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(57) ABSTRACT

A hybrid radiating element may comprise a dielectric sub-
strate having a thickness, a top surface and a bottom surface,
and an electrically conductive patch disposed on the top
surface of the dielectric substrate. The hybrid radiating
element may further comprise a graphene stub disposed on
the top surface of the dielectric substrate. The graphene stub
may be contiguous with, and electrically coupled to, the
electrically conductive patch. The hybrid radiating element
may further comprise an electrically conductive layer dis-
posed on the bottom surface of the dielectric substrate. An
array of hybrid radiating elements may be arranged in a grid
pattern of M rows and N columns. A codebook set of biasing
voltages may be arranged to drive the radiating elements in
the array as a phase transformation matrix, thereby manipu-
lating the reflection of an incoming electromagnetic wave.
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SMART METAL-GRAPHENE HYBRID
REFLECTARRAY AT THZ FREQUENCIES

RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 63/195,031, filed on May 30, 2021
and U.S. Provisional Application No. 63/242,550, filed on
Sep. 10, 2021. The entire teachings of the above applications
are incorporated herein by reference.

GOVERNMENT SUPPORT

[0002] This invention was made with government support
under Grant Numbers 1955004 and 2011411 awarded by the
National Science Foundation. The government has certain
rights in the invention.

BACKGROUND

[0003] In a traditional communication system, control
over the propagation characteristics of the electromagnetic
radiation signal is generally assumed at the endpoints of the
link (either at signal generation or at signal reception). The
environment, or the channel, is assumed to be uncontrol-
lable, and often considered as the detriment and limitation to
signal propagation, for example in the form of obstacles
blocking the signal, absorptive material causing energy loss,
path loss due to distance, or any combination thereof.
[0004] While the concept of a controllable environment is
a desirable trait, until recently, it was not an absolute
necessity. Below the 6 GHz frequency spectrum, indoor
communication is feasible without a controllable channel,
with no great loss to system reliability. However, at sub-THz
and THz frequencies (e.g., greater than 100 GHz), the
impact of the channel may be substantial, and cannot be
ignored or significantly overcome only through enhanced
sophistication of the end nodes. As this frequency range is
generally agreed upon to be a key part of next-generation
wireless systems, the problem of an uncontrollable channel
and possible solutions have attracted great attention. To this
end, the utilization of intelligent reflecting surfaces (IRSs) to
dynamically engineer attractive, synthetic communication
links for reliable system performance is considered the most
feasible solution.

SUMMARY

[0005] The embodiments of the invention described herein
are directed to an intelligent reflecting surface (IRS) that
reflects electromagnetic (EM) radiation at terahertz (THz)
frequencies. The IRS may be composed of a hybrid metal-
graphene reflectarray structure.

[0006] Embodiments of the invention described herein
may comprise a hybrid radiating element that receives
incident electromagnetic (EM) radiation, continuously
manipulates its phase, and re-radiates phase-modified EM
radiation. The hybrid radiating element is a combination of
(1) a resonant, radiating antenna and (ii) a variable-length
waveguide-based phase shifter. The resonant, radiating
antenna may be a metallic patch antenna, and the variable-
length waveguide-based phase shifter may be a graphene-
based plasmonic modulator, which is configured as a stub
associated with the metallic patch. The hybrid radiating
element may be situated atop a layer of dielectric material,
which is deposited on an electrically conductive ground
plane. A voltage applied across the graphene stub and the
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ground plane controls the phase-modulation characteristics
of the hybrid radiating element.

[0007] Other embodiments of the invention described
herein may comprise an array of hybrid radiating elements
constructed and arranged to form a reflectarray structure.
The arrangement of the hybrid radiating elements of the
reflectarray may be arranged such that the reflect array
selectively and dynamically tailors the re-radiated EM signal
with respect to the incident EM signal.

[0008] Embodiments of the invention may further com-
prise an intelligent reflecting surface (IRS) that combines a
reflectarray of hybrid radiating elements with a control
system that generates a set of control voltages to drive the
hybrid radiating elements. The voltages may be determined
0 as to create a set of hybrid radiating element character-
istics that, combined, results in a specific re-radiating char-
acteristic of the reflectarray. The set of voltages may be
varied continuously so that reflectarray re-radiating charac-
teristic is dynamic.

[0009] A graphene-based plasmonic modulator is utilized
for phase control in the described embodiments. Prior art
smart reflectarrays generally utilize varactor diodes, PIN
diodes, capacitors, or electronically tunable ionic liquids.
Such devices, however, reach operational limits at sub-THz
frequencies. Additionally, at THz frequencies, such phase
control elements may be physically larger than the actual
radiating elements themselves. Due to these reasons, smart
(controllable) reflecting surfaces in the prior art have as yet
not been demonstrated at THz frequencies.

[0010] While the prior art suggests the use of graphene
itself for THz reflection, the described embodiments do not
utilize graphene as the active reflecting material. Graphene-
based reflecting designs are known to exhibit less efficiency
than their metallic counterparts. In the described embodi-
ments, the reflecting component is a metallic patch, and the
phase control component is a graphene-based waveguide.
Thus, the hybrid radiating element described herein effi-
ciently performs both tasks of an ideal IRS.

[0011] The described embodiments control the useful
properties of SPP waves on graphene through electrostatic
biasing, and not through chemical doping. As described
herein, the potential of Fermi energy on graphene can be
continuously tuned, and thus continuous phase control is
achievable. This is a useful distinction with respect to the
prior art, as it allows any generic wavefront to be defined,
such as near-field beamfocusing and Bessel beams for
example, and not just conventional beamforming.

[0012] In one aspect, the invention may be a hybrid
radiating element that comprises a metallic patch antenna
and a graphene-based plasmonic modulator coupled to the
metallic patch antenna. The graphene-based plasmonic
modulator may be a graphene stub, coplanar with the
metallic patch antenna and electrically coupled to the metal-
lic patch antenna.

[0013] In another aspect, the invention may be a hybrid
radiating element that comprises a dielectric substrate, an
electrically conductive patch disposed on a top surface of the
dielectric substrate, and a graphene stub also disposed on the
top surface of the dielectric substrate. The graphene stub
may be contiguous with, and electrically coupled to, the
electrically conductive patch. The hybrid radiating element
may further comprise an electrically conductive layer dis-
posed on a bottom surface of the dielectric substrate.
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[0014] In an embodiment, a first inlet and a second inlet
may be formed in the electrically conductive patch along a
first side of the electrically conductive patch, thereby form-
ing a central stub of the electrically conductive patch
between the first inlet and the second inlet. The graphene
stub may be electrically coupled to the electrically conduc-
tive patch at the central stub.

