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(57) ABSTRACT

Disclosed are antenna systems and related methods. An
antenna system includes one or more feeds configured to
receive an electromagnetic (EM) signal and propagate the
EM signal as an EM reference wave. The antenna system
also includes a plurality of tunable EM scattering elements
spaced at sub-wavelength distances, and a controller oper-
ably coupled to the plurality of tunable EM scattering
elements. A method includes operating the plurality of
tunable EM scattering elements in at least two different
operational states to selectively scatter the EM reference
wave as a radiated wave, and modulating the radiated wave
over time to deliver a plurality of different information

Int. CI. streams to a plurality of different far-end locations by
Ho1Q 9/04 (2006.01) modulating the plurality of tunable EM scattering elements
HO04B 7/0452 (2006.01) between the plurality of different operational states over
HO0IQ 1/52 (2006.01) time.
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RECEIVING AND PROPAGATING AN EM SIGNAL AS AN EM
REFERENCE WAVE
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MASSIVELY MULTI-USER MIMO USING
SPACE TIME HOLOGRAPHY

[0001] If an Application Data Sheet (ADS) has been filed
on the filing date of this application, it is incorporated by
reference herein. Any applications claimed on the ADS for
priority under 35 U.S.C. §§119, 120, 121, or 365(c), and any
and all parent, grandparent, great-grandparent, etc. applica-
tions of such applications, are also incorporated by refer-
ence, including any priority claims made in those applica-
tions and any material incorporated by reference, to the
extent such subject matter is not inconsistent herewith.

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0002] The present application claims the benefit of the
earliest available effective filing date(s) from the following
listed application(s) (the “Priority Applications”), if any,
listed below (e.g., claims earliest available priority dates for
other than provisional patent applications or claims benefits
under 35 USC §119(e) for provisional patent applications,
for any and all parent, grandparent, great-grandparent, etc.
applications of the Priority Application(s)).

PRIORITY APPLICATIONS

[0003] This application claims priority to U.S. Provisional
Patent Application No. 62/357,754 to Eric J. Black et al.,
titled MASSIVELY MULTI-USER MIMO USING SPACE-
TIME HOLOGRAPHY, and filed Jul. 1, 2016, the entire
disclosure of which is hereby incorporated herein by this
reference.

[0004] If the listings of applications provided above are
inconsistent with the listings provided via an ADS, it is the
intent of the Applicant to claim priority to each application
that appears in the Domestic Benefit/National Stage Infor-
mation section of the ADS and to each application that
appears in the Priority Applications section of this applica-
tion.

[0005] All subject matter of the Priority Applications and
of any and all applications related to the Priority Applica-
tions by priority claims (directly or indirectly), including
any priority claims made and subject matter incorporated by
reference therein as of the filing date of the instant applica-
tion, is incorporated herein by reference to the extent such
subject matter is not inconsistent herewith.

BRIEF DESCRIPTION OF THE FIGURES

[0006] FIG. 1 is a simplified block diagram of an antenna
system.
[0007] FIG. 2 is a simplified flowchart illustrating a

method of operating the antenna system of FIG. 1.

[0008] FIG. 3 is a simplified block diagram of a controller
of the antenna system of FIG. 1.

DETAILED DESCRIPTION

[0009] In the following detailed description, reference is
made to the accompanying drawings, which form a part
hereof. In the drawings, similar symbols typically identify
similar components, unless context dictates otherwise. The
illustrative embodiments described in the detailed descrip-
tion, drawings, and claims are not meant to be limiting.
Other embodiments may be utilized, and other changes may
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be made, without departing from the spirit or scope of the
subject matter presented herein.

[0010] Embodiments of the disclosure include antenna
systems and related methods for generating modulated sig-
nals by modulating electromagnetic (EM) scattering ele-
ments rather than by modulating EM signals fed to the EM
scattering elements.

[0011] Various features disclosed herein may be applied
alone or in combination with others of the features disclosed
herein. These features are too numerous to explicitly indi-
cate herein each and every other one of the features that may
be combined therewith. Therefore, any feature disclosed
herein that is practicable, in the view of one of ordinary skill,
to combine with any other one or more others of the features
disclosed herein, is contemplated herein to be combined. A
non-exhaustive list of some of these disclosed features that
may be combined with others of the disclosed features
follows.

[0012] For example, in some embodiments, an antenna
system comprises: one or more feeds configured to receive
an electromagnetic (EM) signal and propagate the EM signal
as an EM reference wave; a plurality of tunable EM scat-
tering elements spaced at sub-wavelength distances, the
plurality of tunable EM scattering elements configured to
operate in at least two different operational states to selec-
tively scatter the EM reference wave as a radiated wave; and
control circuitry comprising a controller operably coupled to
the plurality of tunable EM scattering elements and pro-
grammed to modulate the radiated wave over time to deliver
a plurality of different information streams to a plurality of
different far-end locations by modulating the plurality of
tunable EM scattering elements between the plurality of
different operational states over time.

[0013] Insome embodiments, an antenna system includes
one or more feeds configured to receive a monochromatic
continuous wave EM signal.

[0014] In some embodiments, an antenna system includes
one or more feeds configured to receive a modulated EM
signal.

[0015] In some embodiments, an antenna system includes

a controller programmed to control tunable EM scattering
elements through control lines.

[0016] Insome embodiments, an antenna system includes
a controller programmed to control each of the tunable EM
scattering elements individually through a separate control
line.

[0017] Insome embodiments, an antenna system includes
a controller programmed to control each of tunable EM
scattering elements individually through a combination of
signals from at least two separate control lines.

[0018] In some embodiments, an antenna system includes
control lines, wherein each of the control lines is isolated
and decoupled from each of the other control lines.

[0019] In some embodiments, an antenna system includes
aplurality of high frequency EM transmission lines operably
coupling a controller to a plurality of tunable EM scattering
elements, wherein the plurality of high-frequency EM trans-
mission lines is configured to transmit EM waves having a
frequency of at least about twice a frequency of a reference
wave.

[0020] In some embodiments, an antenna system includes
a plurality of high-frequency EM transmission lines includ-
ing a plurality of optical transmission lines, and a plurality
of tunable EM scattering elements including a plurality of
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optically tunable EM scattering elements tunable by optical
signals transmitted through the plurality of optical transmis-
sion lines.

[0021] In some embodiments, an antenna system includes
a plurality of optical transmission lines including a plurality
of optical fibers.

[0022] In some embodiments, an antenna system includes
a plurality of optically tunable EM scattering elements
comprising a plurality of photodiodes.

[0023] In some embodiments, an antenna system includes
a plurality of optically tunable EM scattering elements
comprising a plurality of phototransistors.

[0024] In some embodiments, an antenna system includes
a plurality of optically tunable EM scattering elements
comprising a plurality of photoconductive or photoresistive
elements.

[0025] In some embodiments, an antenna system includes
a plurality of optically tunable EM scattering elements
comprising a plurality of phase-change elements configured
to change phase responsive to heat deposition of optical
radiation.

[0026] In some embodiments, an antenna system includes
a controller programmed to modulate a plurality of optically
tunable EM scattering elements at a frequency of at least
about one (1) gigahertz.

[0027] In some embodiments, an antenna system includes
a controller programmed to modulate a plurality of optically
tunable EM scattering elements at a time scale that is longer
than a time that it takes for a radiated wave to travel from the
plurality of optically tunable EM scattering elements to a
plurality of different far-end locations.

[0028] In some embodiments, an antenna system includes
a controller programmed to modulate a plurality of optically
tunable EM scattering elements as a temporal series of
modulation patterns, wherein each modulation pattern of the
series is determined by solving a time invariant holographic
projection manifold function.

