1-5}. The S-matrix may comprise N values and the Z-matrix may comprise M values,
where N and M are both integers and equal to one another, such that there is a 1.1
mapping of S-matrix values and Z-matrix values. Any of a wide variety of mapping is
possible. For example, the S-matrix may comprise N values and the Z-matrix may
comprise M values, where N squared is equal to M. Alternatively, there may be a 2:1 or

3:1 mapping or a 1:3 or 2:1 mapping.

[0088] FIG. 5 illustrates a schematic block diagram of an array of reference points or
virtual ports 510 that circurnscribe at least a portion of an transceiver 311, Here, virtual
ports 510 define a surface that covers a transmission aperture of transceiver 311, As
mentioned above, these virtual ports S10 can be defined and spaced about the transmission

aperture based on a Nyquist sampling density of one reference point per (M/2).

[0088] Virtual ports 510 represent probes or field sampling points that can conceptually
quantify field intensities (eg, complex field amplitudes), represented by an
electromagnetic field graph 505, at a particular location. Each virtual port may be assumed
infinitesimal in area and/or volume and located at a particular radius-vector Tg.relative to
transceiver 311 and/or metamaterial components 312, Preferably, virtual ports 510 are
positioned or defined at a Nyquist spatial resolution (half-wavelength) or denser and
should surround or substantially surround a transmit aperture of transceiver 311 in order to
provide sufficient samples for a given electromagnetic field. As discussed in greater detail
herein, the field intensities can be calculated for each reference point or virtual ports S10.

These field intensities can then be used to determine a desired radiating pattern for a target
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signal using a signal transduction system, e.g a signal transduction system designed
and/or controlled according to an optimal configuration or one or more target tuning

vectors.

[0090] In operation, source device 310 can compute or estimate S-parameters based on
known or approximated Z-matrix values as well as known target tuning vectors {which can
correspond to characteristic impedance values of its unit cells, e.g. described through
adjustable parameters.), as discussed above. For example, computing a complex field
amplitude at an /" virtual port, which is implied to represent the field value at the
corresponding reference point collocated with that virtual port, may be described by the

following equation:
Ei= 8§, E;

[0091] Where §; , represents a known component of the S-matrix (computed from the
known/approximated Z-matrix of the unit cells and the known values tunable vector), Eq i8
the complex amplitude measured at an output port, and E; is the complex amplitude at the
i-th virtual port, which is implied to represent the field value or field intensity at the

corresponding reference point collocated with that virtual port.

[0092] Here, Eo is measured, S o (S-parameters/S-matrix elements) are computed. In
this fashion, the measured complex amplitudes are combined with the computed S-matrix
values to yield field amplitudes at virtual ports where measurements didn’t actually
happen (e.g., /% virtual ports). In particular, the S-matric values can be defined as ratios of

complex field amplitudes at different reference points, e.g. the virtual points.

[0093] The field amplitudes can be identified by simulating the signal transduction
system with reference to one or more signal amplitudes provided according to a
specification. Specifically, the field amplitudes can be identified by measuring the field
amplitudes of the signal transduction system based on one or more signal amplitudes in a
specification provided by a simulated field source. Alternatively, the field amplitudes can
be identified by measuring the field amplitudes of the signal transduction system based on

one or more signal amplitudes in a specification provided by a field generator.

[0084] The number of virtual ports 510 can correspond, in part, to a number of tuning

vectors (Nyoq). For example, if the number of virtual ports 18 represented by Ng, for
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Nj/q = 1, then Nyoq = Ngg or greater to ensure the number of reference points (e.g., data

points) are greater than a number of unknowns to be determined (Ng).

[0095] Here, the field amplitudes at the virtual ports correspond to an electromagnetic
radiation or field pattern represented by graph 505, These field amplitudes are further used
to determing a desired tuning vector for generating a target signal. That is, source device
310 adjusis transceiver 311 based on the desired tuning vector [Za] to reproduce the
reference signal 325 as a target signal (e.g., a phase conjugate signal), as is appreciated by

those skilled in the art.

[0096] FIG. o ilustrates a schematic block diagram of scurce device 310, showing
metamaterial components 312 of transceiver 311 adjusted to generate a target signal 605
based on one or more target tuning vectors, ¢.g. corresponding to an optimal configuration
of a signal transduction system, represented by control inputs 610 as well as a

corresponding S-matrix 611,

[0097] As mentioned above, source device 310 determines a desired radiating pattern,
e.g for an optimal configuration— here, the radiation pattern shown in electromagnetic
field graph 606 — for target signal 605 based on the complex amplitudes of the fields
measured at virtual ports 510 In particular, source device 310 determines a phase-

conjugate of reference signal 325, resulting in target signal 605,

[0098] In order to generate target signal 605, source device 310 determines a target
tuning vector or an optimized tuning vector [Z,] that maximizes power at a given
transceiver unit cell (Ny), e.¢ a transceiver unit cell that is mapped to corresponding
metamaterial components 312, This optimized tuning vector results in S-parameters for an
S-matrix 611 that approximates the target field amplitude for each transceiver unit cell N,
for a given operating frequency, e g a frequency in the electromagnetic spectrum or in the
acoustic frequency band. For example, source device 310 may employ least-squares
optimization or other techniques determine the optimal tuning vector that would fead to
complex field amplitudes at the field-sampling unit cells {(Ng;) being as close as possible {o

their desired values.

(00991 Typically, source device 310 may determine the optimal tuning vector by
calculating an optimized Z-matrix using one or more of a variety of mathematical

optimization techniques. For example, the optimal tuning vector may be calculated by

24



WO 2020/028523 PCT/US2019/044402

10

20

30

finding an optimized Z-matrix based: on an optimization of complex impedance values zq,
an optimization of roots of complex values of the impedance values z,, an optimization of
reactances associated with the impedance values of the impedance values z,, and/or an
optimization of resistivities associated with the impedance values of the impedance values
zn. In some embodiments, optimization may be constrained to allow only positive or
inductive values of reactances, or only negative or capacitive values of reactances, and/or

constrained to only allow for positive or passive values of resistivities.

[00100] In addition, the optimal tuning vector, eg corresponding to an optimal
configuration of a signal transduction system may be determined using a global
optimization method involving a stochastic optimization method, a genetic optimization
algorithm, a Monte-Carlo optimization method, a gradient-assisted optimization method, a
simulated annealing optimization algorithm, a particle swarm optimization algorithm, a
patiern search optimization method, a multistart algorithm, and/or a giobal search
optimization algorithm. Determining the optimal tuning vector may be at least partially
based on one or more initial guesses. Depending on the optimization algorithm used, the
optimized values may be local optimizations based on initial guesses and may not in fact
be true global optimizations. In other embodiments, sufficient optimization calculations
are performed to ensure that a true globally optimized value is identified. In some
embodiments, a retumed optimization value or set of values may be associated with a
confidence level or confidence value that the returned optimization value or set of values
corresponds to global extrema as opposed to local extrerna. In some embodiments, a
Hessian matrix calculation may be utilized that is calculated analytically using an equation
relating the S-parameter to the Z-matrix and the optimal tuning vector. In the context of
optirgization, the Hessian matrix may be considered a matrix of second derivatives of the
scalar optimization goal function with respect to the optimization variable vector. A quasi-
Newton method may also be employed in some embodiments. In some embodiments, the
optimization method may include exhaustively or almost exhaustively determining local
extrema by solving a multivariate polynomial equation and selecting a global extrema
from the determined local extrema. Alternative gradient-based methods may be used, such
as conjugate gradient (CG) methods and steepest descent methods, ete. In the context of
optimization, a gradient may be a vector of derivatives of the scalar optimization goal

function with respect to the vector of optimization variables. These and other methods
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may be used determine the optirnal tuning vector, as is appreciated by those skilled in the

art.

[001017 Stll referring to FIG. 6, S-matrix 611 comprises elements Sy that represent
complex field magnitudes at transceiver umt cell N, (mapped to respective metamaterial
components 312}, and is given by the radius vector 7, normalized to the field magnitude

at the port. An absolute value |Sy|, or the more algebraically convenient quantity |Sy|%,

quantifies the guality of field concentration at that point. Maximizing this quantity {or
minimizing in the case of forming nulls) represents a generalized beamforming algorithm,

as is appreciated by those skilled in the art.

[00102] For example, when there is only one i/o unit cell in the Tx, a simplified
alternative algorithm can be run instead of 2d. Using reciprocity, the Tx is analyzed in
receive mode. In this situation, the optimum tuning vector represents a vector that
maximizes power at the i/o port, given the complex amplitudes at the field-sampling unit
cells {(Ng). This is substantially simpler (single-optimization-goal} inverse problem to

solve, in comparison with the multi-goal problem (or weighted sum of goals).

[00103] As mentioned, source device 310 can adjust impedance values to achieve the
optimized tuning vector [Za], e.g. corresponding to an optimal configuration of a signal
transduction system, using control inputs 610 corresponding to a sequence of tuning
vectors, In this fashion, source device 310 adjusts transceiver 311 (and/or metamaterial
components 312} to generate target signal 605, Control inputs 314 may include various
types of control signals (e.g., direct current signals, alternating current signals, pulse width
modulated signals, optical signals, thermal conduction signals, etc.), as is appreciated by

those skilled in the art.

[00104] Further, depending on manufacturing techniques (e.g., 3D printing) values for the
optimum funing vector may translate trivially into the choices made for the selectable unit
cells mapped to corresponding metamaterial elements 312, As discussed previously, the
unit cells can be dynamically adjustable or otherwise variable during operation of the
signal transduction systems such that there is a non-trivial relationship between the
complex 1mpedance of the unit cells and the stmuli that control them. In these

embodiments, the relationship between the complex impedance of the unit cells and the
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control inputs may be based on a magnitude of an applied signal, as is appreciated by
those skilled in the art.

~

[00105] FIG. 7 is a flowchart 700 of an example method of determining an optimal
configuration of a signal transduction system for one or more signal transduction system
performance metrics. An optimal configuration of a signal transduction system can include
a configuration of a signal transduction system etther before operation or during operation
of the signal transduction system. Specifically, an optimal configuration of a signal
transduction system can include values of adjustable parameters that are adjustable to
enable one or more adjustable impedance values of unit cells of the signal transduction
system, such as the adjustable parameters described herein. Further, as discussed
previously, the interactions of the unit cells in operating according the adjustable
parameters can be describable with an interaction matrix that is approximately

independent of the adjustable impedance values of the unit cells.

[00108] The flowchart 700 begins at step 702, where a performance metric for a signal
transduction system including tunable impedance elements is identified. A signal
transduction systen performance metric can include an applicable desirable or otherwise
wanted metric for a signal transduction system to meet during operation. Specifically, a
signal fransduction system performance metric can include a performance metric for a
signal transduction system operating to transmit a signal at a specific frequency according
to a spectfic target radiation pattern. For example, a signal transduction system
performance metric can include transmitting wireless signals af specific modulated
amplitudes and phases to achieve a target radiation pattern. Further, a signal transduction
system performance metric can include a performance metric for a signal transduction
systemn operating to receive a signal, e.g a wireless signal. For example, a signal
transduction system performance metric can include a target receiving pattern for

receiving wireless signals at a specific frequency range.

[00107] The signal transduction system can be an applicable signal transduction system
capable of being adjusted, e.g. in operation, such as the devices shown in any of FIGs. 1-6.
For example, the signal transduction system can include an array of metamaterials or sub-
wavelength elements that have adjustable characteristics that allow for adjusting of the
signal transduction system. More specifically, the signal transduction system can include
one or more adjustable parameters, such as the adjustable parameters as described herein,
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for adjusting impedances of unit cells in the signal transduction system. Subsequently,
impedances of the unit cells of tunable impedance elements can be adjusted to configure
the signal transduction system for a specific operation, e.g. to operate according to or to

meet the performance metric.

[00108] The signal transduction system can comprise a periodic arrangement of
geometrically identical unit cells. A periodic arrangement of geometrically identical unit
cells can correspond to an array of elements in the signal transduction system, e.g.
adjustable elements in the signal transduction system. For example, each adjustable
element in an array of adjustable elements can form a single unit cell of a periodic
arrangement of geometrically 1dentical unit cells formed across the array of adjustable
elements. In another example, a plurality of adjustable elements in an array of adjustable
elements can form a single unit cell of a periodic arrangement of geometrically identical
unit cells formed across the array of adjustable elements. Each unit celi of the pericdic
arrangement of geometrically identical unit cells can be formed by the same number of
elements of the signal transduction system at corresponding positions within the unit cell
to form the unit celi. For example, each unit cell of a periodic arrangement of
geometrically identical unit cells can be formed by a single adjustable element with a

corresponding actual position at a center of a geometric representation of each unit cell.

(00109871 A periodic arrangement of geometrically identical unit cells, included as part of
the signal transduction system, can correspond to only a portion of elements of the signal
transduction system. For example, only a portion of an array of adjustable elements of the
signal transduction system can make up a periodic arrangement of geometrically identical
unit cells. Further in the example, a remaining portion of the array of adjustable elements
can form unit cells separate from the periodic arrangement of geometrically identical unit
cells, e.g. forming cells that are geometrically distinet or are not in a periodic arrangement.
Additionally, a periodic arrangement of geometrically identical unit cells can comprise a
substantial portion of elements of a signal transduction system. Specifically, a number of
elements of a plurality of elements that form a periodic arrangement of geometrically
identical unit cells can be above a specific threshold number. For example, 90% of
adjustable elements in the signal transduction system can correspond to or otherwise form

a periodic arrangement of geometrically identical unit cells.
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(001107 A periodic arrangement of geometrically identical unit cells can be periodic
across one dimension. For example, a periodic arrangement of geometrically identical unit
cells can include geometrically identical unit cells that are periodically repeated along a
single axis or direction. Further, a periodic arrangement of geometrically identical unit
cells can be periodic across two dimensions to form a two-dimensionally periodic
arrangement. For example, a periodic arrangement of geometrically identical unit cells can
include geometrically identical unit cells that are periodically repeated within a plane.
More specifically, the unit cells, represented as circles 800 in FIGs. 8A-C which show
different two-dimensionally periodic arrangements, can form a rectangular lattice, as
shown in FIG. 8A) a triangular lattice, as shown in FIG. 8B, or a hexagonal lattice, as
shown in FIG. 8C. Further a periodic arrangement of geometrically identical unit cells can
be periodic across three dimensions to form a three-dimensionally periodic arrangement.
For example, a periodic arrangement of geometrically identical unit cells can include
geometrically identical unit cells that are periodically repeated within a volume of space.
More specifically, unit cells can be repeated within a volume of space to form one of the

three-dimensional Bravais lattices.

[00111] Alternatively, the signal transduction system can comprise a non-periodic
arrangement of unit cells. Unit cells in a non-periodic arrangement of unit cells can be
geometnically distinct to create the noun-periodic arrangement of unit cells, Further, unit
cells in a non-periodic arrangement of unit cells can be non-periodic in that the
arrangement of the unit cells does not exhibit any repeated pattern. Specifically, unit cells
in a non-periodic arrangement of unit cells can be non-periodic in that the geometric
arrangement of the unit cells does not exhibit a repeated geometric pattern. More
specifically, unit cells in a non-periodic arrangement of unit cells can be non-periodic in
that the geometric arrangement of the unit cells is not periodic in a one-dimensional

arrangement, a two-dimensional arrangement, and/or a three-dimension arrangement.