[0015] The hybrid radiating element may further comprise
an electrical conductor that is electrically coupled to the
graphene stub. The electrical conductor may be configured
to convey a control voltage to the graphene stub. The
electrical conductor may extend through the dielectric sub-
strate and the electrically conductive layer, with the electri-
cal conductor electrically insulated from the electrically
conducting layer.

[0016] The hybrid radiating element may further comprise
a voltage source electrically coupled to the electrical con-
ductor. The voltage source may be configured to apply a bias
voltage through the electrical conductor to the graphene
stub. The bias voltage is on the graphene stub with respect
to the electrically conductive layer. The bias voltage may
correspond to a specific phase delay of a surface plasmon
polariton wave propagating in the graphene stub.

[0017] The thickness of the substrate may be greater than
or equal to 0.0003%., and less than or equal to 0.05A,, where
A, is a free space wavelength of EM radiation to be reflected
by the hybrid radiating element. The hybrid radiating ele-
ment may further comprise a hexagonal boron nitride layer
disposed between the dielectric substrate and the graphene
stub.

[0018] In another aspect, the invention may be a hybrid
reflectarray that comprises an array of hybrid radiating
elements. Each of the hybrid radiating elements may com-
prise (i) a dielectric substrate having a thickness, a top
surface and a bottom surface, (ii) an electrically conductive
patch disposed on the top surface of the dielectric substrate,
(iii) a graphene stub disposed on the top surface of the
dielectric substrate, where the graphene stub is contiguous
with, and electrically coupled to, the electrically conductive
patch (iv) an electrical conductor electrically coupled to the
graphene stub, and (iv) an electrically conductive layer
disposed on the bottom surface of the dielectric substrate.
The array of hybrid radiating elements may be arranged in
a grid pattern of M rows and N columns, where an individual
hybrid radiating element may be designated by (m, n) and
located in an m” row and an n” column of the array.
[0019] The hybrid reflectarray may have a center-to-center
separation of immediately adjacent hybrid radiating ele-
ments that is substantially equal to A,/2, where A, is the
desired operating wavelength of the hybrid reflectarray. As
described herein, a separation that is “substantially equal to
Ao/2” refers to an optimal separation of A,/2 with a possible
deviation within practical fabrication tolerances. Further, it
should be understood that a different center-to-center sepa-
ration distance between immediately adjacent hybrid radi-
ating elements may alternatively be used.

[0020] The electrical conductor for each of the hybrid
radiating elements may extend through the dielectric sub-
strate and the electrically conductive layer, and is electri-
cally insulated from the electrically conducting layer. The
electrical conductors from the hybrid radiating elements
may together form a codebook port of MxN electrical
conductors. The hybrid reflectarray may further comprise a
codebook generator coupled to the codebook port. The
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codebook generator may generate a bias voltage signal for
each of the MxN hybrid radiating elements, thereby pro-
ducing a codebook set of bias voltages V. for m from 1
to M and for n from 1 to N.

[0021] The bias voltage signal for each of the MxN hybrid
radiating elements may represent a weight W, . associated
with the hybrid radiating element in the n” column and the
m?” row and the of the array of hybrid radiating elements.
The codebook set of bias voltages V,, ,, may comprise a set
of beamforming weights. The set of beamforming weights
may be of the form (beamforming weights)&[1e™, 1e5%7].
The codebook set of bias voltages V,, , may comprise a
phase transformation matrix. The phase transformation
matrix may be configured to generate a desired wavefront.
The phase transformation matrix may be configured to
generate beamfocusing in the near-field. The phase trans-
formation matrix may be configured to generate Bessel-
beams.

m, ns

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] The patent or application file contains at least one
drawing executed in color. Copies of this patent or patent
application publication with color drawings will be provided
by the Office upon request and payment of the necessary fee.
[0023] The foregoing will be apparent from the following
more particular description of example embodiments, as
illustrated in the accompanying drawings in which like
reference characters refer to the same parts throughout the
different views. The drawings are not necessarily to scale,
emphasis instead being placed upon illustrating embodi-
ments.

[0024] FIG. 1A shows a top view of an example embodi-
ment of a hybrid radiating element according to the inven-
tion.

[0025] FIG. 1B shows a side view of the hybrid radiating
element illustrated in FIG. 1A.

[0026] FIGS. 1C, 1D, 1E, and 1F show alternative views
of an example hybrid radiating element according to the
invention.

[0027] FIG. 2 illustrates an example embodiment of a
hybrid reflectarray according to the invention.

[0028] FIG. 3 shows the variation of the electric field
amplitude at the output of the stub is found as a function of
the Fermi energy of the graphene stub.

[0029] FIG. 4 represents the relationship between the S,
parameter and the operating frequency of the hybrid ele-
ment.

[0030] FIG. 5 shows the derived relation between the
Fermi energy of the graphene stub and the relative phase
delay.

[0031] FIG. 6 shows a comparison of the magnitude of
reflection of the hybrid element with that of a metallic patch
and a graphene patch.

[0032] FIG. 7 shows the range of angles for which the
described embodiments of a hybrid reflectarray can compe-
tently steer a normally incident plane wave.

[0033] FIG. 8 illustrates the ability of the reflectarray to
accommodate non-normal incident beams from different
angles of incidence, and steer these in any pre-determined
direction (broadside in this instance).

[0034] FIG. 9 highlights the ability of the reflectarray to
engineer multipurpose, multi-directional links, and steer a
beam from any angle of incidence to any other controlled
angle of reflection.
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[0035] FIG. 10 shows the resultant far-field radiation
patterns, for an example 4x1 hybrid reflectarray, of the
reflected beam obtained using four different codebooks.
[0036] FIG. 11 illustrates an example reflectarray func-
tioning as a transformation matrix.

[0037] FIG. 12 shows the efficiency of an IRS (EF ;) with
design parameters as per scenario 1 under the beamforming,
beamfocusing, and Bessel Beam modes of operation of the
reflectarray.

[0038] FIG. 13 shows the corresponding beam spots for
Scenario 1 under the beamforming, beamfocusing, and
Bessel Beam modes of operation of the reflectarray.
[0039] FIG. 14 shows the EF; the reflectarray for Sce-
nario 2 under the beamforming, beamfocusing, and Bessel
Beam modes of operation of the reflectarray.