[0029] In some embodiments, an antenna system includes
a controller programmed to solve a time invariant holo-
graphic projection manifold function using a Green’s func-
tion.

[0030] In some embodiments disclosed is an antenna
system including a controller programmed to modulate a
plurality of optically tunable EM scattering elements at a
time scale that is shorter than a time that it takes for a
radiated wave to travel from a plurality of optically tunable
EM scattering elements to a plurality of different far-end
locations.

[0031] In some embodiments, disclosed is an antenna
system, wherein a controller is programmed to modulate a
plurality of optically tunable EM scattering elements as a
series of modulation patterns, wherein at least a portion of
the modulation patterns of the series is determined by
solving a time variant holographic projection manifold func-
tion.

[0032] In some embodiments, an antenna system includes
a controller programmed to solve a time variant holographic
projection manifold function using a retarded Green’s func-
tion.

[0033] Insome embodiments, two or more different opera-
tional states of a plurality of optically tunable EM scattering
elements of an antenna system comprise more than two
operational states.
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[0034] In some embodiments, an antenna system includes
a controller programmed to transition the antenna system
between different holograms gradually.

[0035] In some embodiments, an antenna system includes
a controller programmed to transition between different
holograms by smoothing control signals delivered to a
plurality of optically tunable EM scattering elements with
smoothed Heaviside functions.

[0036] In some embodiments, an antenna system includes
a controller programmed to transition between different
holograms by smoothing control signals delivered to a
plurality of optically tunable EM scattering elements with
piecewise-trigonometric functions.

[0037] Insome embodiments, an antenna system includes
a controller programmed to transition between different
holograms by smoothing control signals delivered to a
plurality of optically tunable EM scattering elements with
spline polynomial functions.

[0038] In some embodiments, an antenna system includes
a controller programmed to modulate a radiated wave over
time to deliver a plurality of different frequency modulated
information streams to a plurality of different far-end loca-
tions.

[0039] In some embodiments, an antenna system includes
a controller programmed to modulate a radiated wave over
time to deliver a plurality of different amplitude modulated
information streams to a plurality of different far-end loca-
tions.

[0040] In some embodiments, an antenna system includes
a controller programmed to modulate a radiated wave over
time to deliver a plurality of different phase modulated
information streams to a plurality of different far-end loca-
tions.

[0041] In some embodiments, an antenna system includes
a controller programmed to modulate a radiated wave over
time to deliver a plurality of different quadrature amplitude
modulated (QAM) data streams to a plurality of different
far-end locations.

[0042] In some embodiments, an antenna system includes
a controller programmed to modulate a radiated wave over
time to deliver a plurality of different analog modulated
information streams to a plurality of different far-end loca-
tions.

[0043] In some embodiments, an antenna system includes
a controller programmed to modulate a radiated wave over
time to deliver a plurality of different digital modulated data
streams to a plurality of different far-end locations.

[0044] In some embodiments, an antenna system includes
a controller programmed to modulate a radiated wave over
time to deliver a plurality of different spread-spectrum
modulated data streams to a plurality of different far-end
locations.

[0045] In some embodiments, an antenna system includes
a waveguide and a plurality of optically tunable EM scat-
tering elements, which together comprise a metamaterial.
[0046] In some embodiments, at least some far-end loca-
tions of an antenna system coincide with EM receivers.
[0047] Insome embodiments, at least two EM receivers of
an antenna system comprise multiple input, multiple output
(MIMO) receiver devices.

[0048] In some embodiments, at least two groups of at
least two EM receivers of an antenna system comprise
MIMO receiver devices.
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[0049] In some embodiments, at least two EM receivers of
an antenna system belong to two physically separate
receiver devices.

[0050] In some embodiments, at least two groups of EM
receivers of an antenna system, each having at least two
receivers, belong to two physically separate receiver
devices.

[0051] In some embodiments, an antenna system com-
prises a plurality of acoustic transmission lines operably
coupling a controller to a plurality of tunable EM scattering
elements, and the plurality of tunable EM scattering ele-
ments includes a plurality of acoustically tunable EM scat-
tering eclements tunable by acoustic signals transmitted
through the plurality of acoustic transmission lines.

[0052] In some embodiments, a plurality of acoustically
tunable EM scattering elements of an antenna system
includes piezoelectric elements.

[0053] In some embodiments, a plurality of acoustically
tunable EM scattering elements of an antenna system
includes magnetostrictive elements.

[0054] In some embodiments, a plurality of acoustically
tunable EM scattering elements of an antenna system
includes microelectromechanical (MEM) elements.

[0055] In some embodiments, an antenna system includes
a controller programmed to modulate a plurality of acous-
tically tunable EM scattering elements at a frequency of at
least about one (1) gigahertz.

[0056] In some embodiments, an antenna system includes
a controller programmed to modulate a plurality of acous-
tically tunable EM scattering elements at a time scale that is
longer than a time that it takes for a radiated wave to travel
from the plurality of acoustically tunable EM scattering
elements to a plurality of different far-end locations.
[0057] In some embodiments, an antenna system includes
a controller programmed to modulate a plurality of acous-
tically tunable EM scattering elements as a temporal series
of modulation patterns, wherein each modulation pattern of
the series is determined by solving a time invariant holo-
graphic projection manifold function.

[0058] In some embodiments, an antenna system includes
a controller programmed to solve a time invariant holo-
graphic projection manifold functions using a Green’s func-
tion.

[0059] In some embodiments, an antenna system includes
a controller programmed to modulate a plurality of acous-
tically tunable EM scattering elements at a time scale that is
shorter than a time that it takes for a radiated wave to travel
from the plurality of acoustically tunable EM scattering
elements to a plurality of different far-end locations.
[0060] In some embodiments, an antenna system includes
a controller programmed to modulate a plurality of acous-
tically tunable EM scattering elements as a series of modu-
lation patterns, wherein at least a portion of the modulation
patterns of the series is determined by solving a time variant
holographic projection manifold function.

[0061] In some embodiments, an antenna system includes
a controller programmed to solve a time variant holographic
projection manifold function using a retarded Green’s func-
tion.

[0062] Insome embodiments, two or more different opera-
tional states of each of a plurality of acoustically tunable EM
scattering elements of an antenna system comprises more
than two operational states.
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[0063] Insome embodiments, an antenna system includes
a controller programmed to transition the antenna system
between different holograms gradually.

[0064] In some embodiments, an antenna system includes
a controller programmed to transition between different
holograms by smoothing control signals delivered to a
plurality of acoustically tunable EM scattering elements
with smoothed Heaviside functions.

[0065] In some embodiments, an antenna system includes
a controller programmed to transition between different
holograms by smoothing control signals delivered to a
plurality of acoustically tunable EM scattering elements
with piecewise-trigonometric functions.

[0066] In some embodiments, an antenna system includes
a controller programmed to transition between different
holograms by smoothing control signals delivered to a
plurality of acoustically tunable EM scattering elements
with spline polynomial functions.

[0067] Insome embodiments, an antenna system includes
a controller programmed to modulate a radiated wave over
time to deliver a plurality of different frequency modulated
information streams to a plurality of different far-end loca-
tions.

[0068] In some embodiments, an antenna system includes
a controller programmed to modulate a radiated wave over
time to deliver a plurality of different amplitude modulated
information streams to a plurality of different far-end loca-
tions.

[0069] In some embodiments, an antenna system includes
a controller programmed to modulate a radiated wave over
time to deliver a plurality of different phase modulated
information streams to a plurality of different far-end loca-
tions.