[00112] A non-periodic arrangement of unit cells can correspond to an array of elements
in the signal transduction system, ¢.g adjustable elements in the signal transduction
system. For example, each adjustable element in an array of adjustable elements can form
a single unit cell of a non-pertodic arrangement of unit cells formed across the array of
adjustable elements. In another example, a plurality of adjustable elements in an array of

adjustable elements can form a single unit cell of a non-periodic arrangement of unit cells
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formed across the array of adjustable elements. BEach unit cell of the non-periodic
arrangement of unit cells can be formed by the same number of elements of the signal
transduction system at corresponding positions within the unit cell to form the unit cell.
For example, each unit cell of a non-periodic arrangement of unit cells can be formed by a
single adjustable element with a corresponding actual position at a center of a geometric

representation of each unit cell.

[00113] A non-periodic arrangement of unit cells, included as part of the signal
transduction system, can correspond to only a portion of elements of the signal
transduction system. For example, only a portion of an array of adjustable elements of the
signal transduction system can make up a non-periodic arrangement of unit cells. Further
in the example, a remaining portion of the array of adjustable elements can form unit cells
separate from the non-periodic arrangement of unit cells, e g. forming cells that are in a
pericdic-arrangement. Additionally, a non-periodic arrangement of unit cells can comprise
a substantial portion of elements of a signal transduction system. Specifically, a number of
elements of a plurality of elements that form a non-periodic arrangement of unit cells can
be above a specific threshold number. For example, 90% of adjustable elements in the
signal transduction system can correspond to or otherwise form a non-periodic

arrangement of unit cells.

(001147 At step 704, in the flowchart 700, the unit cells are simulated as uniquely
numbered unit cells. The unit cells can be uniquely numbered to a different number to
allow for individual identification of each unit cell and corresponding adjustable
parameters of the unit cells. The unit cells can be mapped to or modeled as uniquely
numbered unit cells as part of simulating the unit cells as the uniquely numbered unit cells.
More specifically, each unit cell, e.g. corresponding adjustable parameters of each unit
cell, can be mapped to or modeled as a uniquely numbered unit cell as part of simulating

the unit cells as uniquely numbered unit cells.

[00115] The uniquely numbered unit cells can form or otherwise correspond to unit cells
in a periodic arrangement of geometrically identical unit cells of the signal transduction
systern. For example, a first uniquely numbered unit cell can be a first unit ceil in a
pertodic arrangement of geometrically identical unit cells. Further in the example, one or
more adjustable parameters of the unigquely numbered unit cell can be simulated, as will be
discussed in greater detail later to identify adjustable impedance values of the unit cells,
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potentiaily at different operating frequencies, within the signal transduction sysiem. More
specttically, the one or more adjustable parameters of the uniquely numbered unit cell can
be simulated based, at east in part, on the periodic arrangement of the unit cells to identify

adjustable impedance values of the unit cells.

(00116} Additionally, uniquely numbered unit cells can form or otherwise correspond to
unit cells in a non-periodic arrangement of unit cells of the sigoal transduction system. For
example, a first uniquely numbered unit cell can be a first unit cell in a non-periodic
arrangement of unit cells. Further in the example, one or more adjustable parameters of the
uniquely numbered unit cell can be simulated, as will be discussed in greater detail later to
identity adjustable impedance values of the unit cells, potentially at different operating
frequencies, within the signal transduction system. More specifically, the one or more
adjustable parameters of the uniquely numbered unit cell can be simulated based, at least
in past, oo the non-periodic arrangement of the unit cells to identify adjustable impedance

values of the unit cells.

[00117] The unit cells can be identified or labeled, e.g. at step 704, as either a unique unit
cell or a periodic unit cell. In various embodiments, all of the unit cells used to simulate
the unit cells can be labeled as either a unique unit cell or a periodic unit cell. The unit
cells can be identified as either unigue unit cells or periodic unit cells such that all periodic
unit cells belong to unit cells with identical geometry. More specifically, only unit cells

that are geometrically identical can be labeled as periodic unit cells.

[00118] The unit cells can be labeled as pericdic unit cells based on whether the unit cells
are labeled as unique unit cells. More specifically, a portion of the unit cells can be labeled
as unique unit cells and the remaining unit celis not labeled as unique unit cells can
subsequently be labeled as periodic unit cells. Conversely, the unit cells can be labeled as
unigue unit cells based on whether the unit cells are labeled as periodic unit cells. More
specifically, a portion of the unit cells can be labeled as periodic unit cells and the
remaining unit cells not labeled as periodic unit cells can subsequently be labeled as

unigue unit cells.

[00119] The unit cells can be identified as periodic umt cells based on geometric
tocations of the unit cells in an array of identical unit cells. Specifically, the unit cells can
be identified as periodic unit cells based on locations of the unit cells in the arrangement

of unit cells of the signal transduction system. More specifically, the unit cells can be
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identified as periodic unit cells based on locations of adjustable elements, e.g. according to
the adjustable parameters, corresponding to the unit cells in an array of adjustable
elements. For example, if a unit cell includes an adjustable element in the center of an

array of adjustable elements, then the unit cell can be identified as a periodic unit cell.

(001207 In identifying a unit cell as a periodic unit cell based on position in an array of
unit cells, the untt cell can be identified based on characteristics of unit cells surrounding
the unit cell. Specifically, a unit cell can be identified as a periodic unit cell if the unit cell
is at least one interaction radius away from any unit cells in an array of unit cells that are
labeled as unique unit cells. Further, a unit cell can be identified as a periodic unit cell if it
is at least one interaction radius away from any unit cells 10 an array of unit cells that
form, at least in part, an edge of the array of unit cells. An interaction radius can include
an applicable size or dimension defined with respect to sizes and dimensions of unit cells
within an array of unit cells. For example, an interaction radius can include three unit cell

diameters of unit cells in an array of unit cells, e.g an array of identical unit cells.

[00121] The unit cells can be identified as unique unit cells based on characteristics, e.g.
physical or operational characteristics, of the unit cells. For example, the unit cells can be
identified as unique unit cells based on whether the unit cells serve as physical
input/output unit cells for the signal transduction system. In another example the unit cells
can be identified as unique unit cells based on whether the unit cells are virtual ports.
Additionally, the unit cells can be identified as unique unit cells based on their
corresponding physical location, e.g. physical locations of the corresponding adjustable
elements forming the umt cells. More specifically, the unit cells can be identified as
unique unit cells based on locations of the unit cells with respect to array edges, e.g. edges
of an array of adjustable elements of the signal transduction system, terminatiouns, feeds,

and other applicable non-periodic structures or elements in the signal transduction system.

[00122] Next, at step 706, the signal transduction system is characterized as a unit cell
network  with a  corresponding  interaction matrix. More specifically, the signal
transduction system can be characterized as a unit cell network with a corresponding
interaction matrix for the unit cell network comprising the unit cells simulated as uniquely
numbered unit cells. As discussed above with respect to FIG. 4, a corresponding
interaction matrix can represent adjustable parameters of adjustable elements of the signal
transduction system, e.g. adjustable parameters of a unit cell network simulated for the
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adjustable elements in the array of adjustable elements. More specifically, in representing
adjustable parameters of adjustable elements that are used to adjust impedance values in
the unit cell network, the interaction matrix can described the unit cell network, e g
interactions of the unit cells in the network approximately independently of the impedance

values of the unit cells.

[00123] Optionally, at step 708, the interaction matrix of the unit cell network is
approximated. In approximating the interaction matrix of the unit cell network, the
interaction matrices can be determined without actually calculating the entire interaction
matrix using applicable techniques, such as the techniques described herein. This can
reduce an amount of time and computational resources used in ultimately determining an
optimal configuration of the signal transduction system. Subsequently, an optimal
configuration of the signal transduction system can be calculated and implemented in a
more efficient manner. This is particularly important as arrays of adjustable elements, e.g.
metamaterial element arrays, of signal transduction systems grow in size, thereby making
optimal configuration calculation more costly in terms of both consumed time and
consumed computational resources. Accordingly, approximating an interaction matrix
without actually calculating the entire matrix can effectively improve functioning of a
computer by allowing a computer to more efficiently identify and subsequently configure
or design a signal transduction system according to an optimal counfiguration identified

from the approximated interaction matrix.

[00124] The interaction matrix of the unit cell network can be approximated based on
periodicity of the signal transduction system. In approximating the interaction matrix of
the unit cell network based on periodicity of the signal transduction system, the interaction
matrix of the unit cell network can be approximated based on the unit cells, simulated at
step 704, and contributing to the periodicity of the unit cell network of the signal
transduction system. Further, in approximating the interaction matrix of the unit cell
network based on periodicity of the signal transduction system, the interaction matrices of
the unit cell network can be approximated based on the adjustable elements, e.g. the

adjustable parameters, corresponding to the unit cells simulated at step 704

[00125] In approximating the interaction matrix of the unit cell network based on
periodicity, the interaction matrix of the unit cell network can be approximated using a
subset of the total number of unit cells identified as periodic unit cells. For example, a
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substantial portion of the interaction matiix, e.g. over 50% of the interaction matrix can be
approximated by estimating a small subset of the portion of the interaction matrix and
repeating the estimated portion throughout the substantial portion. In only having to
calculate a small subset of an interaction matrix and then approximating the entire matrix
based on the calculated subset, large amounts of computational resources and time are

conserved, thereby leading to easier conirol and design of signal {ransduction systems.

[00126] The interaction matrix of the unit cell network can be estimated based on
periodic unit cells. Specifically, at least a portion of the interaction matrix can be
approximated by approximating diagonal elements of a matrix corresponding to the
periadic umt cells. The diagonal elerents of the matrix corresponding to the periodic unit
cells can be approximated by simulating one unit cell of a plurality of periodic unit cells.
More specifically, the one unit cell can be simulated with periodic boundary conditions
applied io the single unit cell. Alternatively, the diagonal elements of a mairix
corresponding to the periodic unit cells can be approximated by simulating periodically
repeatable groups of unit cells selected from the periodic unit cells. More specifically, the
periodically repeatable group of unit cells can be simulated with periodic boundary

conditions applied to the periodically repeatable group of unit cells,

[00127] Diagonal elements of a matrix can be approximated by assuming diagonal
elements, ¢ g adjustable elements, corresponding to the periodic unit cells are equal to
each other. Based on this assumption, the diagonal elements corresponding to the periodic
unit celis can be estimated only once, in order to estimate the interaction matrix.
Accordingly, this further saves time and computational resources to initially determine an
optimal configuration that would otherwise be used to actually calculate an estimated

interaction matrix or further estimate the interaction matrix.

100128} A periodically repeatable group of unit cells used to estimate the interaction
matrix can include all unit cells immediately adjacent to a selected unit cell of the
peniodically repeatable group of umt cells. For example, a selected unit cell can include a
periodic unit cell in the center of an array of periodic unit cells. Further in the example, the
periodically repeatable group of unit cells can be formed to include all unit cells adjacent

to the central periodic unit cell.

[00129] Additionally, a periodically repeatable group of unit cells used to estimate the

interaction matrix can include all unit cells within an interaction radius of a selected unit
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cell of the periodically repeatable group of unit cells. As discussed previously, an
interaction radius can include an applicable size or dimension defined with respect to sizes
and dimensions of unit cells within an array of unit cells. Accordingly, if a central unit
cell, e.g corresponding to a centralized unit cell, is selected, then a periodically repeatable
group can be formed by all unit cells within three unit cell diameters tfrom the centralized

unit cell.

[00130] The interaction matrix of the unit cell network can be approximated based on
unique numbering of the unit cells as periodic unit cells and unique unit cells. More
specifically, at step 702, unit cells can be numbered based on whether they are identified
as unique unit cells or periodic unit cells. For example, the unit cells wdentified as unique
unit cells can be numbered with sequential numbers before the unit cells identified as
periodic unit cells are numbered. Subsequently, the interaction matrix of the unit cell
network can be formed with elements that corresponding to the unit cells based on the
numbering of the unit cells according to whether the unit cells are 1dentified as unique unit
cells and periodic unit cells. Further in the example, as the unique unit cells are numbered
sequentially with numbers next to each other, based on the numbering the unique unit cells
can be represented in the interaction matrix within a specific area within the matrix
defined according to the numbering of the unique unit cells. Still further in the example,
the unique unit cells can be represented by a self-contained and self-defined area within

the interaction matrix.

[00131] Further, the interaction matrix of the unit cell network can be approximated by
estimating off-diagonal elements. Off-diagonal elements used to estimate the interaction
matrix can include off-diagonal elements of a matrix corresponding to couplings between
the periodic unit cells. Further in the example, off diagonal elements of a matrix
corresponding to couplings between periodic unit cells m and n can be approximated by
simulating a periodically repeatable group of unit cells including unit cells m and n. More
spectfically, periodic boundary conditions can be applied to the repeatable group of unit
cells to ultimately approximate the interaction matrix using off-diagonal elements. As
discussed previgusly, a periodically repeatable group of unit cells, e g used to estimate an
interaction matrix using oft-diagonal elements, can include all unit cells immediately
adjacent 10 a selected unit cell or within an interaction radius, ¢.g empirically selected

interaction radius, of a unit cell.
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[00132] Off-diagonal elements of a matrix can be approximated by assuming off-diagonal
elements are equal to each other and therefore only estimated once. More specifically, off-
diagonal elements of a matrix that comrespond to couplings between elements in a
geometric translation of a certain configuration, e.g a periodic or non-pericdic
configuration of a signal transduction system, can be set as equal to approximate the
interaction matrix. Based on this assumption, the diagonal elements corresponding to the
periodic unit cells can be estimated only once, in order to estimate the interaction matrix.
Accordingly, this further saves time and computational resources to determine an optimal
configuration that would otherwise be used to actually calculate the interaction matrix or

further estimate the interaction mainix.

[00133] Additionally, the interaction matrix can be approximated based on non-
periodicity of the unit cell network. Specifically, the interaction matrix of the unit cell
network can be approximated using the unit cells identified as the unique unit cells. Hither
or both the off-diagonal elements and diagonal elements of a matrix associated with one or
more unique unit cells can be estimated to approximate the interaction matrix of the unit
cell network. Further, the off-diagonal elements and diagonal elements of a matrix
associated with the one or more unique unit cells can be approximated by simulating the
entire unit cell network for each of the unique unit cells, e.g the unigue unit cells that

make up the matrix.

[00134] At step 710, an S-matrix is estimated for the unit cell network of the signal
transduction system. The S-matrix can be estimated from the approximated interaction
matrix. More specifically, the S-matrix can be estimated from the interaction matrix using
an applicable method of calculating an S-matrix from an interaction matrix, such as the
methods described herein, e.g  as discussed previousty with respect to FIG. 4.
Additionally, the S-matrix can be estimated from the interaction matrix estimated for the

unit cell network along with characteristic impedance values of the unit cells.