[0040] FIG. 15 shows the corresponding beam spots for
Scenario 2 under the beamforming, beamfocusing, and
Bessel Beam modes of operation of the reflectarray.
[0041] FIG. 16 shows the EF 4 the reflectarray for Sce-
nario 3 under the beamforming, beamfocusing, and Bessel
Beam modes of operation of the reflectarray.

[0042] FIG. 17 shows the corresponding beam spots for
Scenario 3 under the beamforming, beamfocusing, and
Bessel Beam modes of operation of the reflectarray.

DETAILED DESCRIPTION

[0043] A description of example embodiments follows.
[0044] The teachings of all patents, published applications
and references cited herein are incorporated by reference in
their entirety.

[0045] A reflectarray is a passive antenna array that can
receive and re-transmit electromagnetic (EM) radiation. The
reflectarray intercepts an incident beam with a particular
wavefront, and is utilized to transcribe a desired wavefront
before reflecting the wave. For example, a reflectarray may
intercept an incident beam from a particular angle of inci-
dence, and re-radiate the same in another, predetermined,
angle of reflection. Thus, reflectarrays can be used to facili-
tate Non-Line of Sight (NLoS) links, which are extremely
important at terahertz (THz) frequencies. As future genera-
tion wireless standards are expected to operate at THz
frequencies, a fully functional reflectarray at these frequen-
cies is vital for overall system performance. For full func-
tionality, a reflectarray should be able to dynamically inter-
cept and transmit electromagnetic radiation from (and to)
arbitrary angles of orientation.

[0046] Instead of (or in addition to) modifying the orien-
tation of the reflected beam, the reflectarray may modify
certain operational characteristics of the reflected beam. For
example, the reflectarray may facilitate beamforming, beam
focusing, and Bessel beams.

[0047] The ability to dynamically reconfigure communi-
cation links will be a necessary requirement in a mobile,
varying network. To this end, dynamic phase shifters are
required to tune the reflectarray response. Conventional
tuning techniques that have been utilized at other frequen-
cies (for example the mmWave domain) are not adaptable at
THz frequencies, due to operational limits, size constraints,
and limited tuning potential. The rising interest in plas-
monic-physics governed devices, that operate intrinsically in
the THz band, has been studied as a possible solution.
However, while plasmonic devices at THz frequencies have
gained increasing attention due to their intrinsic tunability,
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the reflection and radiation efficiency of plasmonic devices
is far less than that of metallic devices, at THz frequencies.
[0048] In addition to reflectarray designs, metasurface
designs have been considered as potential candidates for
replacing/complementing reflectarrays for enabling environ-
mental control. However, metasurfaces are generally trial
and error solutions. While no solutions as of yet exist at the
THz band that can perform dynamic link generation, pro-
posed designs are notoriously limited in that a metasurface
design is independent of any governing theory—changing
any design parameter, such as the operating frequency, for
example, could render the functionality of a design and
derived operation null. Further, there is no clear metric for
determining how the response of metasurface elements
affects the operation of the entire metasurface as a whole—
this induces a trial and error approach that is inefficient.
[0049] To overcome the above-mentioned limitations, the
described embodiments comprise a hybrid metal/plasmonic
device, constructed and arranged to be generalized to any
required frequency within the THz band. Operation of a
reflectarray, constructed and arranged using the hybrid
metal/plasmonic device of the described embodiments as a
basic building block, may be captured by deterministic
equations and codebook application. The reflectarray of the
described embodiments may be designed by a spatial dis-
tribution of the radiating elements, with center-to-center
spacing of half a free-space wavelength (A,/2).

[0050] The advantages of the described embodiments
stem from the hybrid approach. The features outperform the
individual design prospects of both standalone metallic and
plasmonic devices.

[0051] Demonstrated reflectarrays at THz frequencies,
using standalone metallic designs, are “fixed” orientation
designs. After fabrication, both the incident as well as the
reflected angle cannot be changed. While this may be useful
for feasibility studies and for studying the effects on the
channel, the actual deployment of such reflecting surfaces of
to stabilize the channel has limited usefulness. Any change
in the link configuration, due to mobile node(s), will render
the design and functionality redundant. In contrast, the
hybrid design of the described embodiments can be config-
ured to operate for any particular angle of incidence and
serve any angle of reflection. Thus, the deployment of the
device serves the requirements for a dynamic link setting.
[0052] Plasmonic only devices exploit the intrinsic tun-
ability of graphene. Both reflectarray as well as metasurface
designs have been proposed. However, plasmonic only
devices work on plasmonic physics, which are governed by
the manifestation of surface plasmon polariton (SPP) waves.
SPP waves propagate at much lower velocities than regular
EM waves at the same frequency, so the inherent mismatch
between the SPP-EM wave velocity, as well as the minia-
turized size of plasmonic only devices, makes them ineffi-
cient in passive, reflection-like settings. In contrast, the
hybrid design of the described embodiments utilizes the
plasmonic functionality of the graphene waveguide only in
phase control, and thus the main reflection efficiency is
unaffected.

[0053] The hybrid radiating element of an embodiment of
the invention can be described as a combination of (i) a
resonant, radiating antenna and (ii) a variable-length wave-
guide-based phase shifter, jointly designed for optimal per-
formance. Independently, the resonant antenna may be con-
sidered as a metallic patch antenna, and the waveguide as a
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graphene-based plasmonic modulator. The jointly designed
metallic patch and plasmonic waveguide are placed atop a
layer of dielectric material, which is deposited on a metallic
ground plane. The resonant properties of the metallic patch
antenna facilitate interaction with the EM radiation, and the
plasmonic waveguide provides continuous phase control. A
reflectarray formed by a collection of such radiating ele-
ments may be used to implement any desired phase distri-
bution across the reflectarray surface. The reflection effi-
ciency of the described embodiments is much stronger than
that of plasmonic-only devices, and complete phase control
is possible, in contrast to metal-only devices.