[0070] In some embodiments, an antenna system includes
a controller programmed to modulate a radiated wave over
time to deliver a plurality of different quadrature amplitude
modulated (QAM) data streams to the plurality of different
far-end locations.

[0071] In some embodiments, an antenna system includes
a controller programmed to modulate a radiated wave over
time to deliver a plurality of different analog modulated
information streams to the plurality of different far-end
locations.

[0072] In some embodiments, an antenna system includes
a controller programmed to modulate a radiated wave over
time to deliver a plurality of different digital modulated data
streams to the plurality of different far-end locations.
[0073] Insome embodiments, an antenna system includes
a controller programmed to modulate a radiated wave over
time to deliver a plurality of different spread-spectrum
modulated data streams to a plurality of different far-end
locations.

[0074] In some embodiments, an antenna system includes
a waveguide and a plurality of acoustically tunable EM
scattering elements, which together comprise a metamate-
rial.

[0075] In some embodiments, at least some far-end loca-
tions of an antenna system coincide with EM receivers.
[0076] In some embodiments, an antenna system includes
at least two EM receivers comprising multiple input, mul-
tiple output (MIMO) receiver devices.

[0077] In some embodiments, at least two groups of at
least two EM receivers of an antenna system comprise
MIMO receiver devices.
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[0078] In some embodiments, at least two EM receivers of
an antenna system belong to two physically separate
receiver devices.

[0079] In some embodiments, at least two groups of EM
receivers each having at least two receivers of an antenna
system belong to two physically separate receiver devices.

[0080] In some embodiments, a method of operating an
antenna system comprises: receiving and propagating an
electromagnetic (EM) signal as an EM reference wave with
one or more feeds; operating a plurality of tunable EM
scattering elements spaced at sub-wavelength distances in at
least two different operational states to selectively scatter the
EM reference wave as a radiated wave; and modulating the
radiated wave over time to deliver a plurality of different
information streams to a plurality of different far-end loca-
tions by modulating the plurality of tunable EM scattering
elements between the plurality of different operational states
over time.

[0081] In some embodiments, receiving and propagating
an EM signal comprises receiving and propagating a mono-
chromatic continuous wave EM signal.

[0082] In some embodiments, receiving and propagating
an EM signal comprises receiving and propagating a modu-
lated EM signal.

[0083] In some embodiments, operating a plurality of
tunable EM scattering elements comprises controlling the
tunable EM scattering elements through control lines.

[0084] In some embodiments, modulating a plurality of
tunable EM scattering elements comprises controlling each
of the tunable EM scattering elements individually through
a separate control line.

[0085] In some embodiments, operating a plurality of
tunable EM scattering elements comprises controlling each
of the tunable EM scattering elements individually through
a combination of signals from at least two separate control
lines.

[0086] In some embodiments, modulating a plurality of
tunable EM scattering elements comprises controlling the
tunable EM scattering elements through control lines iso-
lated and decoupled from each of the others of the control
lines.

[0087] In some embodiments, controlling a plurality of
tunable EM scattering elements through the control lines
comprises controlling the plurality of tunable EM scattering
elements using a plurality of high frequency EM transmis-
sion lines, and using the plurality of high-frequency EM
transmission lines to transmit EM waves having a frequency
of at least about twice a frequency of the reference wave.

[0088] In some embodiments, controlling a plurality of
tunable EM scattering elements using a plurality of high
frequency EM transmission lines includes controlling the
plurality of tunable EM scattering elements using a plurality
of optical transmission lines, and wherein the plurality of
tunable EM scattering elements includes a plurality of
optically tunable EM scattering elements tunable by optical
signals transmitted through the plurality of optical transmis-
sion lines.

[0089] In some embodiments, controlling a plurality of
optically tunable EM scattering elements using a plurality of
optical transmission lines comprises controlling the plurality
of optically tunable EM scattering elements using a plurality
of optical fibers.
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[0090] In some embodiments, controlling a plurality of
optically tunable EM scattering elements comprises control-
ling a plurality of photodiodes.

[0091] In some embodiments, controlling a plurality of
optically tunable EM scattering elements comprises control-
ling a plurality of phototransistors.

[0092] In some embodiments, controlling a plurality of
optically tunable EM scattering elements comprises control-
ling a plurality of photoconductive or photoresistive ele-
ments.

[0093] In some embodiments, controlling a plurality of
optically tunable EM scattering elements comprises control-
ling a plurality of phase-change elements configured to
change state responsive to heat deposition of optical radia-
tion.

[0094] In some embodiments, controlling a plurality of
optically tunable EM scattering elements comprises modu-
lating the plurality of optically tunable EM scattering ele-
ments at a frequency of at least about one (1) gigahertz.
[0095] In some embodiments, controlling a plurality of
optically tunable EM scattering elements comprises modu-
lating the plurality of optically tunable EM scattering ele-
ments at a time scale that is longer than a time that it takes
for a radiated wave to travel from the plurality of optically
tunable EM scattering elements to a plurality of different
far-end locations.

[0096] In some embodiments, modulating a plurality of
optically tunable EM scattering elements comprises modu-
lating the plurality of optically tunable EM scattering ele-
ments as a temporal series of modulation patterns, wherein
each modulation pattern of the series is determined by
solving a time invariant holographic projection manifold
function.

[0097] In some embodiments, solving a time invariant
holographic projection manifold function comprises solving
the time invariant holographic projection manifold functions
using a Green’s function.

[0098] In some embodiments, controlling a plurality of
optically tunable EM scattering elements comprises modu-
lating the plurality of optically tunable EM scattering ele-
ments at a time scale that is shorter than a time that it takes
for a radiated wave to travel from the plurality of optically
tunable EM scattering elements to a plurality of different
far-end locations.

[0099] In some embodiments, modulating a plurality of
optically tunable EM scattering elements comprises modu-
lating the plurality of optically tunable EM scattering ele-
ments as a series of modulation patterns, wherein at least a
portion of the modulation patterns of the series is determined
by solving a time variant holographic projection manifold
function.

[0100] In some embodiments, modulating a plurality of
optically tunable EM scattering elements as a series of
modulation patterns comprises solving a time variant holo-
graphic projection manifold function using a retarded
Green’s function.

[0101] In some embodiments, operating a plurality of
tunable EM scattering elements in at least two different
operational states comprises operating the plurality of tun-
able EM scattering elements in more than two operational
states.

[0102] In some embodiments, a method comprises transi-
tioning an antenna system between different holograms
gradually.
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[0103] In some embodiments, transitioning an antenna
system between different holograms gradually comprises
transitioning between the different holograms by smoothing
control signals delivered to a plurality of optically tunable
EM scattering elements with smoothed Heaviside functions.
[0104] In some embodiments, transitioning an antenna
system between different holograms gradually comprises
transitioning between the different holograms by smoothing
control signals delivered to a plurality of optically tunable
EM scattering elements with piecewise-trigonometric func-
tions.

[0105] In some embodiments, transitioning an antenna
system between different holograms gradually comprises
transitioning between the different holograms by smoothing
control signals delivered to a plurality of optically tunable
EM scattering elements with spline polynomial functions.
[0106] In some embodiments, controlling a plurality of
optically tunable EM scattering elements comprises modu-
lating a radiated wave over time to deliver a plurality of
different frequency modulated information streams to a
plurality of different far end locations.

[0107] In some embodiments, controlling a plurality of
optically tunable EM scattering elements comprises modu-
lating a radiated wave over time to deliver a plurality of
different amplitude modulated information streams to a
plurality of different far end locations.

[0108] In some embodiments, controlling a plurality of
optically tunable EM scattering elements comprises modu-
lating a radiated wave over time to deliver a plurality of
different phase modulated information streams to a plurality
of different far-end locations.