[00135] FIG. 9 shows an example S-matrix 900 for use in determining an optimal
configuration of the signal transduction system. The S-matrix 900 includes a unique unit
cell block 902 and a periodic unit cell block 904, As shown in FIG. 9, the unique unit cell
block 902 and the periodic unit cell block 304 can both be self-contained within the S-
matrix 900. Additionally, as shown in FIG. 9, the periodic unit cell block 904 and the
unigue unit cell block 902 can be separate from each other.
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[001386] The unigue unit cells of the unit cells and the periodic unit cells of the unit cells
can be numbered, e.g. at step 704, to create the corresponding periodic unit cell block 904
and the unique unit cell block 902, More specifically, at either or both step 706 and 708,
the interaction matrix can be characterized and subsequently approximated based on the
numbering of the periodic unit cells and unique unit cells to form a corresponding periodic
unit cell block region and unique unit cell block region in the interaction matrix.
Subsequently, at step 710, the S-matrix with periodic unit cell block 904 and the unique
unit cell block 902 can be estimated from the interaction matrix based on the
corresponding periodic unit cell block region and unique unit cell block region in the

interaction matrix.

(001377 At step 712, the performance metric is guantified using the estimated S-matrix of
the unit cell network. The performance metric can be quantified in order to identify
adjustable parameters of the signal transduction system thai can be adjusted or otherwise
controlled to achieve the performance metric. For example, based on the estimated S-
matrix of the unit cell network, it can be identified to vary the adjustable parameters of the
signal transduction system, e.g. change adjustable elements of the signal transduction

system, in order to achieve the performance metric.,

[00138] At step 714, an optimal configuration of the signal transduction system for the
performance metric 1s identified. The optimal configuration of the signal transduction
system can be determined for the performance metric based on responses of the signal
transduction system to variable impedances, e.g variable impedances of the unit cells of
the signal transduction system. More specifically, the optimal configuration of the signal
transduction system can be determined for the performance metric using either or both the
interaction mairix and the S-matrix of the unit cell network, e.g as the S-maitrix is used to
quantify the performance metric. The identified optimal configuration of the signal
transduction system can include values of the adjustable parameters of the unit cells in the

unit cell network.

[00139] FIG. 10 is a flowchart 1000 of an example method of designing a structure of a
signal transduction system to meet a performance metric. The flowchart 1000 begins at
step 1002, where a preliminary structure of a signal transduction system comprising unit
cells is identified. The unit cells can include one or more adjustable parameters that are
adjustable to enable one or more adjustable impedance values of the unit cells at each of
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one or more operating frequencies of the signal transduction system. Further, as discussed
previously, the interactions of the unit cells in operating according the adjustable
parameters can be describable with an interaction matrix that is approximately

independent of the adjustable impedance values of the unit cells.

(001487 The tlowchart 1000 continues to step 1004, where a performance metric for the
signal transduction system is ideuntified. As discussed previously, the performance metric
can include a desired performance metric for a signal transduction system to meet in

operation.

[00141] The fowchart 1000 continues to step 1006, where an optimal configuration of
the signal transduction system is determined for the performance metric. An optimal
configuration of the signal transduction system can be determined for the performance
metric using an appiicable method of identifying an optimal configuration of a signal
transduction system such as the methods described herein. More specifically, an optimal
configuration of the signal transduction system can be determined using a method of
identifying an optimal configuration of a tunable system using an interaction matrix, such
as the method represented by the flowchart 700 shown in FIG. 7. An optimal configuration
of the signal transduction system can correspond to and otherwise be determined based on
the preliminary structure of the signal transduction system. For example, an optimal
configuration of the signal transduction system can be determined from an impedance
matrix estimated for a unit cell network modeling the preliminary structure of the signal

transduction system.

f00142] The flowchart 1000 continues to step 1008, where global limits for the
performance metric are identified. Global limits for the performance metric can include
values of the adjustable parameters of the signal transduction system that are acceptable
for still meeting the performance metric globally across one or more different signal
transduction systems. For example, global limits for the performance metric can include a

range of frequencies at which wireless signals can still be transmuitied and/or received.

[00143] The flowchart 1000 continues to step 1010, where the preliminary structure and
the optimal configuration of the signal transduction system are accepted based on the
global Himuts for the performance metric. More specifically, the preliminary structure and
the optimal configuration of the signal transduction system can be accepted if the global

timits for the performance metric exceed desirable threshold performance metrics of the
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signal transduction systemn. Desirable threshold performance metrics of the signal
transduction system can correspond to the preliminary structure of signal transduction
system. More specifically, desirable threshold performance metrics of the signal
transduction system can include performance metrics capable of being achieved by the
tunable transceiver structure at the preliminary structure according to the optimal

configuration of the signal transduction system.

[00144] Although not shown in flowchart 1000, if the structure and/or optimal
configuration of the signal transduction system are not accepted, then the preliminary
structure of the signal transduction system can subsequently be altered to identify an
altered structure of the signal transduction system. For example, the adjustable parameters
and/or values of the adjustable parameters of the signal transduction system can be altered
if the structure and/or optimal configuration of the signal transduction system are not
accepted. Subsequently, another opiimal configuration of the signal transduction system
can be identified with respect to the performance metric for the altered structure of the
signal transduction system. Then, the altered structure of the signal transduction system
and the ancther optimal configuration of the signal transduction system can be accepted if
the global limits of the performance metric exceed desirable threshold performance
metrics of the signal transduction system corresponding to the altered structure of the
sigonal transduction system. This process can be repeated until a structure of the signal
transduction system and a corresponding optimal configuration for the structure are

actually accepted.

[001458] FIG. 11 illustrates a schematic block diagram of a signal transduction system
1100. The signal transduction system 1100 can function according to an applicable signal
transduction system, e.g. such as the source device and the target device described here.
Further, the signal transduction system 1100 can be controlled or manufactured according
to an optimal configuration identified through an applicable technique, such as the
techniques described here. Additionally, the signal transduction system 1100 can be
controlled or manufactured according to one or more target tuning vectors identified

through an applicable technique, such as the techniques described herein.

[00148] The signal transduction system 1100 includes a plurality of metamaterial layers
1162 The plurality of metamaterial layers 1102 can include a first metamaterial layer
1102-1, a second metamaterial layer 1102-2, and additional metamaterial ayers 1102-n,
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e.g. a third rmetamaterial layer. The plurality of metamaterial layers 1102 can be formed
as part of a transceiver for sending and/or receiving wireless signals. For example, the
plurality of metamaterial layers 1102 can be formed as part of an applicable network
interface, such as the network interfaces of the source devices and the target devices

described herein.

[00147] The plurality of metamaterial layers 1102 can include or otherwise be modeled as
an arrangement of interaction unit cells. The interacting unit cells of the plurality of
metamaterial layers 1102 can have one or more adjustable parameters that are adjustable
to enable one or more adjustable impedance values of the unit cells. Further, the
interactions of the unit cells in the plurality of metamaterial layers 1102 can be describable
with one or more interaction matrices that are approximately independent of the adjustable

impedance values of the unit cells.

{00148} The first metamaterial layer 1102-1 can function as an illumination pattern
generator. Specifically, the first metamaterial layer 1102-1 can transmit signals received
from a feed as illumination patterns. More specifically, the first metamaterial layer 1102-1
can transmit signals received from the feed as selected ilfumination patterns by adjusting
the adjustable parameters of unit cells included as part of the first metamaterial layer
1102-1. Further, the first metamaterial layer 1102-1 can move, e.g. rotate about an axis. In
moving about the axis, the first metamaterial layer 1102-1 can rotate a beam pattern, e.g. a
beam pattern of an illumination pattern transmitted by the first metamaterial layer 1102-1,

about the axis.

f00149] The second metamaterial layer 1102-2 can be a beamforming multiholographic
medium configured to transmit a 3D field distribution based on reconstruction beams
recetved from the first metamatenial layer as illumination parameters.  Specifically, the
first metamaterial layer 1102-1 can produce a 3D field distribution with different 2D slices
that act as different hologram reconstruction beams incident upon the second metamaterial
fayer 1102-2. In turn, the second metamatenial layer 1102-2 can transmit output beams
based on one or a combination of the 2D slices that act as different received hologram
reconstruction beams and/or the adjustable parameters of the second metamaterial layer

1102-2.

[00150] The second metamaterial layer 1102-2 can use a plurality of different holograms

to create an output beam pattern. Specifically, the second material layer 1102-2 can use a
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plurality of different holograms that are retrievable using different hologram
reconstruction beam patterns created by the first metamaterial layer 1102-1. For example,
the first metamaterial layer 1102-1 can be configured to create a specific reconstruction
beam pattern that is incident upon the second metamaterial layer 1102-2 to cause the
second metamaterial layer 1102-2 to create a specific output beam pattern, e.g. retrieve a
specific hologram. The holograms can be stored at the second metamaterial layer 1102-2

as different holograms to allow for selective cutput beam pattern creation.

[00151] Further, the second metamaterial layer 1102-2 can be displaced with respect to
the first metamaterial layer 1102-1. Specifically, the second metamaterial layer 1102-2 can
be displaced with respect to the first metamaterial layer 1102-1 to create different
hologram reconstruction beams incident upon the second metamaterial layer 1102-2. For
example, the second metamaterial laver 1102-2 can be displaced with respect to the first
metamaterial layer 1102-1 to achieve different 2D slices of a 3D field distribution
generated by the first metamaterial layer 1102-1 at the second metamaterial layer 1102-2.
The second metamaterial layer 1102-2 can be rotated with respect to the first metamaterial
fayer 1102-1 as part of displacing the second metamaterial layer 1102-2 with respect to the
first metamaterial layer 1102-1. For example, the second metamatenial layer 1102-2 can
be displaced by rotating the layer 1102-2 or translating the layer 1102-2 along a direction

with respect to the first metamatenial layer 1102-1.

[00182] In various embodiments, the plurality of layers can also include a third
metamaterial layer, e g. metamaterial layer 1102-n. When a third metamaterial laver is
used, the first metamaterial layer 1102-1 and the second metamaterial layer 1102-2 can
collectively comprise an illumination pattern generator. Further, the third metamaterial
layer can function as a beamforming multi-holographic medium. Specifically, all three
metamaterial layers can comprise a multi-holographic medium. The third metamaterial
fayer can be displaced relative to the first metamaterial layer 1102-1 and the second
metamaterial layer 1102-2 to transmit and/or receive signals, e.g beamform transmitted

signals.

[001583] The techniques described herein, therefore, can provide efficient technigues for
sending and receiving signals wirelessly across a broad range of frequencies. Further, the
techniques described herein, therefore, can provide efficient techniques for beamforming
signals, e.g. with metamaterial transceiver components, across a wide range of

41



10

WO 2020/028523 PCT/US2019/044402

20

frequencies. These techniques particularly leverage reciprocity (time invariance) of
electromagnetic propagation channels that are not “polluted” by non-time-invariant
components (such as EM nonlinearities and DC magnetic field generators) using tunable
metamaterial components on a source device to provide unique and flexible advantages
over traditional signal transmission techniques {(e.g, full channel-sounding algorithms
present in MIMO systems, eic ). Importantly, these techniques can be employed by a
single source device where the target device only needs to periodically (or on demand}

transmit a reference signal.

[001584] While there have been shown and described illustrative embodiments that
provide for beamforming signals between source and target devices, it is to be understood
that various other adaptations and modifications may be made within the spirit and scope
of the embodiments herein. For example, the embodiments have been shown and
described herein with relation specific tunable metamaterial configurations/components on
the source device. However, the embodiments in their broader sense are not as limited {0
such configurations/components, and may, in fact, be used with any number of devices
and similar configurations, as is appreciated by those skilled in the art. Accordingly, it is
appreciated the features, structures, and operations associated with one embodiment may
be applicable to or combined with the features, structures, or operations described in
conjunction with another embodiment of this disclosure. Additionally, in many instances,
well-known structures, materials, or operations are not shown or described in detail to
avoid obscuring aspects of this disclosure.

f00155] Those having skill in the art will appreciate that many changes may be made to
the details of the above-described embodiments without departing from the underlying
principles of the invention. The scope of the present invention should, therefore, be

determined only by the following claims.
[0015886] Aspects of the invention are set forth in the following numbered clauses:
I. An apparatus for transmitting or receiving signals comprising:

a signal transduction systern including an arrangement of interacting unit cells,
wherein each unit cell has one or more adjustable parameters that are adjustable to enable
one or more adjustable impedance values of the unit cells at each of one or more

operational frequencies, and the interactions of the unit cells within the arrangement of the
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interacting unit cells are describable with an interaction matrix that is approximately

independent of the adjustable impedance values of the unit cells.

2. The apparatus of clause 1, wherein the signals comprise continuous wave (CW)
signals.
3. The apparatus of clause 1, wherein each impedance value of the one or more

adjustable impedance values corresponds to a frequency-domain mode of one or more
modes for each unit cell of the unit cells at one of the one or more operational frequencies.

2

4. The apparatus of clause 3, wherein the signals comprise electromagnetic waves

and the adjustable impedance values are electrical complex impedances.

5. The apparatus of clause 4, wherein the one or more operational frequencies are in

the radio frequency band.
6. The apparatus of clause 4, wherein the one or more operational frequencies are in
the microwave band.

7. The apparatus of clause 4, wherein the one or more operational frequencies are in

the roillimeter band.

8. The apparatus of clause 4, wherein the one or more operational frequencies are in
the terahertz band.

9. The apparatus of clause 4, wherein the one or more operational frequencies are in
the infrared spectrum.

10, The apparatus of clause 4, wherein the one or more operational frequencies are in
the optical spectrum.

1. The apparatus of clause 3, wherein the signals comprise acoustic waves and the
adjustable impedance values are acoustic complex impedances.

12. The apparatus of clause 11, wherein the one or more operational frequencies are in
the audible acoustic band (16 Hz - 20 kHz}.

13, The apparatus of clause 11, wherein the one or more operational frequencies are in

the ultrasound acoustic band (20 kHz - 100 MHz).

14, The apparatus of clause 11, wherein the one or more operational frequencies are in

the hypersound acoustic band (100 MHz - 106 GHz).

43



WO 2020/028523 PCT/US2019/044402

10

20

15, The apparatus of clause 1, wherein the signal transduction system serves as a

transmitter of the signals.

16.  The apparatus of clause 1, wherein the signal transduction system serves as a

receiver of the signals.

17.  The apparatus of clause 1, wherein the signal transduction system serves as both a

transmitter and a receiver of the signals.

18.  The apparatus of clause 1, wherein the signal transduction system serves as an

emitter of electromagnetic fields.

19, The apparatus of clause 1, wherein the signal transduction system serves as an

emitter and a transducer of the electromagnetic fields.

20.  The apparatus of clause 1, wherein the signal transduction system serves as a

transducer of electromagnetic fields.

21, The apparatus of clause 20, wherein the transduction of the electromagnetic fields

is at least partially into dc electric currents.

22, The apparatus of clause 20, wherein the transduction of the clectromagnetic fields

is at least partially into heat.