[0054] The operation of the metallic patch antenna may be
derived by classical EM theory, and the plasmonic wave-
guide operation may be derived by the dispersion equation,
which relates the complex conductivity of graphene to the
corresponding plasmonic wavelength. Graphene is a two-
dimensional carbon material, with electrical properties that
make it very well suited for propagating extremely high
frequency signals. In addition, THz-frequency surface plas-
mon polariton (SPP) waves, which are key to the operation
of the described embodiments, can propagate on graphene.
SPP waves are highly confined EM waves generated at the
interface of a conductor and dielectric, with wavelengths as
much as orders of magnitude smaller than their free-space
EM counterparts. Further, the properties of the SPP waves
can be dynamically tuned by changing the conductivity of
graphene. The use of graphene alone as a reflector is not
feasible, because a mismatch between the momentum of
SPP waves on graphene and the free-space EM waves leads
to weak reflection strength of graphene elements, and ulti-
mately poorly performing reflecting strategies.

[0055] The metallic patch receives an incident EM wave
and converts it to an electrical signal, which generates SPP
waves across the graphene waveguide surface. The SPP
waves are reflected back at the open end of the waveguide,
and the entire process is repeated in reverse, with the
reflected wave being phase-tuned by the effective properties
of the SPP waves. As the properties of the SPP waves are
easily controlled, the phase of the reflected EM wave is also
easily controlled.

[0056] FIG. 1A shows a top view of an example embodi-
ment of a hybrid radiating element 100 according to the
invention. FIG. 1B shows a side view of the hybrid radiating
element illustrated in FIG. 1A. This example embodiment is
constructed and arranged to operate at a desired frequency of
1.5 THz, although the described parameters may be to
accommodate other desired frequencies and frequency
ranges.

[0057] The hybrid radiating element 100 may comprise a
metallic patch 102 and a graphene stub 104 sitnated on a
dielectric layer 106. In the example embodiment, the metal-
lic patch 102 is rectangular, although other shapes suitable
for a patch antenna may alternatively be used. The dielectric
layer 106 is disposed on an electrically conductive layer 108
(e.g., a ground plane). In this example embodiment, the
metallic patch 102 is gold, although alternative embodi-
ments may employ a patch 102 that consists of a different
electrically conductive material or alloy of electrically con-
ductive materials. The ground plane 108 in the example
embodiment shown is copper, although other electrically
conductive materials may alternatively be used. The dielec-
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tric layer 106 in the example embodiment is silicon dioxide
(Si0,), although other dielectric materials known in the art
may also be used.

[0058] The metallic patch 102 works as a broadside emit-
ter on the basis of radiating slots. For optimal design
efficiency at the desired frequency, the thickness of the
substrate is in the range of 0.0031,-0.05), where A, is the
free space wavelength of the reflected EM radiation. The
reflection coefficient, or the S ii parameter, is the accepted
performance metric for a patch antenna, where the lower the
S,; in transmission, the higher the efficiency. By the reci-
procity principle, a good transmitting patch is also a good
receiver. Since a reflectarray element is required to be a good
receiver as well as a good transmitter, the metallic patch 102
so designed is a resonant reflectarray element. The dimen-
sions of the metallic patch 102 are modelled from the cavity
model equations (1), (2) and (3) below:

R 3%

g+l &-1 ]71/2 2)

>

[1+ 120w

W 3)
(€ + 0.3)(7 + 0.264)

—0.824h

c
L=
2o

- )
(€ - 0.258)(7 + 0.8)

[0059] Here, W and L are the width and the length,
respectively, of the metallic patch 102 for operation at a
desired frequency of f,, h is the thickness of the dielectric
substrate 106. €, represents the dielectric constant of the
substrate 106, and €, represents the effective dielectric
constant. Because the electric fields of the metallic patch
antenna 102 undergo fringing at the boundary of the sub-
strate, € . may be given by:

&+l &-1
+

=172
Eef = > ] .

[1+ 120w

[0060] Phase control is implemented through a graphene-
based stub 104, which acts as a waveguide with an active
graphene layer. The properties of the SPP waves generated
in this waveguide are captured by the complex wave vector
k,,,- More specifically, the plasmonic wavelength A, is

dependent on the real part R [k_ ], while the decay length

spp-

D, is dependent on the imaginary part 7 [k

spp- ]

@
®

[0061] The complex wave vector, as per the dispersion
equation for SPP waves on graphene, is:

08 g + & cothly,d) 6)

—i—

we) Kspp
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[0062] 1In equation (6), G, is the conductivity of graphene,
g, is the relative permittivity of the dielectric above gra-
phene (air), &, is the relative permittivity of the dielectric
below graphene (silicon dioxide), and d is the separation
between graphene stub 104 and the metallic ground plane
108. The conductivity model for graphene is given by
equations (7) through (10):

5= G- 0

=Yinta

[0063] At THz frequencies, the major contribution is
through &,,,,.%. given as:

e 2 kgT Er ®)
Cintra =15 — In [200511( )],
Th" W+ ity 2kgT

[0064] Which can be further simplified to be:

2 ®
T €
g g
g = —Fz|
T intra 1— l.ng [ﬂf[z F]

[0065] In equations (7) through (9), w=2xf, is angular
frequency of the reflected radiation, h is the reduced
Planck’s constant, e is the electron charge, kj is the Boltz-
mann constant, T is the temperature, E. refers to the Fermi
energy of the graphene sheet, and T, is the relaxation time of
electrons in graphene. The intrinsic properties of graphene,
among them the relaxation time, are set as per numerous
experimental characterizations of graphene known in the art.

[0066] An electrostatic bias is used to change the Fermi
energy of the graphene layer, thereby modifying the SPP
wave propagation speed. The change in propagation speed
leads to a change in the phase of the SPP wave at the output
of the stub. The total possible phase difference depends on
both the actual physical length L of the stub, as well as the
range of Fermi energy considered. This is seen in equation
(10) below, where, for a physical length L of the stub, we
derive the relative phase difference ®,, between two SPP
waves with different plasmonic wavelengths, the reference
at A, for a Fermi energy E, and the other at A, for a

spp)
Fermi energy E., to be:

@, =21 L (1 - )Ls'l) (10)

A,

spp1 spp2

[0067] The hybrid radiating element 100 is obtained by
combining the metallic patch 102 and the graphene stub 104.
The metallic patch 102 converts the resonant incident wave
to an electrical current, generating SPP waves which propa-
gate across the graphene stub 104. The SPP wave travels
across the length of the graphene stub 104 and back towards
the metallic patch 102, before being radiated out as an EM
wave. Following the transmission line theory of graphene, it
is understood that changing the Fermi energy of graphene
nano-ribbons causes a change in the characteristic imped-
ance. Accordingly, a mismatch at the metal-graphene inter-
face is expected. In the absence of active port elements, the
mismatch cannot be studied and accounted for, so a numeri-
cal analysis is conducted to determine the jointly optimized
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design. The resulting example hybrid radiating is depicted in
FIGS. 1A and 1B, with the geometry optimized as per the
above-outlined principle.