[0109] In some embodiments, controlling a plurality of
optically tunable EM scattering elements comprises modu-
lating a radiated wave over time to deliver a plurality of
different quadrature amplitude modulated (QAM) data
streams to a plurality of different far end locations.

[0110] In some embodiments, controlling a plurality of
optically tunable EM scattering elements comprises modu-
lating a radiated wave over time to deliver a plurality of
different analog modulated information streams to a plural-
ity of different far end locations.

[0111] In some embodiments, controlling a plurality of
optically tunable EM scattering elements comprises modu-
lating a radiated wave over time to deliver a plurality of
different digital modulated data streams to a plurality of
different far end locations.

[0112] In some embodiments, controlling a plurality of
optically tunable EM scattering elements comprises modu-
lating a radiated wave over time to deliver a plurality of
different spread-spectrum modulated data streams to a plu-
rality of different far end locations.

[0113] In some embodiments, propagating an electromag-
netic (EM) signal as an EM reference wave comprises
propagating the EM signal using a metamaterial comprising
a waveguide and a plurality of optically tunable EM scat-
tering elements.

[0114] In some embodiments, delivering a plurality of
different information streams to a plurality of different
far-end locations comprises delivering the plurality of dif-
ferent information streams to at least some of far-end
locations coinciding with EM receivers.

[0115] In some embodiments, at least two of EM receivers
include multiple input, multiple output (MIMO) devices.
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[0116] In some embodiments, delivering a plurality of
different information streams to at least some of far-end
locations coinciding with EM receivers comprises deliver-
ing the plurality of different information streams to at least
two groups of at least two EM receivers comprising MIMO
receiver devices.

[0117] In some embodiments, delivering a plurality of
different information streams to at least some of far-end
locations coinciding with EM receivers comprises deliver-
ing the plurality of different information streams to at least
two EM receivers belonging to two physically separate
receiver devices.

[0118] In some embodiments, delivering a plurality of
different information streams to at least some of far-end
locations coinciding with EM receivers comprises deliver-
ing the plurality of different information streams to at least
two groups of EM receivers, each having at least two
receivers belonging to two physically separate receiver
devices.

[0119] In some embodiments, controlling a plurality of
tunable EM scattering elements with control lines includes
controlling the tunable EM scattering elements using a
plurality of acoustic transmission lines, and wherein the
plurality of tunable EM scattering elements includes a
plurality of acoustically tunable EM scattering elements
tunable by acoustic signals transmitted through the plurality
of acoustic transmission lines.

[0120] In some embodiments, controlling a plurality of
acoustically tunable EM scattering elements comprises con-
trolling a plurality of piezoelectric elements.

[0121] In some embodiments, controlling a plurality of
acoustically tunable EM scattering elements comprises con-
trolling magnetostrictive elements.

[0122] In some embodiments, controlling a plurality of
acoustically tunable EM scattering elements comprises con-
trolling microelectromechanical (MEM) elements.

[0123] In some embodiments, controlling a plurality of
acoustically tunable EM scattering elements comprises
modulating the plurality of acoustically tunable EM scatter-
ing elements at a frequency of at least about one (1)
gigahertz.

[0124] In some embodiments, controlling a plurality of
acoustically tunable EM scattering elements comprises
modulating the plurality of acoustically tunable EM scatter-
ing elements at a time scale that is longer than a time that it
takes for a radiated wave to travel from the plurality of
acoustically tunable EM scattering elements to a plurality of
different far-end locations.

[0125] In some embodiments, modulating a plurality of
acoustically tunable EM scattering elements comprises
modulating the plurality of acoustically tunable EM scatter-
ing elements as a temporal series of modulation patterns,
wherein each modulation pattern of the series is determined
by solving a time invariant holographic projection manifold
function.

[0126] In some embodiments, solving a time invariant
holographic projection manifold function comprises solving
the time invariant holographic projection manifold functions
using a Green’s function.

[0127] In some embodiments, controlling a plurality of
acoustically tunable EM scattering elements comprises
modulating the plurality of acoustically tunable EM scatter-
ing elements at a time scale that is shorter than a time that
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it takes for a radiated wave to travel from the plurality of
acoustically tunable EM scattering elements to a plurality of
different far-end locations.

[0128] In some embodiments, modulating a plurality of
acoustically tunable EM scattering elements comprises
modulating the plurality of acoustically tunable EM scatter-
ing elements as a series of modulation patterns, wherein at
least a portion of the modulation patterns of the series is
determined by solving a time variant holographic projection
manifold function.

[0129] In some embodiments, modulating a plurality of
acoustically tunable EM scattering elements as a series of
modulation patterns comprises solving a time variant holo-
graphic projection manifold function using a retarded
Green’s function.

[0130] In some embodiments, operating a plurality of
tunable EM scattering elements in at least two different
operational states comprises operating the plurality of tun-
able EM scattering elements in more than two operational
states.

[0131] In some embodiments, transitioning an antenna
system between different holograms gradually.

[0132] In some embodiments, transitioning an antenna
system between different holograms gradually comprises
transitioning between the different holograms by smoothing
control signals delivered to a plurality of acoustically tun-
able EM scattering elements with smoothed Heaviside func-
tions.

[0133] In some embodiments, transitioning an antenna
system between different holograms gradually comprises
transitioning between the different holograms by smoothing
control signals delivered to a plurality of acoustically tun-
able EM scattering elements with piecewise-trigonometric
functions.

[0134] In some embodiments, transitioning an antenna
system between different holograms gradually comprises
transitioning between the different holograms by smoothing
control signals delivered to a plurality of acoustically tun-
able EM scattering elements with spline polynomial func-
tions.

[0135] In some embodiments, controlling a plurality of
acoustically tunable EM scattering elements comprises
modulating a radiated wave over time to deliver a plurality
of different frequency modulated information streams to a
plurality of different far-end locations.

[0136] In some embodiments, controlling a plurality of
acoustically tunable EM scattering elements comprises
modulating a radiated wave over time to deliver a plurality
of different amplitude modulated information streams to a
plurality of different far-end locations.

[0137] In some embodiments, controlling a plurality of
acoustically tunable EM scattering elements comprises
modulating a radiated wave over time to deliver a plurality
of different phase modulated information streams to a plu-
rality of different far-end locations.

[0138] In some embodiments, controlling a plurality of
acoustically tunable EM scattering elements comprises
modulating a radiated wave over time to deliver a plurality
of different quadrature amplitude modulated (QAM) data
streams to a plurality of different far-end locations.

[0139] In some embodiments, controlling a plurality of
acoustically tunable EM scattering elements comprises
modulating a radiated wave over time to deliver a plurality
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of different analog modulated information streams to a
plurality of different far-end locations.

[0140] In some embodiments, controlling a plurality of
acoustically tunable EM scattering elements comprises
modulating a radiated wave over time to deliver a plurality
of different digital modulated data streams to a plurality of
different far-end locations.

[0141] In some embodiments, controlling a plurality of
acoustically tunable EM scattering elements comprises
modulating a radiated wave over time to deliver a plurality
of different spread-spectrum modulated data streams to a
plurality of different far-end locations.

[0142] In some embodiments, propagating an electromag-
netic (EM) signal as an EM reference wave comprises
propagating the EM signal using a metamaterial comprising
a waveguide and a plurality of acoustically tunable EM
scattering elements.

[0143] In some embodiments, delivering a plurality of
different information streams to a plurality of different
far-end locations comprises delivering the plurality of dif-
ferent information streams to at least some of far-end
locations coinciding with EM receivers.