23 The apparatus of clause 20, wherein the transduction of the electromagnetic fields

is at least partially into acoustic waves.

24, The apparatus of clause 1, wherein the one or more adjustable parameters are
selectable at a design stage to adjust the one or more adjustable impedance values of the

unit cells.

25, The apparatus of clause 24, wherein the one or more adjustable parameters include
one or more geometric parameters of the unit celis and the one or more geometric
parameters are selected at the design stage to adjust the one or more adjustable impedance

values of the unit cells.

26.  The apparatus of clause 25, wherein the one or more geometric parameters of the
unit cells include a width of a material gap in the unit cells and the width of the material
gap is selected at the design stage to adjust the one or more adjustable impedance values

of the unit cells.
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27.  The apparatus of clause 26, wherein the signals comprise electromagnetic signals

and the material gap is a capacitive gap.

28.  The apparatus of clause 25, wherein the one or more geometric parameters of the
unit cells include dimensions of one or more packaged components in the unit cells and
the dimensions are selected at the design stage to adjust the one or more adjustable

impedance values of the unit cells.

29.  The apparatus of clause 28, wherein the dimensions of the one or more packaged
components int the unit cells include a width of an inductive line in the unit cells and the
width of the inductive line is selected at the design stage to adjust the one or more

adjustable impedance values of the unit cells.

30.  The apparatus of clause 28, wherein the dimensions of the one or more packaged
components in the unit cells include a width of a material gap in the packaged components
and the width of the material gap is selected at the design stage to adjust the one or more

adjustable impedance values of the unit cells.

31.  The apparatus of clause 30, wherein the dimensions of the one or more packaged
components in the unit cells include a width of a capacitive gap in the packaged
components and the widih of the capacitive gap 19 selected at the design stage to adjust the

one or more adjustable impedance values of the unit cells.

32, The apparatus of clause 25, wherein the one or more geometric parameters of the
unit cells include external or internal dimensions of one or more packaged components
embedded in the unit cells and the dirmensions are selected at the desigo stage to adjust the
one or more adjustable impedance values of the unit cells.

33.  The apparatus of clause 24, wherein the one or more adjustable parameters include
one or more electromagoetic characteristics of non-metallic inclusions of the unit cells and
the one or more characteristics of the non-metallic inclusions of the unit cells are selected
at the design stage to adjust the one or more adjustable impedance values of the unit cells.
34, The apparatus of clause 33, wherein the non-metallic inclusions are dielectric
inclusions.

35, The apparatus of clause 33, wherein the non-metallic inclusions are liquid crystal

inclusions.
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36.  The apparatus of clause 33, wherein the non-metatlic inclusions are semiconductor

inclusions.

37.  The apparatus of clause 33, wherein the norn-metallic inclusions are magnetic
inclusions.

oy

38.  The apparatus of clause 33, wherein the non-metallic inclusions are included as

part of a non-conductive background fitler of the unit cells.

39.  The apparatus of clause 1, wherein the one or more adjustable parameters are
dynamically adjustable to adjust the one or more adjustable impedance values of the unit

cells,

40.  The apparatus of clause 39, wherein the one or more adjustable parameters include
one or more voltages applied to one or more voltage dependent elements of the unit cells
and the one or more voltages are dynamically adjusted to adjust the one or more adjustable

impedance values of the unit cells.

41.  The apparatus of clause 39, wherein the one or more adjustable parameters include
one or more electric fields applied to one or more electroactive elements of the unit cells
and the one or more electric fields are dynamically adjusted to adjust the one or more

adjustable impedance values of the unit cells.

42.  The apparatus of clause 41, wherein the one or more electroactive elements of the

unit cells are semiconductor elements.

43.  The apparatus of clause 41, wherein the one or more electroactive elements of the

unit cells are piezoelectric elements.

44.  The apparatus of clause 41, wherein the one or more electroactive elements of the

unit cells comprise electroactive polymers.

45.  The apparatus of clause 41, wherein the one or more electroactive elements of the

unit cells comprise liguid crystals.

46.  The apparatus of clause 39, wherein the one or more adjustable parameters include
one or more electric currents applied to one or more magnetic tield-generating elements
interacting with one or more magnetoactive elements of the unit cells, and the one or more
electric currents are dynamically adjusted to adjust the one or more adjustable impedance
values of the unit cells.
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47. The apparatus of clause 39, wherein the one or more adjustable parameters include
one or more magnetic fields applied to the unit cells and the one or more magnetic fields
are dynamically adjusted to adjust the one or more adjustable impedance values of the unit

cells.

48. The apparatus of clause 39, wherein the one or more adjustable parameters include
one or more geometric displacements applied to the unit cells and the one or more
geometric displacements are dynamically adjusted to adjust the one or more adjustable

impedance values of the unit cells.

49, The apparatus of clause 39, wherein the one or more adjustable parameters include
one or more dynamically adjustable geometric parameters of the unit cells and the one or
more dynamically adjustable geometric parameters of the unit cells are dynamically

adjusted to adjust the one or more adjustable impedance values of the unit cells.

50. The apparatus of clause 49, wherein the dynamically adjustable geometric
parameters of the unit cells include operational characteristics of one or more
electromechanical systems included as part of the unit cells.

51, The apparatus of clause 1, wherein the unit cells are non-packaged elements.

52, The apparatus of clause 1, wherein the signal transduction system includes a

plurality of metamaterial layers including a first metamaterial layer and a second
metamaterial fayer.

53.  The apparatus of clause 52, wherein the plurality of metamaterial layers is rotated
around an axis to rotate a beam pattern of the signal transduction system around the axis.
54, The apparatus of clause 52, wherein the f{irst metamaterial layer is an illumination
pattern generator and the second metamaterial layer is a beamforming multi-holographic
medium.

55.  The apparatus of clause 54, wherein the first moetamaterial layer produces a 3D
field distribution with different 2D slices that act as different hologram reconstruction
beams incident upon the second metamaterial layer.

56.  The apparatus of clause 55, wherein the second metamaterial layer stores a

plurality of different holograms and the different holograms are retrievable using the
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different hologram reconstruction beams incident upon the second metamaterial layer and

produced by the first metamaterial layer.

57.  The apparatus of clause 54, wherein the second metamaterial layer is displaced
with respect to the first metamaterial layer fo create different hologram reconstruciion
beams incident upon the second metamaterial layer and further wherein the second
metamaterial layer stores a plurality of different holograms and the different holograms
are retricvable using the different hologram reconstruction beams incident upon the second

metamaterial layer and produced by the first metamaterial layver.

58.  The apparatus of clause 57, wherein the displacement of the second metamaterial

fayer with respect to the first metamaterial layer comprises a rotation around an axis.

59, The apparatus of clause 57, wherein the displacement of the second metamaterial

fayer with respect to the first metamaterial layer comprises a translation along a direction.

60.  The apparatus of clause 52, wherein the plurality of metamaterial layers further

comprises a third metamaterial layer.

61.  The apparatus of clause 60, wherein the first and the second metamaterial layers
collectively comprise an tllumination pattern generator and the third metamaterial layer i

a beamforming multi-holographic medium.

62.  The apparatus of clause 60, wherein the first metamaterial layer is an illumination
pattern generator, and the second and third metamaterial layers collectively comprise a
beamforming multi-holographic medium.

63.  The apparatus of clause 60, wherein the second metamaterial layer is displaced
relative to the first metamaterial layer, and the third metamaterial layer is displaced

relative to the second metamaterial layer.

64.  The apparatus of clause 1, wherein the signals include waves that transmit power.
65.  The apparatus of clause 1, wherein the signals include waves for communications.
66. A method of customizing a signal transduction system for transmitting or receiving

signals comprising:
identifying one or more target radiation patterns of the signal transduction system for the

signals; and
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adjusting one or more adjustable parameters of uunit cells in an arrangement of interacting
unit cells forming the signal transduction system according to the one or more target
radiation patters, wherein the one or more adjustable parameters are adjustable to enable
one or more adjustable impedance values of the unit cells at each of one or more
operational frequencies, and the interactions of the unit cells within the arrangement of the
interacting unit cells are describable with an interaction matrix that is approximately

independent of the adjustable impedance values of the unit cells.

67.  The method of clause 66, wherein the signals comprise continuous wave (CW)
signals.
68.  The method of clause 66, wherein each impedance value of the one or more

adjustable impedance values corresponds to a frequency-domain mode of one or more

modes tor each unit cell of the unit cells at one of the one or more operational frequencies.

69.  The method of clause 68, wherein the signals comprise electromagnetic waves and

the adjustable impedance values are electrical complex impedances.

70.  The method of clause 69, wherein the one or more operational frequencies are in

the radio frequency band.

71, The method of clause 69, wherein the one or more operational frequencies are in

the microwave band.

72.  The method of clause 69, wherein the one or more operational frequencies are in

the millimeter band.

=t
i
i

3 The method of clause 69, wherein the one or more operational frequencies are in
the terahertz band.
74.  The method of clause 69, wherein the one or more operational frequencies are in

the infrared spectrum.

75.  The method of clause 69, wherein the one or more operational frequencies are in

the optical spectrum.
76.  The method of clause 68, wherein the signals comprise acoustic waves and the
adjustable impedance values are acoustic complex impedances.

77.  The method of clause 76, wherein the one or more operational frequencies are in

the audible acoustic band {16 Hz - 20 kHz}.
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78.  The method of clause 76, wherein the one or more operational frequencies are in

the ultrasound acoustic band (20 kHz - 100 MHz).

79.  The method of clause 76, wherein the one or more operational frequencies are in

the hypersound acoustic band (100 MHz - 100 GHz).

80. The method of clause 66, wherein the signal transduction system serves as a

transmitter of the signals,

81.  The method of clause 66, wherein the signal transduction systern serves as a

receiver of the signals.

82.  The method of clause 66, wherein the signal transduction system serves as both a

transmitter and a recetver of the signals.

83. The method of clause 60, wherein the signal transduction system serves as an

emitter of electromagnetic fields.

84 The method of clause 66, wherein the signal transduction system serves as an

emitter and a transducer of the electromagnetic fields.

85.  The method of clause 66, wherein the signal transduction system serves as a

transducer of electromagnetic fields.

86. The method of clause 85, wherein the transduction of the electromagnetic fields is

at least partially into dc electric currents.

87. The method of clause 85, wherein the transduction of the electromagnetic fields s

at least partially into heat.

38, The method of clause 85, wherein the transduction of the electromagnetic fields is

at least partially into acoustic waves.

89.  The method of clause 66, wherein the one or more adjustable parameters are
selectable at a desigo stage to adjust the one or more adjustable impedance values of the
unit cells.

90, The method of clause 89, wherein the one or more adjustable parameters include
one or more geometric parameters of the unmit celis and the one or more geometric
parameters are selected at the design stage to adjust the one or more adjustable impedance

values of the unit cells.
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91, The method of clause 90, wherein the one or more geometric parameters of the unit
cells include a width of a material gap in the unit cells and the width of the material gap is
selected at the design stage to adjust the one or more adjustable impedance values of the

unit cells.

92. The method of clause 91, wherein the signals comprise electromagnetic signals and

the matertal gap is a capacitive gap.

93.  The method of clause 90, wherein the one or more geometric parameters of the unit
cells include dimensions of one or more packaged components in the unit cells and the
dimensions are selected at the design stage to adjust the one or more adjustable impedance

values of the unit cells.

94, The method of clause 93, wherein the dimensions of the one or more packaged
components in the unit cells include a width of an inductive line in the unit cells and the
width of the inductive line is selected at the design stage to adjust the one or more

adjustable impedance values of the unit cells.

95. The method of clause 93, wherein the dimensions of the one or more packaged
components in the unit cells include a width of a material gap in the packaged components
and the width of the material gap is selecied at the design stage to adjust the one or more

adjustable impedance values of the unit cells.

96. The method of clause 95, wherein the dimensions of the one or more packaged
components in the unit cells include a width of a capacitive gap in the packaged
components and the width of the capacitive gap 1s selected at the design stage to adjust the

one or more adjustable impedance values of the unit cells.

97.  The method of clause 90, wherein the one or more geometric parameters of the unit
cells include external or internal dimensions of ome or more packaged components
embedded in the unit cells and the dimensions are selected at the design stage to adjust the

one or more adjustable impedance values of the unit cells.

98, The method of clause 89, wherein the one or more adjustable parameters include
one or more electromagnetic characteristics of non-metallic inclusions of the unit cells and
the one or more characteristics of the non-metallic inclusions of the unit cells are selected

at the design stage to adjust the one or more adjustable impedance values of the unit cells.
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99, The method of clause 93, wherein the non-metallic inclusions are dielectric

inclusions.

100, The method of clause 98, wherein the non-metallic inclusions are liquid crystal

inclustons.

101, The method of clause 98, wherein the non-metallic inclusions are semiconductor

inclusions.

102, The method of clause 98, wherein the non-metallic inclusions are magoetic

inclusions.

103, The method of clause 98, wherein the non-metallic inclusions are included as part

of a non-conductive background filler of the unit cells.

104.  The method of clause 66, wherein the one or more adjustable parameters are
dynamically adjustabie to adjust the one or more adjustable impedance values of the unit

cells.

105, The method of clause 104, wherein the one or more adjustable parameters include
one or more voltages applied to one or more voliage dependent elements of the unit cells
and the one or more voltages are dynamically adjusted to adjust the one or more adjustable

impedance values of the unit celis.

1086, The method of clause 104, wherein the one or more adjustable parameters include
one or more electric fields applied to one or more electroactive elements of the unit cells
and the one or more electric flelds are dynamically adjusted to adjust the one or more

adjustable impedance values of the unit cells.

107 The method of clause 106, wherein the one or more electroactive elements of the

unit cells are semiconductor elements.

108.  The method of clause 106, wherein the one or more electroactive elements of the

unit cells are piezoelectric elements.

109 The method of clause 106, wherein the one or more electroactive elements of the

unit cells comprise electroactive polymers.

1169, The method of clause 106, wherein the one or more electroactive elements of the

unit cells comprise liquid crystals.
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111, The method of clause 104, wherein the one or more adjustable parameters include
one or more electric currents applied to one or more magnetic field-generating elements
interacting with one or more magnetoactive elements of the unit cells, and the one or more
electric currents are dynamically adjusted to adjust the one or more adjustable impedance

values of the unit cells.

112, The method of clause 104, wherein the one or more adjustable parameters include
one or more magnetic fields applied to the unit cells and the one or more magnetic fields
are dynamically adjusted to adjust the one or more adjustable impedance values of the unit

cells.

113, The method of clause 104, wherein the one or more adjustable parameters include
one or more geometric displacements applied to the unit cells and the one or more
geometric displacements are dynamically adjusted to adjust the one or more adjustable
impedance values of the unit cells.

114, The method of clause 104, wherein the one or more adjustable parameters include
one or more dynamically adjustable geometric parameters of the unit cells and the one or
more dynamically adjustable geometric parameters of the unit cells are dynamically

adjusted to adjust the one or more adjustable impedance values of the unit cells.