[0068] In an example embodiment of the hybrid radiating
element 100, metal may be excised from the patch 102,
along one side of the patch 102, to form two inlets 110a,
1105, thereby resulting in two outer stubs 112q, 112b, and a
center stub 114. The center stub 114 is the same width as the
graphene stub, and is contignous with and electrically
coupled to the graphene stub 104. The dimensions of the
example embodiment of a hybrid radiating element 100 are
summarized in Table I:

TABLE 1

Hybrid Element Dimensions

Substrate thickness 2.3 um
Substrate permittivity 4e,

Patch width 63.2 pm
Patch length 49.94 um
Stub length 15 um
Stub width 10 pum
Inlet width 9 um
Inlet length 18 um
Graphene relaxation time 1 ps

[0069] FIGS. 1C, 1D, 1E, and 1F show alternative views
of an example hybrid radiating element 100. FIG. 1D
illustrates an electrical signal 116 generated by an incident
EM wave arriving at the metallic patch 102, and the SPP,,
generated when the electrical signal 116 encounters the
metal-graphene boundary. FIG. 1D further shows the SPP, -
flecrea signal that is caused by the open-end termination of the
graphene stub 104, and the electrical signal 118 generated
when the SPP, ..., signal encounters the graphene-metal
boundary.

[0070] FIGS. 1E and 1F show the hybrid radiating element
100, except with a hexagonal boron nitride (h-BN) layer for
encapsulation of the graphene stub to enhance the quality
(relaxation time) of the graphene. Graphene and h-BN have
the same atomic structure, but h-BN has a 1.8% longer
lattice constant. As a substrate, h-BN greatly improves the
mobility of charge carriers in graphene compared to SiO,
substrates.

[0071] FIG. 2 illustrates an example embodiment of a
hybrid reflectarray 200 according to the invention. The
architecture and operation of the hybrid reflectarray 200 is
based conventional array theory. In this example embodi-
ment, the hybrid radiating elements 100 are distributed with
a center-to-center separation of A,/2, where A is the desired
operating frequency of the hybrid reflectarray 200. This
spacing minimizes mutual coupling effects without creating
grating lobes, resulting in negligible mutual coupling effects.
It should be understood, however, that other center-to-center
separation distances may alternatively be used.

[0072] The hybrid reflectarray 200 may be excited by an
external radiation source. Each element 100 of the hybrid
reflectarray 200 is designed to have a certain beamforming
weight, assigned through the application of a codebook. The
resultant beam from the complete superposition of all the
weighted elements is steered to the desired direction (8, 0).
For the planar hybrid reflectarray 200 shown in FIG. 2, to
direct an incident wave with free-space wavenumber of k,
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towards a direction (0, ¢), the progressive phase delay between the elements
separated by a distance d needs to be @z, where

Dy =ko(R~d sin O(x; cos g+, sin §)). (11)

[0073] The correction term kR, is added to account for the
incremental inherent phase delay from the incidence angle
of the beam. When the incoming wave is broadside, the
correction term is rendered void.

[0074] To implement the required phase delay of each
element at position n, m radiating element of the hybrid
reflectarray 200 in FIG. 2 as per Eq. (11), a codebook is
defined, composed of effective weights of W, . corre-
sponding to the n, m element. W, is of the form Ae'8,
where A represents the magnitude of signal strength, and B
represents the relative phase. The hybrid reflectarray 200 is
intended for phase control. Thus, it is clear that for a
complete continuous beamformed array, the weights
required are of the form

Wcodebooke[lei()’leizn]' (12)

[0075] The application of the derived codebook to the
reflectarray 200 results in the reflection of the incident wave
in the particular desired direction. In the hybrid reflectarray
200, the codebook is applied by varying the Fermi energy of
the graphene stub BEF,, . Thus, the effective complex

weight W, is mapped to a particular stub Fermi energy of
that element:

W P EF 0, 13)
[0076] To implement the codebook, the relationship

between the Fermi energy of the stub and the relative phase
delay is required. To develop this, the variation of the
electric field amplitude at the output of the stub is found as
a function of the Fermi energy of the graphene stub, through
full wave analysis of a single hybrid element, under trans-
mission mode. This relation is presented in FIG. 3. It is seen
that at different Fermi energy levels (all within the common
range between 0.1 eV and 1 eV), the corresponding output
fields will exhibit a phase difference exceeding & radians. In
reflection, the phase difference is doubled, and therefore
complete phase control with 27 radians is achievable.

[0077] FIG. 4 represents the relationship between the S,
parameter and the operating frequency of the hybrid ele-
ment, through discrete port excitation at the input end of the
graphene stub (transmission mode). At 1.5 THz, the S,
parameter is —27 dB, which indicates resonance. The hybrid

element can be tuned to any other resonant frequency in the
THz band.

[0078] FIG. 5 shows the derived relation between the
Fermi energy of the graphene stub and the relative phase
delay. FIG. 5 demonstrates that within the range of 0.14 eV
to 0.55 eV, continuous and complete phase control is
achieved. FIG. 6 shows a comparison of the magnitude of
reflection of the hybrid element 602 with that of a metallic
patch 604 and a graphene patch 606, all resonant at the same
frequency (1.5 THz). It is seen that the metallic patch 604
provides the strongest reflection, but, as described herein,
does not have any tunability. The graphene patch 606 suffers
a severely weakened reflected signal due to mismatch in the
momentum of SPP and EM waves, as previously discussed.
The hybrid element 602 has slight power attenuation com-
pared to the metallic patch 604, due to power dissipation
across the stub, but accommodates complete beamforming
support.
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[0079] FIG. 7 shows the range of angles for which the
described embodiments of a hybrid reflectarray can compe-
tently steer a normally incident plane wave. As shown, the
hybrid reflectarray can provide up to 90° of continuous
scanning across the broadside. Beyond this range, the limi-
tations of the patch antenna start to manifest and result in
truncated reflection strength. The ability of the reflectarray
to accommodate non-normal incident beams from different
angles of incidence, and steer these in any pre-determined
direction (broadside in this instance) is shown in FIG. 8. It
is seen that for incident beams at as much as an angle of
+/-45° from the broadside, the reflectarray can direct the
reflected beam broadside.