[0144] In some embodiments, delivering a plurality of
different information streams to at least some of far-end
locations coinciding with EM receivers comprises deliver-
ing the plurality of different information streams to at least
two of the EM receivers comprising multiple input, multiple
output (MIMO) receiver devices.

[0145] In some embodiments, delivering a plurality of
different information streams to at least some of far-end
locations coinciding with EM receivers comprises deliver-
ing the plurality of different information streams to at least
two groups of at least two EM receivers comprising MIMO
receiver devices.

[0146] In some embodiments, delivering a plurality of
different information streams to at least some of far-end
locations coinciding with EM receivers comprises deliver-
ing the plurality of different information streams to at least
two EM receivers belonging to two physically separate
receiver devices.

[0147] In some embodiments, delivering a plurality of
different information streams to at least some of far-end
locations coinciding with EM receivers comprises deliver-
ing the plurality of different information streams to at least
two groups of EM receivers, each having at least two
receivers belonging to two physically separate receiver
devices.

[0148] The disclosure relates to various applications of
adaptive antenna arrays, in particular those based on Meta-
material Surface Scattering Technology (MSA-T). The dis-
closure also relates to other antenna systems, including, for
example, power transmission antenna systems. Any other
systems where transmission, receiving, or a combination
thereof, of EM waves is made may benefit from teachings of
the disclosure.

[0149] In antennas based on Metamaterial Surface
Antenna Technology (MSA-T), coupling between a guided
wave and propagating wave is achieved by modulating an
impedance of a surface in electromagnetic contact with the
guided wave. This controlled surface impedance is referred
to as a “Modulation Pattern.” The guided wave in the
antenna is referred to as a “Reference Wave” or “Reference
Mode,” and a desired free space propagating wave pattern is
referred to as a “Radiated Wave” or “Radiated Mode.”
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[0150] The general method for calculating the modulation
pattern for MSA-T antennas is derived from holographic
principles. In holography, the surface modulation function is
a hologram (1, ;) formed by a beat of the reference wave
(B,.,) and the desired radiated wave (B, ). This relationship
can be expressed compactly as:

EiyEp [
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Equation [1] suggests that the optimal modulation function
depends on the accuracy to which the radiated wave and
reference wave are known.

[0151] MSA-T antennas include arrays of discrete radiat-
ing elements with element spacing less than one wavelength
(e.g., less than one quarter wavelength) at the operating
frequency. Radiation from each radiating element can be
discretely modulated such that a collective effect approxi-
mates a desired modulation pattern.

[0152] As used herein, the term “metamaterials,” include
their bulk (volumetric, multi-layer, 3D) version, and a
single-layer version (sometimes referred to as “metasur-
faces”). Metamaterials can be used as electromagnetic holo-
grams, both in the far field and a radiated near field. As used
herein, the term “holographic projection,” refers to a field
distribution created in a selected plane, surface or volume by
a remote field source and a remote hologram. A holographic
projection can be viewed mathematically as a mapping
between a source pattern and a field distribution observed in
a select manifold (2D or 3D):

{Ehologram('xi) } _){Eobserved('x ’j) } > [2]

where X,€8, /..., are selected points within the hologram
manifold, and x'€€2, .., are selected points within the
observation manifold. The bold face indicates three-dimen-
sional vectors. This can also be written as a holographic
projection functional:

E s erved® =P/ Ehologram('x)]' [3]

[0153] Some scientific literature adopts the notion that a
hologram is of lower dimension than the manifold where the
fields are created, leaving in reality only an option of
projecting from a 2D surface into a 3D volume. In optics,
however, it is widely accepted that holograms can be either
thin (e.g., quasi-2D) or thick (e.g., volumetric), and the
observation manifold can be either in the far-field (e.g., on
a 2D sphere) or on the radiated near field (e.g., 3D). These
latter, more general notions of holographic projections and
holograms are adopted herein.

[0154] As used herein, the term “hologram™ refers to a
scattering and/or radiating medium, such as a metamaterial
(including, by implication, a metasurface), which generates
a holographic projection when properly excited with an
intended field source. A hologram and a field source can be
co-located or even intertwined, or they can be separated by
a distance. Holograms based on tunable and/or active meta-
materials can change as a function of time, based on a
time-dependent actuation of the tunable elements and/or
power sources embedded within such metamaterials. The
same applies to adaptive antenna arrays, a class of radiating
structures that overlaps architecturally and functionally with
tunable/active metamaterials.
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[0155] As used herein, the term “monochromatic” refers
to a single EM frequency. For example, a “monochromatic
signal” refers to an EM signal having a single frequency
(e.g., a simple sinusoidal, continuous wave EM signal).
[0156] Adaptive antenna arrays, as well as tunable/active
metamaterials, derive their response from two distinct
sources: a feed(s) and control lines. Typically, the feed is
either a waveguide or transmission line, or a network of
transmission lines. The feed could also be a plane wave or
another field distribution generated remotely, such as in dish
and other reflector antennas (e.g., adaptive reflect-arrays).
The feed delivers the majority or all of the power radiated by
the adaptive antenna array. The control lines, on the contrary,
typically do not deliver any substantial amount of power.
Rather, the control lines are typically used to modulate the
amount of power and the characteristics of electromagnetic
radiation emitted from the antenna elements. The standard
paradigm in adaptive antenna arrays, including phased
arrays and MSA-T antennas, was to modulate the feed with
frequencies contained in a selected radio frequency (RF) or
microwave band, using the control lines only for beam
pattern modulation on a relatively slow time scale. Under
this approach, any and all receivers of signals from such an
adaptive antenna array receive essentially the same infor-
mation. While this is useful for broadcasting, this technique
is incapable of creating multiple independent communica-
tion channels or information streams, which would be useful
in a multi-user communications system (e.g., multi-user
multiple input, multiple output (MU-MIMO)).

[0157] Disclosed herein are antenna systems and related
methods that use time-dependence of control signals to
generate time-dependent holographic projections, and that
use those holographic projections to conduct wireless trans-
missions of information. In this way, a theoretical maximum
throughput in a bandwidth-constrained and volume-con-
strained multi-user communication system may approach
the theoretical maximum throughput in a bandwidth-con-
strained and volume-constrained multi-user communication
system. In some embodiments, these antenna systems and
methods provide a monochromatic or otherwise fixed-spec-
trum field to the tunable/adaptive radiating elements, and the
control lines perform modulation to insert information into
a wireless signals. In some embodiments, these antenna
systems and methods can be combined with a time-depen-
dent (modulated) feed.

[0158] FIG. 1 is a simplified block diagram of an antenna
system 100 according to some embodiments. The antenna
system 100 includes one or more feeds 110 configured to
receive EM signals 102 (e.g., one or more EM signals 102)
and propagate an EM reference wave 112 to a plurality of
tunable EM scattering elements 120 of the antenna system
100. The plurality of tunable EM scattering elements 120 are
spaced at sub-wavelength distances (e.g., at less than or
equal to about a half wavelength of an operational fre-
quency, at less than or equal to a quarter wavelength of the
operational frequency, etc.). The plurality of tunable EM
scattering elements 120 are configured to operate in at least
two different operational states (e.g., binary and/or grey-
scale) to selectively scatter the EM reference wave as a
radiated wave 122. As used herein, the term “operational
frequency” refers to a fundamental frequency of the radiated
wave in freespace (e.g., through the air).