115, The method of clause 114, wherein the dynamically adjustable geometric
parameters of the unit cells include operational characteristics of one or more
electromechanical systems included as part of the unit cells.

116, The method of clause 66, wherein the unit cells are non-packaged elements.

117, The method of clause 106, wherein the signal transduction system includes a

plurality of metamaterial layers including a first metamaterial layer and a second

metamaterial layer.

118, The method of clause 117, wherein the plurality of metamaterial layers is rotated

around an axis to rotate a beam pattern of the signal transduction system around the axis.

119, The method of clause 117, wherein the first metamaterial layer is an ilumination
pattern generator and the second metamaterial layer is a beamforming multi-holographic

mediun.
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120.  The method of clause 119, wherein the first metamaterial layer produces a 3D field
distribution with different 2D slices that act as different hologram reconstruction beams

incident upon the second metamaterial layer.

121, The method of clause 120, wherein the second metamaterial layer stores a plurality
of different holograms and the different holograms are retrievable using the different
hologram reconstruction beams incident upon the second metamaterial layer and produced

by the first metamaterial layer.

122.  The method of clause 119, wherein the second metamaterial layer is displaced with
respect to the first metamaterial layer to create different hologram reconstruction beams
incident upon the second metamaterial layer and further wherein the second metamatenial
layer stores a plurality of different holograms and the different holograms are retrievable
using the different hologram reconstruction beams incident upon the second metamaterial

fayer and produced by the first metamaterial layer,

123, The method of clause 122, wherein the displacement of the second metamaterial

fayer with respect to the first metamaterial layer comprises a rotation around an axis.

124, The method of clause 122, wherein the displacement of the second metamaterial

fayer with respect to the first metamaterial layer comprises a translation along a direction.

125.  The method of clause 117, wherein the plurality of metamaterial layers further

comprises a third metamaterial layer.

126, The method of clause 125, wherein the first and the second metamaterial layers
collectively comprise an illumination pattern generator and the third metamaterial layer is

a beamforming multi-holographic medium.

127, The method of clause 125, wherein the first metamaterial layer is an illumination
pattern generator, and the second and third metamaterial layers collectively comprise a

beamforming multi-holographic medium.

128.  The method of clause 125, wherein the second metamaterial layer is displaced
relative to the first metamaterial layer, and the third metamaterial layer 1s displaced

relative to the second metamaterial layer.

129. A method of manufacturing a signal transduction system for sending or receiving

signals comprising:
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selecting one or more adjustable parameters of unit cells of an arrangement of interacting
unit cells of the signal transduction system, wherein the one or more adjustable parameters
are adjustable to enable one or more adjustable impedance values of the unit cells at each
of one or more operational frequencies, and the interactions of the unit cells within the
arrangement of the interacting unit cells are describable with an interaction matrix that is

approximately independent of the adjustable impedance values of the unit cells; and

manufacturing the signal transduction system according to the one or more adjustable
parameters of the unit cells selected for the signal transduction system.
136,  The method of clause 129, wherein the signals comprise continucus wave (CW)

signals.

131, The method of clause 129, wherein each impedance value of the one or more
adjustable impedance values corresponds to a frequency-domain mode of one or more
modes for each unit cell of the unit cells at one of the one or more operational frequencies.
132, The method of clause 131, wherein the signals comprise electromagnetic waves
and the adjustable impedance values are electrical complex impedances.

133, The method of clause 132, wherein the one or more operational frequencies are in

the radio frequency band.

134, The method of clause 132, wherein the one or more operational frequencies are in

the microwave band.

135, The method of clause 132, wherein the one or more operational frequencies are in

the millimeter band.

136. The method of clause 132, wherein the one or more operational frequencies are in

the terahertz band.

137.  The method of clause 132, wherein the one or more operational frequencies are in

the infrared spectrum.

138 The method of clause 132, wherein the one or more operational frequencies are in

the optical spectrum.

139 The method of clause 131, wherein the signals comprise acoustic waves and the

adjustable impedance values are acoustic impedances.
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140, The method of clause 139, wherein the one or more operational frequencies are in

the audible acoustic band (16 Hz - 20 kHz).

141.  The method of clause 139, wherein the one or more operational frequencies are in

the ultrasound acoustic band (20 kHz - 100 MHz).

142, The method of clause 139, wherein the one or more operational frequencies are in

the hypersound acoustic band (100 MHz - 100 GHz).
143, The method of clause 129, wherein the signal transduction system serves as a
transmitter of the signals,

144 The method of clause 129, wherein the signal transduction system serves as a

receiver of the signals.

145, The method of clause 129, wherein the signal transduction system serves as both a

transmitter and a receiver of the signals.
146.  The method of clause 129, wherein the signal transduction system serves as an
emitter of electromagnetic fields.

147, The method of clause 129, wherein the signal transduction system serves as an

emitter and a transducer of the electromagnetic fields.

148, The method of clause 129, wherein the signal transduction system serves as a

transducer of electromagnetic fields.
149 The method of clause 148, wherein the transduction of the electromagnetic fields is
at least partially into dc electric cusrents.

156, The method of clause 148, wherein the transduction of the electromagnetic fields is

at least partially into heat.

151, The method of clause 148, wherein the transduction of the electromagnetic fields is
at least partially into acoustic waves.

152, The method of clause 129, wherein the one or more adjustable parameters are
selectable at a design stage to adjust the one or more adjustable impedance values of the

unit cells.

153, The method of clause 152, wherein the one or more adjusiable parameters include

one or more geometric parameters of the unit cells and the one or more geometric
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parameters are selected at the design stage to adjust the one or more adjustable impedance

values of the unit cells.

154, The method of clause 153, wherein the one or more geometric parameters of the
unit cells include a width of a material gap in the unit cells and the width of the material
gap is selected at the design stage to adjust the one or more adjustable impedance values

of the unit cells.

155, The method of clause 154, wherein the signals comprise electromagnetic signals

and the material gap is a capacitive gap.

156, The method of clause 153, wherein the one or more geometric parameters of the
unit cells include dimensions of one or more packaged components in the unit cells and
the dimensions are selected at the design stage to adjust the one or more adjustable

impedance values of the unit cells.

157.  The method of clause 156, wherein the dimensions of the one or more packaged
components in the unit cells include a width of an inductive line in the unit cells and the
width of the inductive line is selected at the design stage to adjust the one or more

adjustable impedance values of the unit cells.

158.  The method of clause 156, wherein the dimensions of the one or more packaged
components in the unit cells include a width of a material gap in the packaged components
and the width of the matenial gap is selected at the design stage to adjust the one or more

adjustable impedance values of the unit cells.

159, The method of clause 158, wherein the dimensions of the one or more packaged
components in the unit cells include a width of a capacitive gap in the packaged
components and the width of the capacitive gap is selected at the design stage to adjust the

one or more adjustable impedance values of the unit cells,

160.  The method of clause 153, wherein the one or more geometric parameters of the
unit cells include external or internal dimensions of one or more packaged components
embedded in the unit cells and the dimensions are selected at the design stage to adjust the

one or more adjustable impedance values of the unit cells.

161, The method of clause 152, wherein the one or more adjustable parameters include

one or more electromagnetic characteristics of non-metallic inclusions of the unit cells and
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the one or more characteristics of the non-metatlic inclusions of the unit cells are selected

at the design stage to adjust the one or more adjustable impedance values of the unit cells.

162. The method of clause 161, wherein the non-metallic inclusions are dielectric

inclustons.

163,  The method of clause 161, wherein the non-metallic inclusions are liquid crystal
inclusions.
164, The method of clause 161, wherein the non-metallic inclusions are semiconductor

inclusions.

165, The method of clause 161, wherein the non-metallic inclusions are magnetic

inclustons.

166.  The method of clause 161, wherein the non-metallic inclusions are included as part

of a non-conductive background filler of the unit cells.

167.  The method of clause 129, wherein the one or more adjustable parameters are
dynamically adjustable to adjust the one or more adjustable impedance values of the unit
cells.

168, The method of clause 167, wherein the one or more adjustable parameters include
one or more voltages applied to one or more voltage dependent elements of the unit cells
and the one or more voltages are dynamically adjusted fo adjust the one or more adjustable

impedance values of the unit cells.

169 The method of clause 167, wherein the one or more adjustable parameters include
one or more electric fields applied to one or more electroactive elements of the unit cells
and the one or more electric fields are dynamically adjusted to adjust the one or more

adjustable impedance values of the unmit cells,

170, The method of clause 169, wherein the one or more electroactive elements of the

unit cells are semiconductor elements.

171 The method of clause 169, wherein the one or more electroactive elements of the

unit cells are piezoelectric elements.

172, The method of clause 169, wherein the one or more electroactive elements of the

unit cells comprise electroactive polymers,
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173, The method of clause 169, wherein the one or more electroactive elements of the

unit cells comprise liquid crystals.

174, The method of clause 167, wherein the one or more adjustable parameters include
one or more electiic currents applied to one or more magnetic field-generating elements
interacting with one or more magnetoactive elements of the unit cells, and the one or more
electric currents are dynamically adjusted to adjust the one or more adjustable impedance

values of the unit cells.

175.  The method of clause 167, wherein the one or more adjustable parameters include
one or more magnetic fields applied to the unit cells and the one or more magnetic fields
are dynamically adjusted to adjust the one or more adjustable impedance values of the unit

cells.

176.  The method of clause 167, wherein the one or more adjustable parameters include
one or more geometric displacements applied to the unit cells and the one or more
geometric displacements are dynamically adjusted to adjust the one or more adjustable

impedance values of the unit cells.

177.  The method of clause 167, wherein the one or more adjustable parameters include
one or more dvnamically adjustable geometric parameters of the unit cells and the one or
more dynamically adjustable geometric parameters of the unit cells are dynamically

adjusted to adjust the one or more adjustable impedance values of the unit cells.

178,  The method of clause 177, wherein the dynamically adjustable geometric
parameters of the umit cells include operational characteristics of one or more

electromechanical systems included as part of the unit cells.
179.  The method of clause 129, wherein the unit cells are non-packaged elements.

180,  The method of clause 129, wherein the signal transduction system includes a
plurality of metamaterial layers including a first metamaterial layer and a second

metamaterial laver.

181,  The method of clause 180, wherein the plurality of metamaterial layers 1s rotated

arountd an axis to rotate a beam pattern of the signal transduction system around the axis.
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182,  The method of clause 180, wherein the first metamaterial layer s an iHumination
pattern generator and the second metamaterial layer 1s a beamforming multi-holographic

medinm.

183, The method of clause 182, wherein the first metamaterial layer produces a 3D field
distribution with different 2D slices that act as different hologram reconstruction beams

incident upon the second metamaterial layer.

184,  The method of clause 183, wherein the second metamaterial layer stores a plurality
of different holograms and the different holograms are retrievable using the different
hologram reconstruction beams incident upon the second metamaterial layer and produced

by the first metamaternial layer.

185,  The method of clause 132, wherein the second metamaterial layer is displaced with
respect to the first metamaterial layer to create different hologram reconstruction beams
incident upon the second metamaterial layer and further wherein the second metamaterial
layer stores a plurality of different holograms and the different holograms are retrievable
using the different hologram reconstruction beams incident upon the second metamaterial

layer and produced by the first metamaterial layer.

186.  The method of clause 185, whercin the displacement of the second metamaterial
fayer with respect to the first metamaterial layer comprises a rotation around an axis.

187, The method of clause 185, wherein the displacement of the second metamaterial
tayer with respect to the first metamaterial layver comprises a transiation along a direction.

188.  The method of clause 180, wherein the plurality of metamaterial layers further
comprises a third metamaterial layer.

189.  The method of clause 188, wherein the first and the second metamaterial layers
collectively comprise an illumination pattern generator and the third metamatenial layer is
a beamforming multi-holographic medium.

190.  The method of clause 188, wherein the first metamaterial layer is an illumination
pattern generator, and the second and third metamaterial layers collectively comprise a

beamforming multi-holographic medium.
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191,  The method of clause 188, wherein the second metamaterial layer is displaced
relative to the first metamaterial layer, and the third metamaterial layer is displaced

relative to the second metamaterial laver.
192, An apparatus for transmitting or receiving signals comprising

a signal transduction system including an arrangement of interacting unit cells,
wherein each unit cell has one or more adjustable parameters that are adjustable to enable
one or more adjustable impedance values of the unit cells at each of one or more
operational frequencies, and the interactions of the unit cells within the arrangement of the
interacting unit cells are describable with an interaction matrix that is approximately
independent of the adjustable impedance values of the unit cells, wherein the one or more
adjustable parameters are adjusted according to one or more target tuning vectors that

define one or more target radiation or field patterns of the signal transduction system.

193.  The apparatus of clause 192, wherein the signals comprise continuous wave (CW)

signals.

194.  The apparatus of clause 192, wherein each impedance value of the one or more
adjustable impedance values corresponds to a frequency-domain mode of one or more

modes for each unit cell of the unit cells at one of the one or more operational frequencies.

195, The apparatus of clause 194, wherein the signals comprise electromagnetic waves

and the adjustable impedance values are electrical complex impedances.

196.  The apparatus of clause 195, wherein the one or more operational frequencies are

in the radio frequency band.

197, The apparatus of clause 195, wherein the one or more operational frequencies are

in the microwave band.

198.  The apparatus of clause 195, wherein the one or more operational frequencies are

in the millimeter band.

199.  The apparatus of clause 195, wherein the one or more operational frequencies are

in the terahertz band.

200.  The apparatus of clause 195, wherein the one or more operational frequencies are

in the infrared spectrum.
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201,  The apparatus of clause 195, wherein the one or more operational frequencies are

in the optical spectrum.

202.  The apparatus of clause 194, wherein the signals comprise acoustic waves and the

adjustable impedance values are acoustic complex impedances.

203.  The apparatus of clause 202, wherein the one or more operational frequencies are

in the audible acoustic band (16 Hz - 20 kHz).

204.  The apparatus of clause 202, wherein the one or more operational frequencies are

in the ultrasound acoustic band (20 kHz - 100 MHz).

205, The apparatus of clause 202, wherein the one or more operational frequencies are

in the hypersound acoustic band (100 MHz - 100 GHz).

206.  The apparatus of clause 192, wherein a target tuning vector of the one or more

target tuning vectors is identified by:

modulating one or more impedances of one or more unit cells of the unit cells based on a

sequence of tuning vectors;
specitying a reference signal amplitude at a reference point for each tuning vector;

determining field amplitudes for an array of reference points that circumscribe at least a

portion of the system based on the reference signal amplitude for each tuning vector; and
determining the target tuning vector based on the field amplitudes.

207.  The apparatus of clause 206, wherein the determining of the field amplitudes for an
array of reference points comprises simulating the signal transduction system with the
reference signal amplitude provided according to a specification by a simulated field

SOUICEe.

208, The apparatus of clause 206, wherein the determining of the field amplitudes for an
array of reference points comprises measuring the field amplitudes of the signal
transduction system with the reference signal amplitude provided according to the

specification by a field generator.