[0080] FIG. 9 highlights the ability of the reflectarray to
engineer multipurpose, multi-directional links, and steer a
beam from any angle of incidence to any other controlled
angle of reflection. The reflectarray can direct an incident
beam (at 30° in this case) towards multiple directions;
specular)(+30°, broadside (0°), retraced)(-30°, or even to
other arbitrary directions (such as +45° here). While the
efficiency of the array is certainly diminished at the opera-
tional limits of beamsteering, this capability is essential to
establish dynamic multipath links and help realize UM-
MIMO at THz frequencies.

[0081] FIG. 10 shows the resultant far-field radiation
patterns, for an example 4x1 hybrid reflectarray, of the
reflected beam obtained from the implementation of the four
different codebooks CO, C1, C2, and C3, designed to reflect
a normal incident plane wave towards (0, 0)=) (0°,0°),
(0°,15°), (0°,30°), and (0°,45°), respectively. Table II pres-
ents the derived codebooks. It is seen that the hybrid
reflectarray successfully reflects the beam in the intended
directions.

TABLE 1I

The Derived Codebooks

Fermi Energy of Stubs

Codebooks EF,., EF a0 EFsuy 0 EF by 0
Cco 0.5 eV 0.5 eV 0.5 eV 0.5 eV
C1 0.14 eV 0.176 eV 0.198 eV 0.212 eV
C2 0.14 eV 0.197 eV 0.232 eV 0.3 eV
C3 0.14 eV 0.208 eV 0.287 eV 0.159 eV

[0082] Operation of the reflectarrays of the described
embodiments is equivalent to an aperture system that inter-
cepts an incident wave and transcribes a desired wavefront
on it. Thus, in the absence of active elements, with dynamic
phase control of the hybrid reflectarray as described herein,
the hybrid reflectarray of the described embodiments acts as
a dynamically adjustable phase transformation matrix.
[0083] The reflectarray of the disclosed embodiments may
operate, for example, in three modes of operation as
described below. Referring to FIG. 11, an example reflec-
tarray 1100 (as described with respect to FIG. 2) may
function as a transformation matrix, producing the near and
far field radiation as shown in EM radiation maps 1106,
1108, 1110.

[0084] (I) Beamforming—the hybrid reflectarray may be
facilitate beamforming through a phased array operation.
The characteristic propagating wavefront is observed in EM
radiation map 1106 of FIG. 11, with inset 1111 showing a
zoomed perspective. By assuming far-field operation, the
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link configuration is specified through the angles of orien-
tation. The approximate path (and corresponding phase)
differences for each hybrid radiating element of the reflec-
tarray, dependent on the angles of orientations, can then be
countered by a linear progressive phase shift, wrapped
around 2x radians. Within the far-field, the maximum pos-
sible discrepancy through this simplification is limited to /8
radians.

[0085] (II) Beamfocusing—While beamforming is suit-
able in the far field, a viable approach at any distance from
the reflectarray 1100 is beamfocusing. If the exact position
of'the TX and RX target is known (where TX is a transmitter
that transmits an EM signal to the reflectarray 1100, and RX
is a receiver that receives a signal reflected from the reflec-
tarray 1100), it is possible to create a phase transformation
that generates a wavefront that converges exactly at the RX
position. The required phase shifts are exact conjugates of
the individual path distance from each element to the RX.
EM radiation map 1108 of FIG. 11 presents an example of
this scenario. As is shown, the convergence occurs at a
specific spot 1112. The inset 1114 shows the beam profile,
with the resolution (beam-spot) governed by the Abbe limit.
[0086] (III) Bessel Beams—The beamforming and beam-
focusing modes of operation both have specific limitations.
With beamforming, the far-field requirement will result in an
inaccurate phase correction matrix within the near-field,
leading to reduced efficiency. With beamfocusing, the wave-
front converges (collimates) at a specific spot, requiring
precise location estimates. A codebook for the reflectarray
may be developed where, within the near-field, deterministic
propagation and collimation is fulfilled. To this end, some of
the described embodiments incorporate Bessel beams. To
realize Bessel beams, the aperture can be leveraged to mimic
plane waves travelling inwards on a cone, an example of
which is presented in EM radiation map 1110 of FIG. 11,
which shows that a beam characterized by a non-diffracting
central spot along the central axis of the so-defined cone,
with concentric rings around it. The beam profile is shown
in the inset 1116. The maximum distance Z,,,, 1118, over
which the beam retains this non-diffracting pattern is
directly related to the aperture size, the central spot size, and
the frequency of the signal. Beyond Z,,,. 1118, the beam
quickly dissolves into a diverging ring.

[0087] Bessel beams possess extremely interesting prop-
erties. Among others, the power and information carried in
each ring of the Bessel beam, and the central spot size, is the
same (with a much greater intensity within the central spot
than any of the rings). Thus, even if an obstruction com-
promises portions of the beam profile, the information and
propagation of the Bessel beam remain largely unaffected,
which is why Bessel beams are also referred to as self-
healing beams. In addition, higher order Bessel beams
contain orbital angular momentum (OAM), which is one of
the most widely researched topics for increasing data rates
and spectrum efficiency due to the natural orthogonality
between different OAM modes.

[0088] The potential benefits Bessel beams are that, unlike
beamforming, Bessel beams can operate within the near
field, and, unlike beamfocusing, Bessel beams are valid
across an axis of propagation. The gain from the Bessel
beam can be estimated by considering the number of con-
centric rings that the RX target, depending on its size, may
receive. At the least, by ensuring that the central spot size is
designed wide enough to have, at minimum, the power
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required to provide the threshold signal to noise ratio (SNR)
for a desired bit error rate (BER) communication scheme,
robust performance will be guaranteed. Additionally, the
limited propagation distance can be leveraged to add a
self-sufficient layer of security, since eavesdroppers not
focused within the central spot would need to intercept
divergent, ring-like wavefronts, clearly a non-trivial task.

[0089] The following paragraphs present a performance
comparison between the above-referenced modes of opera-
tion of the described embodiments, dependent on the link
distance and carrier frequency.