[0159] The antenna system 100 also includes control cir-
cuitry 130 including a controller 132 operably coupled to the
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plurality of tunable EM scattering elements 120 by a plu-
rality of control lines 134. The controller 132 is programmed
to modulate the radiated wave 122 over time to deliver a
plurality of different information streams to a plurality of
different far-end locations 140 by modulating the plurality of
tunable EM scattering elements 120 between the plurality of
different operational states over time. In other words, an
information stream from the radiated wave 122 received at
some of the different far-end locations 140 may be different
from an information stream from the radiated wave 122
received at others of the different far-end locations. As used
herein, the term “information stream” refers to digital infor-
mation streams (e.g., data streams), analog information
streams, or combinations thereof.

[0160] In some embodiments, the EM signals 102
received by the feeds 110 are unmodulated, monochromatic
signals. Accordingly, the modulation that occurs in the
radiated wave 122 is responsive to the modulations per-
formed on the tunable scattering elements 120 by the
controller 132 through the control lines 134. In some
embodiments, a combination of modulation on the EM
signals 102 and the control lines 134 may be used.

[0161] Insome embodiments, the antenna system 100 may
include an MSA-T antenna system. MSA-T and other adap-
tive antenna array systems enable the generation of field
distributions (i.e., holographic projections) with minimum
deviation from a desired field profile, by virtue of selecting
parameters of radiating elements (e.g., the tunable scattering
elements 120) within their tenability range. Those param-
eters are controlled and enforced by control lines (e.g., the
control lines 134). These techniques enable the creation of a
desired field profile at any given time t:

E opserved® )P [Epotogram®),1=1=Al], [4]

where t is time at a near-end position where the feeds 110
and tunable scattering elements 120 are located, x is position
relative to the near-end location, t' is time seen at one of the
far-end locations 140, x' is position relative to the one of the
far-end locations 140, E_, ..., 1s an observed electric field
at the one of the far-end locations 140, and E is an
electric field at the near-end location.

[0162] Because of finite propagation time, the time t=t'+At
in the left hand side (Lh.s.) of equation 4 is slightly later than
the time t in the right hand side (r.h.s.) of equation 4. This
difference in time is roughly the time of flight At=d/c, where
d is the distance between the hologram and the projection
manifold, and ¢ is the speed of light along that path. This
mapping can be calculated using a Green’s function of
electromagnetic fields. This function is particularly simple
in the Fourier (plane-wave) representation.

[0163] In this fashion, an adaptive antenna array (e.g., the
antenna system 100) used as a wireless transmitter can
simultaneously carry out transmission of a number of dif-
ferent and independent information streams to a number of
independent users (i.e., at different far-end locations 140).
Since each user located at a different point x'; observes
(receives) a different electric field, E,;,,,..(X); 1), the time
dependence of this received electric field can be used to
transmit information using any of variety of known modu-
lation schemes. The number of users, each having an inde-
pendent information stream, can be very large because the
number is limited only by the number of tunable scattering
elements 120 and/or the number of independent control lines
134 coupled to the tunable scattering elements 120. This

hologram
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scheme reduces (e.g., eliminates) inter-symbol or inter-
channel interference issues, since all of these effects are
taken into account as part of the time-dependent hologram
calculation. Consequently, in a bandwidth-limited and vol-
ume-limited multi-user scenario, which is interference lim-
ited, the antenna system 100 enables communication to
approach a highest theoretically possible sum-of-through-
puts.

[0164] For equation [4] to be accurate without further
complications it is assumed that the time of flight is much
shorter than the typical modulation time scale for the holo-
gram (or the symbol duration, in terms of wireless commu-
nications):

Ar<<T,,,. [5]

For example, for a communication distance of 1 kilometer
(km) (a typical scale for macro-cellular communications),
this condition of equation [5] limits the modulation rate to
about 100,000 frames per second, or 100 kilohertz (kHz).
For a communication distance of 10 meters (m) (a typical
scale for indoor router usage scenarios), the above condition
limits modulation rate to 10 MHz. In this low-modulation-
frequency limit, time-dependent holograms can be generated
as a series of frames, where the modulation pattern for each
frame can be computed using the same algorithms that apply
to quasi-static cases.

[0165] In addition, if hardware permits, the transition
between the holograms can be continuous (e.g., greyscale as
opposed to binary). By way of non-limiting example, tran-
sient signals in the control lines 134 can be based, at least in
part, on smoothed Heaviside functions, piecewise-trigono-
metric functions, or spline polynomials.

[0166] For modulation rates exceeding the quasi-static
hologram condition (equation [5]), the holographic projec-
tion equation becomes fully four-dimensional:

E s erved® 1) =P [Epoogram*,1<)]. [6]

Notation of equation [6] implies that the observed fields
depend on the values of E,,;,,.,,(X, ) at all previous times.
Even so, the calculation of the modulation pattern for
creating this time-dependent projection can be readily cal-
culated using the standard retarded Green’s function. The
Liénard-Wiechert potentials are a convenient way to write
the retarded Green’s function in a way that reflects the
physical notion of fields propagating at a constant speed ¢
(about the speed of light) from their various sources to an
observation point.

[0167] For the quasi-static case (equation [5]), methods
for calculating an optimal control signal distribution for
generating a desired hologram in an adaptive antenna array
or MSA-T array (e.g., that of the antenna system 100 of FIG.
1) with non-negligible inter-element interaction generalize,
in a straightforward fashion, to the time-dependent case. For
faster-than-quasistatic modulation, these methods can be
extended by including the time variable as an additional
dimension. In other words, instead of N variable port
impedances, the optimization algorithm must deal with
NxN,,,, port impedance values at times t;, i=1, . . . N ,,.
[0168] It is implicitly assumed above that the control lines
134 are almost perfectly isolated from one another, as well
as from the distributed feed (e.g., from all parts of the
distributed feed). While isolation of the control lines 134 is
relatively simple to achieve at frame rates in the kHz to a few
MHz range, at a sufficiently high modulation frequency
mutual coupling between the control lines 134 becomes an
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issue. These issues become relatively difficult to deal with at
modulation rates in the GHz range or above, limiting the
usability of conventional control line architectures to band-
widths of about 100 MHz. Consequently, data rates may cap
out at roughly about 100 Mbit/s for mutually coupled control
lines 134.

[0169] While systems with data rates at or below 100
Mbit/s are useful, there is demand for systems, such as the
antenna system 100 of FIG. 1, that are capable of operating
in the Gbit/s data rate range. To accommodate such high
hologram modulation rates, a different architecture of the
control lines 134 is proposed herein. Instead of control lines
being electromagnetic and based on RF transmission lines
(e.g., electrical conductors or microstrip lines), control lines
134 configured for other types of fields are proposed herein.

[0170] In some embodiments, the control lines 134 oper-
ably coupling the controller 132 to the tunable scattering
elements 120 are at least substantially electromagnetically
isolated from each other. By way of non-limiting example,
the control lines 134 may include optical control lines (e.g.,
fiber optics), acoustic control lines, or combinations thereof.
Accordingly, the tunable scattering elements 120 may
include optically tunable EM scattering elements, acousti-
cally tunable EM scattering elements, other tunable EM
scattering elements, or combinations thereof.

[0171] In embodiments where the control lines 134
include optical control lines, control fields carried by the
control lines 134 may be optical. By way of non-limiting
example, the control fields may include ultraviolet (UV)
fields, visible light fields, infrared fields, far infrared fields,
other optical fields, or combinations thereof. Generally
speaking, optical fields may include electromagnetic fields
with millimeter and shorter wavelengths. Such waves can be
tightly confined in optical transmission lines (e.g., optical
fibers), and modulated with RF frequencies. In such embodi-
ments, the tunable EM scattering elements 120 may be
actuated by optical fields. For example, the tunable EM
scattering elements 120 may include photo-diodes, photo-
transistors, other semiconductor-based elements affected by
the photo-doping effect, or combinations thereof. By way of
non-limiting example, the tunable EM scattering elements
120 may include gain media that can be optically pumped by
the control lines in a time-dependent fashion. The tunable
EM scattering elements 120 may include photo-sensitive
media, which experience reversible transitions depending on
the intensity of the optical fields delivered by the control
lines 134.