209, The apparatus of clause 200, wherein the reference signal amplitude for each
tuning vector is measured based on received reference signals at the signal transduction

system.
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210.  The apparatus of clause 206, wherein the field amplitudes for the array of reference
points are determined from a scattering matrix {(S-matrix) of field amphitudes of virtual

ports that model the signal transduction system through the reference points.

211, The apparatus of clause 210, wherein the array of reference points comprises one
or more unit cells of the unit cells of the signal transduction systern and wherein

determining the field amplitudes for the array of reference points further comprises:

determining complex field amplitudes for the umt cells based on values of the S-matrix
assoctated with each tuning vector, wherein the S-matrix values are S-parameters defined

as ratios of complex field amplitudes at the ditferent reference points.

212, The apparatus of clause 211, wherein determining the complex field amplitudes

further comprises:

determining the S-matrix values from a pre-determined interaction matrix (Y-Matrix} and

a sample tuning vector

according to:
§ = (1 = VEWZ) (1 +VEVVZ) | = (1 +VIWZ) (1= VZYVE),

wherein the adjustable tuning vector z (couverted to a diagonal matrix z) is a pre-

determined vector function of the sample tuning vector.

213, The apparatus of clause 212, wherein the pre-determined interaction matrix is pre-
determined by a numerical model of the arrangement of the interacting unit cells.

~

214.  The apparatus of clause 212, wherein the pre-determined vector function of the
tuning vector is pre-determined by a numerical model of the arrangement of the interacting

unit cells.

215, The apparatus of clause 212, wherein the pre-determined vector function of the
tuning vector is pre~determined by a sertes of numerical models of the each of the unit
cells comprising the arrangement of the interacting unit cells.

216, The apparatus of clause 206, wherein the array of reference points define a surface
that circumscribes the signal transduction system based on a Nyquist sampling density of

one reference point per (M2
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217 The apparatus of clause 192, wherein the one or more adjustable parameters are

further adjusted according to an optimal configuration of the signal transduction system.

218 The apparatus of clause 217, wherein the optimal configuration of the signal

transduction system is determined by:

identifying a performance metric for the signal transduction system, wherein a substantial
portion of the unit cells comprise a periodic arrangement of geometrically identical unit

cells;
simulating the unit celis as uniquely numbered unit cells;

characterizing the signal transduction system as a unit cell network with a corresponding

interaction matrix;

estimating an S-matrix of the unit cell network using the interaction matrix of the unit cell

network and characteristic impedance values of the unit cells;
using the S-matrix of the unit cell network to quantify the performance metric; and

determining the optimal configuration of the signal transduction system with respect to the
performance metric from responses of the signal transduction system to variable
impedances using the interaction matrix of the unit cell network, the optimal configuration
of the signal transduction system including impedances of the unit cells modeled as the

uniquely numbered unit cells.

219, The apparatus of clause 218, wherein the interaction matrix of the unit cell network

is approximated using periodicity of the signal transduction system.

220, The apparatus of clause 219, wherein approximating the interaction matrix of the
unit cell network includes organizing the unit cells into periodic unit cells and one or more
unique unit cells, such that all periodic unit cells belong to unit cells with identical

geometry.

221, The apparatus of clause 220, wherein approximating the interaction matrix of the
unit cell network includes approximating diagonal elements of a matrix corresponding to
the periodic unit cells by simulating one unit cell of the unit cells with periedic boundary

conditions applied to the one unit cell.

222, The apparatus of clause 220, wherein approximating the interaction matrix of the

unit cell network includes approximating diagonal elements of a matrix corresponding to
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the periodic unit cells by sirulating a periodically repeatable group of unit cells of the unit

cells applied to the periodically repeatable group of unit cells.

223 The apparatus of clause 222, wherein the periodically repeatable group of unit cells
includes all unit cells tmmediately adjacent to a selected unit cell of the periodically

repeatable group of unit cells.

224 The apparatus of clause 222, wherein the periodically repeatable group of unit cells
includes all unit cells that are closer to a selected unit cell of the periodically repeatable

group of unit cells than an empirically selected interaction radius.

225, The apparatus of clause 222, wherein the diagonal elements corresponding to the
periadic unit cells are assumed to be equal to each other, and are estimated only once for

one of the periodic unit celis.

226, The apparatus of clause 220, wherein approximating the interaction matrix of the
unit cell network includes approximating off-diagonal elements (m,n)} of a matrix
corresponding to couplings between periodic unit cells “m” and “n” by simulating a
periodically repeatable group of unit cells of the system to which both periodic unit cells
“m” and “0” belong with periodic boundary conditions applied to the group of unit cells.

~

227.  The apparatus of clause 226, wherein a group of unit cells includes all unit cells

immediately adjacent to a selected unit cell.

228  The apparatus of clause 226, wherein a group of unit cells includes all unit cells

that are closer to a selected unit cell than an empirically selected interaction radius.

229 The apparatus of clause 226, wherein all off-diagonal elements of the matrix that
correspond to coupling between elements in a geometric configuration that is a periodic
translation of a certain configuration, are assumed all equal to each other, and estimated
only once for each unique coupling configuration.

230,  The apparatus of clause 220, wherein approximating the interaction matrix of the
unit cell network includes approximating diagonal and off-diagonal elements of a matrix
that are associated with any of the unique unit cells by simulating an entire unit cell

network, for each of the unique unit cells.
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231.  The apparatus of clause 220, wherein the one or more unique unit cells are
numbered such that corresponding unique unit cells form a unique unit cell block within

the S~matrix, wherein the unique unit cell block is self~contained within the S-matrix.

232, The apparatus of clause 220, wherein the pertodic unit cells are numbered such that
corresponding periodic unit cells form a periodic unit cell block within the S-matrix,
wherein the periodic unit cell block is self-contained within the S-matrix and separate

from a unique unit cell block of the S-matrix.

233.  The apparatus of clause 220, wherein the periodic unit cells are identified based on

geometric locations of the unit cells in an array of identical unit cells.

234,  The apparatus of clause 233, wherein the periodic unit cells are identified based on
being at least one interaction radius away from any of the unique unit cells, or from unit

cells comprising edges of the array.

235, The apparatus of clause 234, wherein the interaction radius is defined as three unit
cell diameters.
236,  The apparatus of clause 234, wherein the one or more unique unit cells are

identitied from a remainder of the unit cells in the array of unit cells that are not classified

as the pertodic unit cells.

237 The apparatus of clause 219, wherein the periedicity of the signal transduction

system is periodic in one dimension.

238 The apparatus of clause 219, wherein the periodicity of the signal transduction

system is periodic in two dimensions to form a two-dimensionally periodic arrangement.

239 The apparatus of clause 238, wherein the two-dimensionally periodic arrangement

comprises a rectangular lattice.

240, The apparatus of clause 238, wherein the two-dimensionally periodic arrangement

comprises a triangular lattice.

241, The apparatus of clause 238, wherein the two-dimensionally periodic arrangement

comprises a hexagonal lattice.

242 The apparatus of clause 219, wherein the periodicity of the signal transduction
system is periodic in three dimensions to form a three-dimensionally periodic

arrangement.

66



WO 2020/028523 PCT/US2019/044402

10

20

243, The apparatus of clause 242, wherein the three-dimensionally periodic

arrangement comprises one of a three-dimensional Bravais lattice.

244 The apparatus of clause 217, wherein the optimal configuration of the signal

transduction system is determined by:

identifying a performance metric for the signal transduction system, wherein a substantial
portion of the unit cells comprise a non-pertodic arrangement of geometrically identical

unit cells;
simulating the unit celis as uniquely numbered unit cells;

characterizing the signal transduction system as a unit cell network with a corresponding

interaction matrix;
approximating the interaction matrix of the unit cell network;

estimating an S-matrix of the unit cell network using the approximated interaction matrix

of the unit cell network and characteristic impedance values of the unit cells;
using the S-matrix of the unit cell network to quantity the performance metric; and

determining the optimal configuration of the signal transduction system with respect to the
performance metric from responses of the signal transduction systern to wvariable
impedances using the interaction matrix of the unit cell network, the optimal configuration
of the signal transduction system including impedances of the unit cells modeled as the

uniquely numbered unit cells.

245 A method of customizing a signal transduction system for transmitting or recetving

signals comprising:

identifying one or more target radiation patterns of the signal transduction system for the

signals; and

adjusting one or more adjustable parameters of unit cells in an arrangement of interacting
unit cells forming the signal transduction system according to one or more target tuning
vectors that define field patterns of the signal transduction system including the one or
more target radiation patters, wherein the one or more adjustable parameters are adjustable
to enable one or more adjustable impedance values of the unit cells at each of one or more

operational frequencies, and the interactions of the unit cells within the arrangement of the
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interacting unit cells are describable with an interaction matrix that is approximately

independent of the adjustable impedance values of the unit cells.

246, The method of clause 245, wherein the signals comprise continuous wave (CW)

signals.

247 The method of clause 245, wherein each impedance value of the one or more
adjustable impedance values corresponds to a frequency-domain mode of one or more

modes for each unit cell of the unit cells at one of the one or more operational frequencies.
243,  The method of clause 247, wherein the signals comprise electromagnetic waves
and the adjustable impedance values are electrical complex impedances.

249, The method of clause 248, wherein the one or more operational frequencies are in
the radio frequency band.

250.  The method of clause 248, wherein the one or more operational frequencies are in
the microwave band.

251,  The method of clause 248, wherein the one or more operational frequencies are in

the roillimeter band.

252 The method of clause 248, wherein the one or more operational frequencies are in
the terahertz band.

253 The method of clause 248, wherein the one or more operational frequencies are in
the infrared spectrum.

254, The method of clause 248, wherein the one or more operational frequencies are in
the optical spectrum.

255, The method of clause 247, wherein the signals comprise acoustic waves and the

adjustable impedance values are acoustic complex impedances.

256,  The method of clause 255, wherein the one or more operational frequencies are in

the audible acoustic band (16 Hz - 20 kHz}.

257 The method of clause 255, wherein the one or more operational frequencies are in

the ultrasound acoustic band (20 kHz - 100 MHz).

258 The method of clause 255, wherein the one or more operational frequencies are in
the hypersound acoustic band (100 MHz - 106 GHz).
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259 The method of clause 245, wherein a target tuning vector of the one or more target

tuning vectors is identified by:

modulating one or more impedances of one or more unit cells of the unit cells based on a

sequence of tuning vectors,
specifying a reference signal amplitude at a reference point for each tuning vector;

determining field amplitudes for an array of reference points that circumscribe at least a

portion of the system based on the reference signal amplitude for each tuning vector; and
determining the target funing vector based on the field amplitudes.

260, The method of clause 259, wherein the determining of the field amplitudes for an
array of reference points comprises simulating the signal fransduction system with the
reference signal amplitude provided according to a specification by a simulated field

SOUrce.

261, The method of clause 259, wherein the determining of the field amplitudes for an
array of reference points comprises measuring the field amplitudes of the signal
transduction system with the reference signal amplitude provided according to the

specification by a field generator.

262 The method of clause 259, wherein the reference signal amplitude for each tuning

vector is measured based on recetved reference signals at the signal transduction system,

263, The method of clause 259, wherein the field amplitudes for the array of reference
points are determined from a scattering matrix (S-matrix) of field amplitudes of virtual
ports that model the signal transduction system through the reference points.

264,  The method of clause 263, wherein the array of reference points comprises one or

more unit cells of the unit cells of the signal transduction system and wherein determining

the field amplitudes for the array of reference points further comprises:

determining complex field amplitudes for the unit cells based on values of the S-matrix
associated with each tuning vector, wherein the S-matrix values are S-parameters defined

as ratios of complex field amplitudes at the different reference points.
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265, The method of clause 264, wherein determining the complex field amplitudes

further comprises:

determining the S-matrix values from a pre-determined interaction matrix (Y-Matrix} and

a sample funing vector

according to:
S = (1 —VEWE) (1 +VEVE) = (1 +VEWWE) (1 — VZYWE),

wherein the adjustable tuning vector z (converted to a diagonal matrix Z) is a pre-

determined vector function of the sample tuning vector.

266, The method of clause 265, wherein the pre-determined interaction matrix is pre-

determined by a numerical model of the arrangement of the interacting unit cells.

267,  The method of clause 265, wherein the pre-determined vector function of the
tuning vector is pre-determined by a numerical model of the arrangement of the interacting
unit cells.

~

268.  The method of clause 265, wherein the pre-determined vector function of the
tuning vector is pre-determined by a series of numerical models of the each of the unit

cells comprising the arrangement of the interacting unit cells.

269, The method of clause 259, wherein the array of reference points define a surface
that circumscribes the signal transduction systerm based on a Nyquist sampling density of
one reference point per (A/2).

270, The method of clause 245, wherein the one or more adjustable parameters are
further adjusted according to an optimal configuration of the signal transduction system.
271, The method of clause 270, wherein the optimal configuration of the signal
transduction systen: is determined by:

identitying a performance metric for the signal transduction system, wherein a substantial
portion of the unit cells comprise a periodic arrangement of geometrically identical unit
cells;

simulating the unit cells as uniquely numbered unit cells;

characterizing the signal transduction system as a unit cell network with a corresponding

interaction matrix;

70



WO 2020/028523 PCT/US2019/044402

10

13

20

estirnating an S-matrix of the unit cell network using the interaction matrix of the unit cell

network and characteristic impedance values of the unit cells;
using the S-matrix of the unit cell network to quantify the performance metric; and

determining the optimal configuration of the signal transduction system with respect to the
performance metric from responses of the signal transduction system to variable
impedances using the wnteraction matrix of the unit cell network, the optimal configuration
of the signal transduction system including impedances of the unit cells modeled as the

uniquely numbered unit cells.

272, The method of clause 271, wherein the interaction matrix of the unit cell network
>

is approximated using periodicity of the signal transduction system.

273 The method of clause 272, wherein approximating the interaction matrix of the unit
cell network includes organizing the unit cells into periodic unit cells and one or more
unique unit cells, such that all periodic unit cells belong to unit cells with identical

geometry.

274, The method of clause 273, wherein approximating the interaction matrix of the unit
cell network includes approxamating diagonal elements of a matrix corresponding to the
periodic unit celis by simulating one unit cell of the unit cells with periodic boundary

conditions applied to the one unit cell.

275, The method of clause 273, wherein approximating the interaction matrix of the unit
cell network includes approximating diagonal elements of a matrix corresponding to the
periodic unit cells by simulating a periodically repeatable group of unit cells of the unit
cells applied to the pericdically repeatable group of unit cells.

276,  The method of clause 275, wherein the periodically repeatable group of unit cells
includes all unit cells immediately adjacent to a selected unit cell of the periodically
repeatable group of unit cells.

277 The method of clause 275, wherein the periodically repeatable group of unit cells
includes all unit cells that are closer to a selected unit cell of the periodically repeatable

group of unit cells than an empirically selected interaction radius.

71



WO 2020/028523 PCT/US2019/044402

10

15

278.  The method of clause 275, wherein the diagonal elements corresponding to the
periodic unit cells are assumed to be equal to each other, and are estimated only once for

one of the periodic unit celis.