[0090] For a given TX—+reflectarray—=RX link distance
and frequency dependent propagation loss, the SNR value at
the RX depends on the input power, the noise power spectral
density and bandwidth, the gain at the end nodes, and the
number of elements and efficiency of the reflectarray. The
reflectarray efficiency can be succinctly described as a
measure of how well the applied codebook compensates for
the actual phase differences between individual wavefronts
of every individual reflectarray element, the sum total of
which governs the reception (transmission) from (to) the TX
(RX). The reflectarray efficiency factor, EF 5, is then found
as the norm of the reflectarray steering factor generated by
the codebook, coupled to the actual path distances that it is
intended to account for, normalized to the reflectarray size.
In this manner, the effects of both the TX—reflectarray and
IRS—sreflectarray codebook implementations are com-
pletely captured. By its definition, the maximum value of
EF s is 1, at highest efficiency. The Bessel beam charac-
teristics can be generated to ensure that the RX will receive,
at minimum, the power needed for error-free communica-
tion within the central spot, and the maximum central spot
size is the size of the RX. Owing to the relation between the
central spot size and the non-diffracting nature of Bessel
beam propagation, the EF,, in the case of Bessel beams is
then validup till Z,,, , the maximum distance over which the
beam is non-diffracting.

[0091] To adequately elaborate upon the complex relation-
ships between communication requirements, reflectarray
design, codebook efficiency, and corresponding beamwidth,
a setup is defined as follows: For characterizing the trend
across the entire THz band, three design frequencies are
established—130 GHz, 300 GHz and 1 THz. Further, a large
indoor setting is considered whereby, for simplicity, the TX
is assumed to be at a distance of 12 m from the reflectar-
ray—a reasonable distance. The reflectarray—=RX distance
is then adjusted to incorporate a changing cascaded link
distance, with no direct line of sight (LoS) between TX and
RX. The TX-sreflectarray and reflectarray—=RX links are
assumed feasible. The following three scenarios are consid-
ered to determine the reflectarray size and the remaining
design parameters that then follow:

[0092] Scenario 1: TX-RX pair are designed similarly
(maximum gain with a physical size of 1 mm), regard-
less of design frequency.

[0093] Scenario 2: The RX is considered as a unitary
gain device.

[0094] Scenario 3: The far-field distance of the reflec-
tarray is fixed to the TX—reflectarray distance, regard-
less of design frequency.

[0095] The combined gain of the end nodes and the
corresponding required reflectarray gain under the scenarios
outlined above are summarized in Table III.
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TABLE I1II
Required reflectarray Size (N x N elements) and Far-Field Distance
Design Frequency
130 GHz 300 GHz 1 THz

Scenarios TX-RX Gain IRS Gain N Far-field TX-RX Gain IRS Gain N Farfield TX-RX Gain IRS Gain N Far-field

1 17.46 dB 39.26dB 51 2.87m 31.96dB 32.26dB 23 0.24m 52,84 dB 44.4 dB 93 1.27m

2 9.73 dB 46.99 dB 126 17.96 m  16.98 dB 47.24dB 129 8.17m 27.42 dB 69.83 dB 1747 457.17m

3 N.A. 45.02 dB 103 12m N.A. 48.83dB 156 12m N.A. 54.01dB 283 12m
[0096] The information in Table III reveals an interesting converge the wave front to a singularity, the resolution

insight. The total gain (TX+reflectarray+RX) required for
high data-rate error-free communication increases with the
design frequency. However, under certain conditions, with
increased end-node(s) complexity, the reflectarray require-
ment may be less demanding for higher frequencies. This is
evident in the reflectarray requirements under Scenario 1, for
130 GHz and 300 GHz.

[0097] Dependent on the requirements of the gain, the
corresponding beamwidth and spot size under the different
modes of operation can be evaluated and compared. These
can be defined through the 3-dB beamwidth for beamform-
ing, the Abbe resolution limit for beamfocusing, and the
predetermined central spot size for Bessel beams.

[0098] Scenario 1: Under the considerations of Scenario 1,
the end nodes exhibit higher gain at larger design frequen-
cies. The reflectarray is designed following the methodology
described herein, and the parameters are presented in Table
III. The efficiency of an IRS (EF,z5) of each reflectarray
design under the beamforming, beamfocusing, and Bessel
Beam modes of operation discussed herein are presented in
FIG. 12. With perfect localization, beamfocusing operation
always provides maximum efficiency, with the EF ¢ con-
stant at 1, regardless of design frequency and link distance.
Due to the reduced complexity of the reflectarray, and the
corresponding small electrical size, the far-field distance is
small. Thus, EF ;5 under beamforming operation converges
to the maximum for all frequencies at short link distances.
It is important to note that the beamforming efficiency for
the frequencies converges to the maximum (of 1) at a rate
dependent on the corresponding far-field distance. Thus,
counter-intuitively, beamforming operation at 1 THz
improves faster than that at 130 GHz. Observing Bessel
beam efficiency, it is seen that up until the maximum
propagation distance, Bessel beams can match the efficiency
of beamfocusing—the knowledge of the central axis of
propagation completely captures the required phase com-
pensation criteria. However, due to the minuscule electrical
size of the reflectarray, the range of the Bessel beam is
confined. Nonetheless, the propagation distance is greater
for higher frequencies, and the furthest propagation distance,
for 1 THz is marked for a better perspective.

[0099] FIG. 13 shows the corresponding beam spots under
the three modes of operation for the reflectarray (the key for
FIG. 13 is the same as shown for FIG. 12). As expected, both
beamforming and beamfocusing display similar trends, with
increasing spot size as the distance increased. It is observed
that a reduced gain requirement corresponds to greater spot
size, regardless of the design frequency. Thus, the largest
spot size is at 300 GHz, followed by 130 GHz, with the
smallest spot size at 1 THz. As beamfocusing attempts to

capability is better than that of beamforming. The
beamwidth for Bessel beams remains the same within the
confined propagation distance, regardless of the design
frequency. The maximum propagation distance for the high-
est frequency of 1 THz is marked in the figure.

[0100] Scenario 2: As evidenced by the corresponding
parameters in Table 111, the brunt of the required gain in this
scenario is borne by the reflectarray. The requirement of
very high gain at higher frequencies relates to a significantly
increased reflectarray size, and a much larger far-field range.
The EF 4 for the same modes of operation as in Scenario 1
are shown in FIG. 14. Beamfocusing efficiency is again
unaffected. However, it is observed that beamforming opera-
tion is significantly degraded, and the decimating effects of
the far-field effect cannot be ignored. Additionally, for very
high frequencies, for example at 1 THz as shown in FI1G. 14,
the degradation results in an efficiency close to 0, and is
strongly manifest even for the limits of most indoor com-
munication scenarios, as the reflectarray—=RX distance
reaches tens of meters. In direct contrast however, the Bessel
range over which maximum efficiency is guaranteed is
significantly increased, and demands further investigation as
a promising alternative. The longest range of Bessel propa-
gation (at 1 THz) is again demarcated for a better perspec-
tive.