[0172] In some embodiments, the control fields delivered
by the control lines 134 are acoustic (e.g., elastodynamic,
ultrasonic, phononic, etc.) vibrations, and the control lines
134 include acoustic waveguides. The tunable EM scattering
elements 120 modulated by these fields may include piezo-
electric elements, magnetostrictive elements, microelectro-
mechanical (MEM) elements with electric field actuation,
other tunable acoustic elements, or combinations thereof.

[0173] FIG. 2 is a simplified flowchart illustrating a
method 200 of operating an antenna system (e.g., the
antenna system 100 of FIG. 1). Referring to FIGS. 1 and 2
together, the method 200 includes receiving and propagating
210 an EM signal 102 as an EM reference wave 112. In some
embodiments, receiving and propagating 210 the EM signal
102 as an EM reference wave 112 includes receiving the EM
signal 102 through an EM transmission line, and propagat-
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ing the EM reference wave 112 on or in a body including
tunable EM scattering elements 120.

[0174] The method 200 also includes operating 220 the
tunable EM scattering elements 120 to selectively scatter the
EM reference wave 112 as a radiated wave 122. In some
embodiments, operating 220 the tunable EM scattering
elements 120 includes applying controls to the tunable
scattering elements 120 through control lines 134 that are
decoupled from each other. By way of non-limiting
example, applying controls through control lines 134 that
are decoupled from each other may include applying optical
signals through the control lines 134. Also by way of
non-limiting example, applying controls through control
lines 134 that are decoupled from each other may include
applying acoustic signals through the control lines 134.
[0175] The method 200 further includes modulating 230
the radiated wave 122 by modulating the tunable EM
scattering elements 120 between different operational states
to deliver a plurality of different information streams to a
plurality of different far-end locations 140.

[0176] Insome embodiments, receiving 210 an EM signal
102 includes receiving a monochromatic sinusoidal signal.
Since modulating 230 of the EM radiated wave 122 is
performed by the modulating the tunable EM scattering
elements 120, even a monochromatic sinusoidal signal fed
to the feeds 110 of the antenna system 100 can be used to
create a plurality (e.g., a very large number) of different
information streams at the plurality of different far-end
locations 140. In some embodiments, however, some modu-
lation of the EM signals 102 may be used to create some
modulation in the radiated wave 122 in addition to the
modulation that results from modulating 230 the radiated
wave 122 by modulating the tunable EM scattering elements
120.

[0177] Receivers at the far-end locations 140 may receive
the separate information streams, which may each be deliv-
ered simultaneously using the same EM frequencies. In this
way, a large number of different information streams can be
transmitted using a single EM signal 102, or using a few EM
signals 102, being fed to the feeds 110. This is in contrast to
separately modulated signals being fed for each of the
far-end receivers. Also, separate multiplexing systems (e.g.,
code division multiplexing, frequency division multiplex-
ing, time division multiplexing, space division multiplexing,
etc.) for each far-end location 140 may be avoided.

[0178] FIG. 3 is a simplified block diagram of a controller
132 A that may be used as the controller 132 of the antenna
system 100 of FIG. 1. The controller 132A includes at least
one processor 370 (sometimes referred to herein simply as
“processor” 270) operably coupled to at least one data
storage device 380 (sometimes referred to herein simply as
“storage” 380). The storage 380 includes computer-readable
instructions stored thereon. The computer-readable instruc-
tions are configured to instruct the processor 370 to perform
operations that the controller 132A is configured to perform.
By way of non-limiting example, the computer-readable
instructions may be configure to instruct the processor 370
to perform at least a portion of the operations of the method
200 of FIG. 2.

[0179] In some embodiments, the storage 380 includes a
volatile data storage device, a non-volatile data storage
device, or combinations thereof. By way of non-limiting
example, the storage 380 may include a Flash drive, a hard
drive, a solid state drive, a memory card and or/card reader,
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an optical drive and/or optical disk, a thumb drive, electri-
cally programmable read only memory (EEPROM), other
data storage devices, or combinations thereof.

[0180] The processor 370 includes any device capable of
executing the computer-readable instructions stored by the
storage 380. By way of non-limiting example, the processor
370 may include a central processing unit (CPU), a micro-
controller, a programmable logic controller (PL.C), other
programmable processor, or combinations thereof.

[0181] It should be understood that the controller 132 of
FIG. 1 may include other devices instead of, or in addition
to, the controller 132A of FIG. 3. By way of non-limiting
example, the controller 132 may include a field program-
mable gate array (FPGA), an application specific integrated
circuit (ASIC), a system on chip (SOC), other hardware
elements, or combinations thereof that are configured to
perform at least a portion of the functions the controller 132
is configured to perform (e.g., the functions of the method
200 of FIG. 2).

[0182] While various aspects and embodiments have been
disclosed herein, other aspects and embodiments will be
apparent to those skilled in the art. The various aspects and
embodiments disclosed herein are for purposes of illustra-
tion and are not intended to be limiting, with the true scope
and spirit being indicated by the following claims. Further-
more, the disclosure contemplates combinations of any of
the disclosed embodiments and examples, except as would
be incompatible in practice, as would be understood by those
skilled in the art.

What is claimed is:

1. An antenna system, comprising:

one or more feeds configured to receive an electromag-
netic (EM) signal and propagate the EM signal as an
EM reference wave;

a plurality of tunable EM scattering elements spaced at
sub-wavelength distances, the plurality of tunable EM
scattering elements configured to operate in at least two
different operational states to selectively scatter the EM
reference wave as a radiated wave; and

control circuitry comprising a controller operably coupled
to the plurality of tunable EM scattering elements and
programmed to modulate the radiated wave over time
to deliver a plurality of different information streams to
a plurality of different far-end locations by modulating
the plurality of tunable EM scattering elements
between the plurality of different operational states
over time.

2. The antenna system of claim 1, wherein the EM signal

is a monochromatic continuous wave EM signal.

3-6. (canceled)

7. The antenna system of claim 1, wherein the controller
is programmed to control the tunable EM scattering ele-
ments through control lines, wherein each of the control
lines is isolated and decoupled from each of the others of the
control lines.

8. The antenna system of claim 7, further comprising a
plurality of high-frequency EM transmission lines operably
coupling the controller to the plurality of tunable EM
scattering elements, wherein the plurality of high-frequency
EM transmission lines is configured to transmit EM waves
having a frequency of at least about twice a frequency of the
reference wave.

9. The antenna system of claim 8, wherein the plurality of
high-frequency EM transmission lines includes a plurality of
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optical transmission lines, and the plurality of tunable EM
scattering elements includes a plurality of optically tunable
EM scattering elements tunable by optical signals transmit-
ted through the plurality of optical transmission lines.

10. The antenna system of claim 9, wherein the plurality
of optical transmission lines includes a plurality of optical
fibers.

11-14. (canceled)

15. The antenna system of claim 9, wherein the controller
is programmed to modulate the plurality of optically tunable
EM scattering elements at a frequency of at least about one
(1) gigahertz.

16. The antenna system of claim 9, wherein the controller
is programmed to modulate the plurality of optically tunable
EM scattering elements at a time scale that is longer than a
time that it takes for the radiated wave to travel from the
plurality of optically tunable EM scattering elements to the
plurality of different far-end locations.