279, The method of clause 273, wherein approximating the interaction matrix of the unit
cell network includes approximating off-diagonal elements (m,n) of a matrix
corresponding to couplings between periodic unit cells “m” and “n” by simulating a
pertodically repeatable group of unit cells of the system to which both periodic unit cells

“m” and “n” belong with pertodic boundary conditions applied to the group of unit cells.

286,  The method of clause 279, wherein a group of unit cells includes all unit cells

immediately adjacent to a selected unit cell.

281.  The method of clause 279, wherein a group of unit cells includes all unit cells that

are closer to a selected unit cell than an empirically selected interaction radius.

282,  The method of clause 279, wherein all off-diagonal elements of the matrix that
correspond to coupling between clements in a geometric configuration that is a periodic
translation of a certain configuration, are assumed all equal to each other, and estimated

only once for each unique coupling configuration.

283, The method of clause 273, wherein approximating the interaction matrix of the unit
cell network includes approximating diagonal and off-diagonal elements of a matrix that
are assoctated with any of the unique unit cells by simulating an entire unit cell network,

for each of the unique unit cells.

284, The method of clause 273, wherein the one or more unique unit cells are numbered
such that corresponding unique unit cells form a unique unit cell block within the S-

matrix, wherein the unique unit cell block is self-contained within the S-matrix.

285,  The method of clause 273, wherein the periodic unit cells are numbered such that
corresponding periodic unit cells form a periodic unit cell block within the S-matrix,
wherein the periodic unit cell block is self-contained within the S-matrix and separate

from a unique unit cell block of the S-matrix.

286,  The method of clause 273, wherein the pericdic unit cells are identified based on

geometric locations of the unit cells 1n an array of 1dentical unit cells.
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287  The wethod of clause 286, wherein the periodic unit cells are identified based on
being at least one interaction radius away from any of the unique unit cells, or from unit

cells comprising edges of the array.

288 The method of clause 287, wherein the interaction radius is defined as three unit

cell diameters.

289, The method of clause 288, wherein the one or more unigue unit cells are identified
from a remainder of the unit cells in the array of unit cells that are not classified as the

periodic unit cells.

290.  The method of clause 272, wherein the periodicity of the signal transduction

system is periodic in one dimension.

291, The method of clause 272, wherein the periodicity of the signal transduction
system is periodic in two dimensions to form a two-dimensionally periodic arrangement.

~

292,  The method of clause 291, wherein the two-dimensionally periodic arrangement

comprises a rectangular lattice.

293, The method of clause 291, wherein the two-dimensionally periodic arrangement

comprises a triangular lattice.

294, The method of clause 291, wherein the two-dimensionally periodic arrangement

comprises a hexagonal lattice.

295 The method of clause 272, wherein the periodicity of the signal transduction
system is periodic in three dimensions to form a three-dimensionally periodic
arrangement.

296,  The method of clause 295, wherein the three-dimensionally periodic arrangement
comprises one of a three-dimensional Bravais lattice.

297 The method of clause 270, wherein the optimal configuration of the signal
transduction system is determined by:

identifying a performance metric for the signal transduction system, wherein a substantial
portion of the uunit cells comprise a non-periodic arrangement of geometrically tdentical

unit cells;

simuiating the unit cells as uniquely numbered unit cells;
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characterizing the sigoal transduction system as a unit cell network with a corresponding

interaction matrix;
approximating the interaction matrix of the unit cell network;

estimating an S-matrix of the umt cell network using the approximated interaction matrix

of the unit cell network and characteristic impedance values of the unit cells;
using the S-matrix of the unit cell network to quantify the performance metric; and

determining the optimal configuration of the signal transduction system with respect to the
performance metric {from responses of the signal transduction system to variable
impedances using the interaction matrix of the umt cell network, the optimal configuration
of the signal transduction system including impedances of the unit cells modeled as the

uniquely numbered unit cells.

298. A method of manufacturing a signal transduction system for sending or receiving

signals comprising;

selecting one or more adjustable parameters of unit cells of an arrangement of interacting
unit cells of the signal transduction system, wherein the one or more adjustable parameters
are adjustable according to one or more target tuning vectors that define one or more target
radiation or field patterns of the signal transduction system, to enable one or more
adjustable impedance values of the unit cells at each of one or more operational
frequencies and the interactions of the unit cells within the arrangement of the interacting
unit cells are describable with an interaction matrix that is approximately independent of

the adjustable impedance values of the unit cells; and

manufacturing the signal transduction system according to the one or more adjustable

parameters of the unit cells selected for the signal transduction systen.

299,  The method of clause 298, wherein the signals comprise continuous wave {CW)
signals.
300,  The method of clause 298, wherein each impedance value of the one or more

adjustable impedance values corresponds to a frequency-domain mode of one or more

modes for each unit cell of the unit celis at one of the one or more operational frequencies.

301, The method of clause 300, wherein the signals comprise electromagnetic waves
and the adjustable impedance values are electrical complex impedances.
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302,  The method of clause 301, wherein the one or more operational frequencies are in

the radio frequency band.

303.  The method of clause 301, wherein the one or more operational frequencies are in
the microwave band.
304, The method of clause 301, wherein the one or more operational frequencies are in

the millimeter band.

305.  The method of clause 301, wherein the one or more operational frequencies are in

the terahertz band.

306. The method of clause 301, wherein the one or more operational frequencies are in

the infrared spectrum.

-

307.  The method of clause 301, wherein the one or more operational frequencies are in

the optical spectrur.

308. The method of clause 300, wherein the signals comprise acoustic waves and the

adjustable impedance values are acoustic complex impedances.

309,  The method of clause 308, wherein the one or more operational frequencies are in

the audible acoustic band (16 Hz - 20 kHz).

310, The method of clause 308, wherein the one or more operational frequencies are in

the ultrasound acoustic band (20 kHz - 100 MHz).

311, The method of clause 310, wherein the one or more operational frequencies are in

the hypersound acoustic band (100 MHz - 100 GHz).

312,  The method of clause 298, wherein a target tuning vector of the one or more farget

tuning vectors is identified by

modulating one or more timpedances of one or more unit cells of the unit cells based on a

sequence of tuning vectors,
specifying a reference signal amplitude at a reference point for each tuning vector;

determining field amplitudes for an array of reference points that circumscribe at least a

portion of the system based on the reference signal amplitude for each tuning vector; and

determining the target tuning vector based on the field amplitudes.
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313, The method of clause 312, wherein the determining of the field amplitudes for an
array of reference points comprises simulating the signal transduction system with the
reference signal amplitude provided according to a specification by a simulated field

SQUIce.

314. The method of clause 312, wherein the determining of the field amplitudes for an
array of reference points comprises measuring the fileld amplitudes of the signal
transduction system with the reference signal amplitude provided according to the

specification by a field generator.

315, The method of clause 312, wherein the reference signal amplitude for each tuning
vector is measured based on received reference signals at the signal transduction system.
316. The method of clause 312, wherein the field amplitudes for the array of reference
points are determined from a scattering matrix (S-matrix) of tield amplitudes of virtual
ports that model the signal transduction system through the reference points.

317, The method of clause 316, wherein the array of reference points comprises one or
more unit cells of the unit cells of the signal transduction system and wherein determining
the field amplitudes for the array of reference points further comprises:

determining complex field amplitudes for the unit cells based on values of the S-matrix
associated with each tuning vector, wherein the S-matrix values are S-parameters defined
as ratios of complex field amplitudes at the ditferent reference points.

318, The method of clause 317, wherein determining the complex field amplitudes
further comprises:

determining the S-matrix values from a pre-determined interaction mairix (Y-Matrix} and

a sample tuning vector
£

according to:
§ = {1 -—+zYvz)(1+ XEYVCZ}M!' = {1+ «\,/EYvE)ml( 1 - +/zYVz),

wherein the adjustable tuning vector z (converted to a diagonal matrix z) is a pre-

determined vector function of the sample tuning vector.

319.  The method of clause 318, wherein the pre-determined interaction matrix is pre-

determined by a numerical model of the arrangement of the interacting unit cells.
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320.  The method of clause 318, wherein the pre-determined vector function of the
tuning vector is pre-determined by a numerical model of the arrangement of the interacting

unit cells.

321, The method of clause 318, wherein the pre-determined vector function of the
tuning vector is pre-determined by a series of numerical models of the each of the unit

cells comprising the arrangement of the interacting unit cells.

322, The method of clause 312, wherein the array of reference points define a surface
that circumscribes the signal transduction system based on a Nygquist sampling density of
one reference point per (AM2)°.

323, The method of clause 298, wherein the one or more adjustable parameters are
further adjusted according to an optirnal configuration of the signal transduction system.
324, The method of clause 323, wherein the optimal configuration of the signal

transduction system is determined by:

identifying a performance metric for the signal transduction system, wherein a substantial
portion of the unit cells comprise a periodic arrangement of geometrically identical unit
cells;

simulating the unit cells as uniquely numbered unit cells;

characterizing the signal transduction system: as a unit cell network with a corresponding

interaction matrix;

estimating an S-matnix of the unit cell network using the interaction matrix of the unit cell
network and characteristic impedance values of the unit celis;

using the S-matrix of the unit cell network to quantify the performance metric; and
determining the optimal configuration of the signal transduction system with respect to the
performance metric from responses of the signal transduction system to variable
impedances using the interaction matrix of the unit cell network, the optimal configuration
of the signal transduction system including impedances of the unit celis modeled as the
uniquely numbered unit cells.

325. The method of clause 324, wherein the interaction matrix of the unit cell network

is approximated using periodicity of the signal transduction system.
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326. The method of clause 325, wherein approximating the interaction matrix of the unit
cell network includes organizing the unit cells into periodic unit cells and one or more
unique unit cells, such that all periodic unit cells belong to unit cells with identical

geometry.

327.  The method of clause 326, wherein approximating the interaction matrix of the unit
cell network includes approximating diagonal elements of a matrix corresponding to the
periodic unit cells by simulating one unit cell of the unit cells with periodic boundary

conditions applied to the one unit cell.

328, The method of clause 326, wheretn approxumating the interaction matrix of the unit
cell network includes approxamating diagonal elements of a matrix corresponding to the
periodic unit cells by simulating a pertodically repeatable group of unit cells of the unit

cells applied to the periodically repeatable group of unit cells.

329,  The method of clause 328, wherein the periodically repeatable group of unit cells
includes all unit cells tmmediately adjacent to a selected unit cell of the periodically

repeatable group of unit cells.

330.  The method of clause 328, wherein the periodically repeatable group of unit cells
includes all unit cells that are closer to a selected unit cell of the periodically repeatable

group of unit cells than an empirically selected interaction radius.

331, The method of clause 328, wherein the diagonal elements corresponding to the
periodic unit cells are assumed to be equal to each other, and are estimated only once for

one of the periodic unit cells.

332,  The method of clause 326, wherein approximating the interaction matrix of the unit
cell network includes approximating off-diagonal elements (m,n) of a matrix
corresponding to couplings between periodic unit cells “m” and “n” by simulating a
periodically repeatable group of unit cells of the system to which both periodic unit cells

“m” and “n” belong with periodic boundary conditions applied to the group of unit cells.

333, The method of clause 332, wherein a group of unit celis includes ail unit cells

immediately adjacent to a selected unit cell.

334, The method of clause 332, wherein a group of unit cells includes all unit cells that

are closer to a selected unit cell than an empirically selected interaction radius.
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335, The method of clause 332, wherein all oft-diagonal elements of the matrix that
correspond to coupling between elements in a geometric configuration that is a periodic
translation of a certain configuration, are assumed all equal to each other, and estimated

only once for each unique coupling configuration.

336. The method of clause 326, wherein approximating the interaction matrix of the unit
cell network includes approximating diagonal and off-diagonal elements of a matrix that
are assoctated with any of the unique unit cells by simulating an entire unit cell network,

for each of the unique unit cells.

337, The method of clause 326, wherein the one or more unigue unit cells are numbered
such that corresponding unigue unit cells form a unique unit cell block within the S-

matrix, wherein the unique unit cell block is self-contained within the S-matrix.

338,  The method of clause 326, wherein the periodic unit cells are numbered such that
corresponding periodic unit cells form a periodic unit cell block within the S-matrix,
wherein the periodic unit cell block is self-contained within the S-mattix and separate

from a unique unit cell block of the S-matrix.

339, The method of clause 326, wherein the periodic unit cells are identified based on

geometric locations of the unit cells in an array of identical unit cells.

340, The method of clause 339, wherein the periodic unit cells are identified based on
being at least one interaction radius away from any of the unique unit cells, or from unit

cells comprising edges of the array.

341, The method of clause 340, wherein the interaction radius is defined as three unit

cell diameters.

342,  The method of clause 341, wherein the one or more unique unit cells are identified
from a remainder of the unit cells in the array of unit cells that are not classified as the

periodic unit cells.

343, The method of clause 325, wherein the periodicity of the signal transduction
system is periodic in one dimension.

344, The method of clause 325, wherein the periodicity of the signal transduction

system is periodic in two dimensions to form a two-dimensionally periodic arrangement.
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345 The method of clause 344, wherein the two-dimensionally periodic arrangement
comprises a rectangular lattice.

346.  The method of clause 344, wherein the two-dimensionally periodic arrangement
comprises a triangular lattice.

347  The method of clause 344, wherein the two-dimensionally periodic arrangement
comprises a hexagonal lattice.

348. The method of clause 325, wherein the periodicity of the signal transduction
system is periodic in three dimensions to form a three-dimensionally periodic
arrangement.

349, The method of clause 348, wherein the three-dimensionally periodic arrangement
comprises one of a three-dimensional Bravais lattice.

350. The method of clause 323, wherein the optimal configuration of the signal
transduction system is determined by:

identifying a performance metric for the signal transduction system, wherein a substantial
portion of the uunit cells comprise a non-periodic arrangement of geometrically identical

unit cells;
simulating the unit cells as uniquely numbered unit cells;

characterizing the signal transduction system as a unit cell network with a corresponding

interaction matrix;
approximating the interaction matrix of the unit cell network;

estimating an S-matrix of the unit cell network using the approximated interaction matrix
of the unit cell network and characteristic impedance values of the unit cells;

using the S-matrix of the unit cell network to quantify the performance metric; and
determining the optimal configuration of the signal transduction system with respect to the
performance metric from responses of the signal tramsduction system to variable
impedances using the interaction matrix of the unit cell network, the optimal configuration
of the signal transduction system including trpedances of the unit cellis modeled as the

uniquely numbered unit cells.
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CLAIMS

I An apparatus for transmitting or receiving signals comprising:

a signal transduction system including an arrangement of interacting unit
cells, wherein each unit cell has one or more adjustable parameters that are adjustable to
enable one or more adjustable impedance values of the unit cells at each of one or more
operational frequencies, and the interactions of the unit cells within the arrangement of the
interacting unit cells are describable with an interaction matrix that is approximately

independent of the adjustable impedance values of the unit cells.

2, The apparatus of claim |, wherein each impedance value of the one or more
adjustable impedance values corresponds to a frequency-domain mode of one or more

modes for each unit cell of the unit cells at one of the one or more operational frequencies.

3. The apparatus of claim 2, wherein the signals comprise electromagnetic

waves and the adjustable impedance values are electrical complex impedances.

4. The apparatus of claim 2, wherein the signals comprise acoustic waves and

the adjustable impedance values are acoustic complex impedances.

5. The apparatus of any of claims 1-4, wherein the one or more adjustable
parameters are selectable at a design stage to adjust the one or more adjustable impedance

values of the unit cells.

6. The apparatus of claim 5, wherein the one or more adjustable parameters
include one or more geometric parameters of the unit cells and the one or more geometric
parameters are selected at the design stage to adjust the one or more adjustable impedance

values of the unit cells.

7. The apparatus of claim 5, wherein the one or more adjustable parameters
include one or more electromagnetic characteristics of non-metallic inclusions of the unit
cells and the one or more characteristics of the non-metallic inclusions of the unit cells are
selected at the design stage o adjust the one or more adjustable impedance values of the

unit cells.

3. The apparatus of claim 7, wherein the non-metallic inclusions are dielectric

inclusions.
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9. The apparatus of any of claims 1-4, wherein the one or more adjustable
parameters are dynamically adjustable to adjust the one or more adjustable impedance

values of the unit cells.

10 The apparatus of any of claims 1-9, wherein the signal transduction system
includes a plurality of metamaterial layers including a first metamaterial layer and a
second metamaterial layer.

it The apparatus of claim 10, wherein the first metamaterial layer is an
tllumination pattern generator and the second metamaterial layer is a beamforming multi-
holographic medium.

12, The apparatus of claim 11, wherein the first metamaterial tayer produces a
3D field distribution with different 2D slices that act as different hologram reconstruction
beams incident upon the second metamaterial layer.

13, Theapparatus of claim 11, wherein the second metamaterial layer is
displaced with respect to the first metamatenial layer to create different hologram
reconstruction beams inctdent upon the second metamaterial layer and further wherein the
second metamaterial layer stores a plurality of different holograms and the different
holograms are retrievable using the different hologram reconstruction bears incident upon
the second metamaterial layer and produced by the first metamaterial layer.

14 A method of customizing a signal transduction system for transmitting or
receiving signals comprising;

wdentifying one or more target radiation patterns of the signal transduction system
for the signals; and

adjusting one or more adjustable parameters of unit cells in an arrangement of
interacting unit cells forming the signal transduction system according to the one or more
target radiation patters, wherein the one or more adjustable parameters are adjustable to
enable one or more adjustable impedance values of the unit cells at each of one or more
operational frequencies, and the interactions of the unit cells within the arrangement of the
interacting unit cells are describable with an interaction matrix that is approximately
independent of the adjustable impedance values of the unit cells.

i5. The method of claim 14, wherein each impedance value of the one or more
adjustable impedance values corresponds to a frequency-domain mode of one or more

modes for each unit cell of the unit cells at one of the one or more operational frequencies.
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16, The method of claim 15, wherein the signals comprise electromaguoetic

waves and the adjustable impedance values are electrical complex impedances.

17, The method of claim 15, wherein the signals comprise acoustic waves and

the adjustable impedance values are acoustic complex impedances.

18.  The method of any of claims 14-17, wherein the one or more adjustable
parameters are selectable at a design stage to adjust the one or more adjustable impedance

values of the unit cells.

19, The method of claim 18, wherein the one or more adjustable parameters
include one or more geometric parameters of the unit cells and the one or more geometric
parameters are selected at the design stage to adjust the one or more adjustable impedance

values of the unit cells.

20. The method of claim 18, wherein the one or more adjustable parameters
include one or more electromagnetic characteristics of non-metallic inclusions of the unit
cells and the one or more characteristics of the non-metallic inclusions of the unit cells are
selected at the design stage to adjust the one or more adjustable impedance values of the

unit cells.

21 The method of claim 20, wherein the non-metallic inclusions are dielectric
inclusions.
22, The method of any of claims 14-17, wherein the one or more adjustable

parameters are dynamically adjustable to adjust the one or more adjustable impedance

values of the unit cells.

23, The method of any of claims 14-22, wherein the signal transduction system
includes a plurality of metamaterial layers including a first metamaterial layer and a
second metamaterial layer.

24, The method of claim 23, wherein the first metamaterial layer is an
illumination pattern generator and the second metamaterial layer is a beamforming multi-
holographic medium,

25, The method of claim 24, wherein the first metamaterial layer produces a 3D
field distribution with different 2D slices that act as different hologram reconstruction

beams incident upon the second metamaterial layer.
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26. The method of claim 24, wherein the second metamaterial layer is
displaced with respect to the first metamatenial layer to create different hologram
reconstruction beams incident upon the second metamaterial layer and further wherein the
second metamaterial layer stores a plurality of different holograms and the different

S5 holograms are retrievable using the different hologram reconstruction beams incident upon

the second metamaterial layer and produced by the first metamaterial layer.
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FIG. 7

Identify a performance metric for a signal transduction system including
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Characterize the signal transduction system as a unit cell network witha |~
corresponding interaction matrix 706
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T
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Estimate an S-matrix of the unit cell network using the interaction matrix
of the unit cell network and characteristic impedance values of the unit | )

cells 710
¥
Quantify the antenna system performance metric using the estimated S- |
matrix of the unit cell network 712

Determine an optimal configuration of the signal transduction system for

the system performance metric from responses of the signal transduction 714

system to variable impedances using the interaction matrix of the unit cell] ™
network




WO 2020/028523 PCT/US2019/044402

i
813
7N 7N
/ o) \ / o \
! I =
1\ [oe! / \ o0
\ / \, /
AN /
~— e
P \\\ 7T
/ N / \
{ [o \ / \
t = J { =
! %) J 4 & /
\\ / 5 /
- N
°
(L
TN TN
// O \\yy /// O \\
) } | [
| o / \ o0 /
A / \ /
\\\ /,/'/ h \\\,/‘/
T N
/ \\ // \\
{ = \ / < \
| I 1 3 |
\ o / \ <] /
N S/ N /



WO 2020/028523 PCT/US2019/044402

913
P
e AN
// = \
[g
| b i
N
o
s
e //
// AN
/ o] 1
| DE |
\ & /
\ /
N A
— \
\\\\
an 7T N
1 / o
@@ \ j] |
\ b )
e \ //
© T
e
heesesey 7
e ~
] T
/ (] \\
| C‘;E |
\ ]
N P /\
_ ~
.
N
\\\ b
>N
r/ o \\
= N
\\ m /
. S



PCT/US2019/044402

WO 2020/028523

10/13

(@08 1 008 |
N, / . /
S X
\\ /
/ N
J N
\iIII\J/// 4 \\)}/ \\v\ /,// \\\\ y//,,
m/ 008 - TO% | TR { 08 )
- S S WS N
\\ — /\/// \\ /\ o //
; .

\\ // \\ //
L N L N
Pr—— / ! \III...// ! \.l!.l...// \\.!.I.i...//
508 ) | 508 | 008 | 08 )

\,\ N S o \\.\ "/
T / \J - — / \71\
\ / \ /
\ \\ // \\
N / N 7
P e b e
/ ,,,/ \\ ﬁ,,/ \\i......// \\.II.E//
| 508 —— 0% | 008 . 008 )
N NS N S

D8 DId



PCT/US2019/044402

WO 2020/028523

11/13

006 ™

6 DId




WO 2020/028523

12113

PCT/US2019/044402

o 1000

FIG. 10

Identify a preliminary structure of a signal transduction system including
an arrangemwent of unit cells having one or more adjustable parameters
that are adjustable to enable one or more adjustable impedance values of
the unit cells

S

1002

l

Identify a performance metric for the signal transduction system

1004

e

4

Determine an optimal configuration of the signal transduction system for
the performance metric

1006

~

¥

Identify global Hmits for the performance metric

,//N

—1008

¥

Accept the preliminary structure and the optimal configuration of the
signal transduction system based on the global limits for the performance
metric and desirable threshold perforraance metrics of the signal
transduction system

TIOIQ




PCT/US2019/044402

WO 2020/028523

13/13

|
i T | [ — Bl [ |
i fl , i | I |
! i # | | ,, &
! a | I
| 1. |
! B | ) /
i [
{ |
|
“ M [ ] W W
! W m
. |
i
{ ! o |
i I _ o I
! i | o d , \ / 4 : \
;U701 MJ%‘ — i MJ,N | A -0 E— LI
“ - L -
|

001y ——

pead




INTERNATIONAL SEARCH REPORT International application No.
PCT/US2019/044402

A. CLASSIFICATION OF SUBJECT MATTER
HO3H 7/38(2006.01)i, HO3H 7/46(2006.01)i, HO4B 17/11(2014.01)i, HO3H 3/00(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC
B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
HO3H 7/38;, HO1Q 1/38; HO1Q 1/48; HO1Q 13/08; HO1Q 15/00; HO1Q 21/00; HO1Q 3/44; HO1Q 5/15; HO1Q 9/04; HO3H 7/46; HO4B
1/04;, HO4B 17/11; HO3H 3/00

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models

Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & Keywords: metamaterial, cell, antenna, matrix, adjustable, impedance

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2017-0214379 A1 (SAMSUNG ELECTRONICS CO, LID.) 27 July 2017 1-4,14-17
See paragraphs [0002], [0030], [0054], [0078]; and claim 1.
Y 5-13,18-26
Y US 8780003 B2 (NICOLAOS G. ALEXOPOULOS et al.) 15 July 2014 5-8,18-21

See column 33, lines 55-57; column 42, lines 21-26.

Y US 2018-0006374 A1 (AT&T INTELLECTUAL PROPERTY I, L.P.) 04 January 2018 9-13,22-26
See paragraphs [0046]-[0048], [0052]; and figure 4.

A KR 10-2009-0014279 A (RAYSPAN CORPORATION) 09 February 2009 1-26
See paragraphs [0055]-[0056]; claim 34; and figures 2-11.

A KR 10-2012-0095401 A (TYCO ELECTRONICS SERVICES GMBH) 28 August 2012 1-26
See paragraphs [0023]-[0024]; claim 1; and figures 4a—4c.

|:| Further documents are listed in the continuation of Box C. See patent family annex.

* Special categories of cited documents: "T" later document published after the international filing date or priority

"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention

"D" document cited by the applicant in the international application "X" document of particular relevance; the claimed invention cannot be

"E" eartlier application or patent but published on or after the international considered novel or cannot be considered to involve an inventive
filing date step when the document is taken alone

"L"  document which may throw doubts on priority claim(s) or which is "Y" document of particular relevance; the claimed invention cannot be
cited to establish the publication date of another citation or other considered to involve an inventive step when the document is
special reason (as specified) combined with one or more other such documents,such combination

"O" document referring to an oral disclosure, use, exhibition or other means

being obvious to a person skilled in the art

"P"  document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed
Date of the actual completion of the international search Date of mailing of the international search report
18 November 2019 (18.11.2019) 18 November 2019 (18.11.2019)
Name and mailing address of the [SA/KR Authorized officer

International Application Division
Korean Intellectual Property Office KIM, Sung Hoon
189 Cheongsa-ro, Seo-gu, Daejeon, 35208, Republic of Korea

Facsimile No. +82-42-481-8578 Telephone No. +82-42-481-8710 \\m

Form PCT/ISA/210 (second sheet) (July 2019)




INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/US2019/044402
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2017-0214379 Al 27/07/2017 EP 2929626 Bl 26/06/2019
FR 2996067 Bl 16/09/2016
FR 3020182 Bl 27/04/2018
US 9621132 B2 11/04/2017
WO 2014-049475 A2 03/04/2014
US 8780003 B2 15/07/2014 CA 2836712 Al 14/06/2014
CN 102255119 B 19/03/2014
CN 103326107 B 10/08/2016
EP 2375497 Bl 21/12/2016
EP 2642594 B1 05/09/2018
HK 1164552 Al 08/08/2014
KR 10-1448053 Bl 07/10/2014
KR 10-1502608 Bl 13/03/2015
TW 1520438 B 01/02/2016
TW 1525902 B 11/03/2016
US 10062969 B2 28/08/2018
US 2013-0194159 Al 01/08/2013
US 2016-0134022 Al 12/05/2016
US 9147933 B2 29/09/2015
US 9190738 B2 17/11/2015
US 9257752 B2 09/02/2016
US 2018-0006374 Al 04/01/2018 EP 2491616 Bl 25/11/2015
JP 2013-509097 A 07/03/2013
JP 5bb4841 B2 23/07/2014
KR 10-1698331 Bl 20/01/2017
US 10008774 B2 26/06/2018
US 10256539 B2 09/04/2019
US 2017-0025755 Al 26/01/2017
US 2018-0301809 Al 18/10/2018
WO 2011-050024 Al 28/04/2011
KR 10-2009-0014279 A 09/02/2009 CN 103441339 B 13/01/2016
EP 2022134 B1 18/01/2017
EP 2070157 Bl 25/10/2017
JP 4918594 B2 18/04/2012
JP 5344772 B2 20/11/2013
KR 10-1119228 Bl 21/03/2012
KR 10-2010-0051136 A 14/05/2010
TW 1449257 B 11/08/2014
US 2010-0238081 Al 23/09/2010
US 2011-0039501 Al 17/02/2011
US 8604982 B2 10/12/2013
US 8810455 B2 19/08/2014
WO 2007-127955 A2 08/11/2007
WO 2008-024993 A2 28/02/2008
KR 10-2012-0095401 A 28/08/2012 CN 102044738 B 14/01/2015

Form PCT/ISA/210 (patent family annex) (July 2019)




INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/US2019/044402
Patent document Publication Patent family Publication
cited in search report date member(s) date
EP 2491614 Al 29/08/2012
KR 10-1416080 Bl 07/07/2014
US 2011-0095964 Al 28/04/2011
US 2011-0273348 Al 10/11/2011
US 8698700 B2 15/04/2014
US 8704730 B2 22/04/2014
WO 2011-049584 Al 28/04/2011

Form PCT/ISA/210 (patent family annex) (July 2019)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - description
	Page 59 - description
	Page 60 - description
	Page 61 - description
	Page 62 - description
	Page 63 - description
	Page 64 - description
	Page 65 - description
	Page 66 - description
	Page 67 - description
	Page 68 - description
	Page 69 - description
	Page 70 - description
	Page 71 - description
	Page 72 - description
	Page 73 - description
	Page 74 - description
	Page 75 - description
	Page 76 - description
	Page 77 - description
	Page 78 - description
	Page 79 - description
	Page 80 - description
	Page 81 - description
	Page 82 - claims
	Page 83 - claims
	Page 84 - claims
	Page 85 - claims
	Page 86 - drawings
	Page 87 - drawings
	Page 88 - drawings
	Page 89 - drawings
	Page 90 - drawings
	Page 91 - drawings
	Page 92 - drawings
	Page 93 - drawings
	Page 94 - drawings
	Page 95 - drawings
	Page 96 - drawings
	Page 97 - drawings
	Page 98 - drawings
	Page 99 - wo-search-report
	Page 100 - wo-search-report
	Page 101 - wo-search-report