17. The antenna system of claim 16, wherein the control-
ler is programmed to modulate the plurality of optically
tunable EM scattering elements as a temporal series of
modulation patterns, wherein each modulation pattern of the
series is determined by solving a time invariant holographic
projection manifold function.

18. The antenna system of claim 17, wherein the control-
ler is programmed to solve the time invariant holographic
projection manifold functions using a Green’s function.

19. The antenna system of claim 9, wherein the controller
is programmed to modulate the plurality of optically tunable
EM scattering elements at a time scale that is shorter than a
time that it takes for the radiated wave to travel from the
plurality of optically tunable EM scattering elements to the
plurality of different far-end locations.

20. The antenna system of claim 19, wherein the control-
ler is programmed to modulate the plurality of optically
tunable EM scattering elements as a series of modulation
patterns, wherein at least a portion of the modulation pat-
terns of the series is determined by solving a time variant
holographic projection manifold function.

21. The antenna system of claim 20, wherein the control-
ler is programmed to solve the time variant holographic
projection manifold function using a retarded Green’s func-
tion.

22. The antenna system of claim 9, wherein the two or
more different operational states comprises more than two
operational states.

23. The antenna system of claim 22, wherein the control-
ler is programmed to transition the antenna system between
different holograms gradually.

24. The antenna system of claim 23, wherein the control-
ler is programmed to transition between the different holo-
grams by smoothing control signals delivered to the plurality
of optically tunable EM scattering elements with smoothed
Heaviside functions.

25. The antenna system of claim 23, wherein the control-
ler is programmed to transition between the different holo-
grams by smoothing control signals delivered to the plurality
of optically tunable EM scattering elements with piecewise-
trigonometric functions.

26. (canceled)

27. The antenna system of claim 9, wherein the controller
is programmed to modulate the radiated wave over time to
deliver a plurality of different frequency modulated infor-
mation streams to the plurality of different far-end locations.
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28-39. (canceled)

40. The antenna system of claim 7, further comprising a
plurality of acoustic transmission lines operably coupling
the controller to the plurality of tunable EM scattering
elements, and wherein the plurality of tunable EM scattering
elements includes a plurality of acoustically tunable EM
scattering elements tunable by acoustic signals transmitted
through the plurality of acoustic transmission lines.

41-68. (canceled)

69. A method of operating an antenna system, the method
comprising:

receiving and propagating an electromagnetic (EM) sig-

nal as an EM reference wave;

operating a plurality of tunable EM scattering elements

spaced at sub-wavelength distances in at least two
different operational states to selectively scatter the EM
reference wave as a radiated wave; and

modulating the radiated wave over time to deliver a

plurality of different information streams to a plurality
of different far-end locations by modulating the plural-
ity of tunable EM scattering elements between the
plurality of different operational states over time.

70. The method of claim 69, wherein receiving and
propagating an EM signal comprises receiving and propa-
gating a monochromatic continuous wave EM signal.

71. The method of claim 69, wherein receiving and
propagating an EM signal comprises receiving and propa-
gating a modulated EM signal.

72-74. (canceled)

75. The method of claim 69, wherein modulating the
plurality of tunable EM scattering elements comprises con-
trolling the tunable EM scattering elements through control
lines, each of the control lines isolated and decoupled from
each of the other control lines.

76. The method of claim 75, wherein controlling the
tunable EM scattering elements through the control lines
comprises controlling the tunable EM scattering elements
using a plurality of high-frequency EM transmission lines,
and using the plurality of high-frequency EM transmission
lines to transmit EM waves having a frequency of at least
about twice a frequency of the reference wave.

77. The method of claim 76, wherein controlling the
tunable EM scattering elements using a plurality of high-
frequency EM transmission lines includes controlling the
tunable EM scattering elements using a plurality of optical
transmission lines, and wherein the plurality of tunable EM
scattering elements includes a plurality of optically tunable
EM scattering elements tunable by optical signals transmit-
ted through the plurality of optical transmission lines.

78-107. (canceled)

108. The method of claim 75, wherein controlling the
tunable EM scattering elements with control lines includes
controlling the tunable EM scattering elements using a
plurality of acoustic transmission lines, and wherein the
plurality of tunable EM scattering elements includes a
plurality of acoustically tunable EM scattering elements
tunable by acoustic signals transmitted through the plurality
of acoustic transmission lines.

109-111. (canceled)

112. The method of claim 108, wherein controlling the
plurality of acoustically tunable EM scattering elements
comprises modulating the plurality of acoustically tunable
EM scattering elements at a frequency of at least about one
(1) gigahertz.
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113. The method of claim 108, wherein controlling the
plurality of acoustically tunable EM scattering elements
comprises modulating the plurality of acoustically tunable
EM scattering elements at a time scale that is longer than a
time that it takes for the radiated wave to travel from the
plurality of acoustically tunable EM scattering elements to
the plurality of different far-end locations.

114. The method of claim 113, wherein modulating the
plurality of acoustically tunable EM scattering elements
comprises modulating the plurality of acoustically tunable
EM scattering elements as a temporal series of modulation
patterns, wherein each modulation pattern of the series is
determined by solving a time invariant holographic projec-
tion manifold function.

115. The method of claim 114, wherein solving a time
invariant holographic projection manifold function com-
prises solving the time invariant holographic projection
manifold functions using a Green’s function.

116. The method of claim 108, wherein controlling the
plurality of acoustically tunable EM scattering elements
comprises modulating the plurality of acoustically tunable
EM scattering elements at a time scale that is shorter than a
time that it takes for the radiated wave to travel from the
plurality of acoustically tunable EM scattering elements to
the plurality of different far-end locations.

117. The method of claim 116, wherein modulating the
plurality of acoustically tunable EM scattering elements
comprises modulating the plurality of acoustically tunable
EM scattering elements as a series of modulation patterns,
wherein at least a portion of the modulation patterns of the
series is determined by solving a time variant holographic
projection manifold function.

118. The method of claim 117, wherein modulating the
plurality of acoustically tunable EM scattering elements as
a series of modulation patterns comprises solving the time
variant holographic projection manifold function using a
retarded Green’s function.

119. The method of claim 117, wherein operating a
plurality of tunable EM scattering elements in at least two
different operational states comprises operating the plurality
of tunable EM scattering elements in more than two opera-
tional states.

120. The method of claim 119, further comprising tran-
sitioning the antenna system between different holograms
gradually.

121. The method of claim 120, wherein transitioning the
antenna system between different holograms gradually com-
prises transitioning between the different holograms by
smoothing control signals delivered to the plurality of acous-
tically tunable EM scattering elements with smoothed
Heaviside functions.

122. The method of claim 120, wherein transitioning the
antenna system between different holograms gradually com-
prises transitioning between the different holograms by
smoothing control signals delivered to the plurality of acous-
tically tunable EM scattering elements with piecewise-
trigonometric functions.

123. The method of claim 120, wherein transitioning the
antenna system between different holograms gradually com-
prises transitioning between the different holograms by
smoothing control signals delivered to the plurality of acous-
tically tunable EM scattering elements with spline polyno-
mial functions.
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124. The method of claim 108, wherein controlling the
acoustically tunable EM scattering elements comprises
modulating the radiated wave over time to deliver a plurality
of different frequency modulated information streams to the
plurality of different far-end locations.

125-131. (canceled)

132. The method of claim 108, wherein delivering a
plurality of different information streams to a plurality of
different far-end locations comprises delivering the plurality
of different information streams to at least some of far-end
locations coinciding with EM receivers.

133-136. (canceled)
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