[0101] FIG. 15 shows the corresponding beam spots under
the three modes of operation for the reflectarray designed
with the parameters of Scenario 2 (as per Table III) (the key
for FIG. 15 is the same as shown for FIG. 14). The very high
gain requirement translates to a large electrical size aperture,
which clearly suppresses the beamwidth and the correspond-
ing spot size for both beamforming and beamfocusing, as
compared to FIG. 13. While the trend lines follow a similar
pattern as in the previous case, it is clearly seen that the
Bessel range is significantly increased for all cases. Further,
at 1 T Hz, the beam spot for all three modes is minuscule,
as compared to the spot size for 130 GHz and 300 GHz. In
such a setup, the flexible spot size design of the Bessel beam
could be manipulated to optimize propagation distance,
self-healing capability and beam-coverage criteria.

[0102] Scenario 3: With the reflectarray far-field distance
fixed to 12 m, the generated reflectarray parameters at the
design frequencies are again presented in Table III. The
corresponding EF . for the modes of operation is presented
in FIG. 16. Beamfocusing once again serves as the ultimate
benchmark. As expected, it is observed that the beamform-
ing EF ;» ¢ improves similarly for all frequencies of operation
(the lines are stacked). As the confined far-field range places
a restriction on the maximum reflectarray aperture, the
Bessel range is reduced compared to that in Scenario 2.
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However, the largest design frequency again results in the
greatest propagation distance.

[0103] FIG. 17 shows the beam spots under the three
modes of operation for the reflectarray designed with the
parameters of Scenario 3 (again presented in Table III) (the
key for FIG. 17 is the same as shown for FIG. 16). With the
far-field fixed, we see that the effects on beam spots are only
in terms of absolute measurements. The deviation of the
electrical size of the reflectarray here, compared to the other
two scenarios, relates to the corresponding deviation of the
spot sizes. The relation between the spot sizes of beamform-
ing, beamfocusing, and Bessel beams remain the same; the
non-diffracting Bessel beam has maximum propagation at
the highest design frequency and both beamforming and
beamfocusing spot sizes are larger for the design frequency
that is served with the lowest gain (the smallest electrical
size). Interestingly, under this scenario with a fixed far-field,
the smallest electrical size corresponds to the smallest
frequency, 130 GHz.

[0104] The tuning speed of the plasmonic waveguide is
governed by the charge time of the equivalent graphene-
metal capacitor. Thus, the tuning time is on the order of
picoseconds, and perfectly suited for real-time scenarios. To
this end, other mechanical and temperature-based methods
of phase control work at the millisecond range. During
operation, the phase tuning should match possible environ-
mental changes, and thus the speed of a few milliseconds is
also sufficient to be considered real-time. However, the
faster speed at which the plasmonic waveguide can be tuned
is an advantage when calibration or beam-scanning has to be
performed.

[0105] The reflectarray according to the described
embodiments can be utilized as a cornerstone of intelligent
reflecting surfaces (IRS), which utilize a passive array of
elements for control of a communication environment. The
reflectarray can be utilized to dynamically define NLoS links
for increasing multipath and diversity gains for any com-
munication link. The reflectarray can be utilized to act as an
“off-the-chip” antenna array, for delivering high gain to
compensate for the path loss in low-complexity and low-cost
devices, where sophisticated beamforming architecture can-
not be guaranteed at the end devices themselves. With
continuous phase control, it is possible to operate the reflec-
tarray within the near-field and define arbitrary wavefronts
that may outperform conventional beamforming.

[0106] Even at frequencies other than the THz band, the
design promises interesting merits. Other applicable mate-
rials that exhibit the graphene-based plasmonic waveguide
characteristics could alternatively be used to achieve the
same desired properties that the reflectarray described herein
exhibits, at other design frequencies. The reflectarray
response described herein can serve as a benchmark for
comparing with such alternative solutions.

[0107] The reflectarray device described herein can be
implemented as an intelligent reflecting surface (IRS). Next
generation wireless standards and applications require very
low latency, high data-rates and are expected to operate at
(sub) THz-frequencies. The very high path losses and pos-
sibility of link outages due to blockage make the implemen-
tation of IRS an absolute necessity to guarantee acceptable
performance. As evidenced by the massive thrust in both
device design and channel studies, IRS devices are expected
to be a key enabling technology for opening the door for
high-frequency wireless communications.
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[0108] Embodiments of the invention may be used to
enhance security. In the same way that IRS s can be used to
enhance signals in a particular direction, they can also be
used to cancel signals in a given direction, thereby prevent-
ing eavesdropping or creating a denial-of-service situation to
users.

[0109] While example embodiments have been particu-
larly shown and described, it will be understood by those
skilled in the art that various changes in form and details
may be made therein without departing from the scope of the
embodiments encompassed by the appended claims.

What is claimed is:

1. A hybrid radiating element, comprising:

a metallic patch antenna; and

a graphene-based plasmonic modulator coupled to the
metallic patch antenna.

2. The hybrid radiating element of claim 1, wherein the
graphene-based plasmonic modulator is a graphene stub,
coplanar with the metallic patch antenna and electrically
coupled to the metallic patch antenna.

3. A hybrid radiating element, comprising:

a dielectric substrate having a thickness, a top surface and

a bottom surface;

an electrically conductive patch disposed on the top
surface of the dielectric substrate;

a graphene stub disposed on the top surface of the
dielectric substrate, the graphene stub being contiguous
with, and electrically coupled to, the electrically con-
ductive patch; and

an electrically conductive layer disposed on the bottom
surface of the dielectric substrate.

4. The hybrid radiating element of claim 3, wherein a first
inlet and a second inlet are formed in the electrically
conductive patch along a first side of the electrically con-
ductive patch, thereby forming a central stub of the electri-
cally conductive patch between the first inlet and the second
inlet, and wherein the graphene stub is electrically coupled
to the electrically conductive patch at the central stub.

5. The hybrid radiating element of claim 3, further com-
prising an electrical conductor electrically coupled to the
graphene stub, the electrical conductor configured to convey
a control voltage to the graphene stub.

6. The hybrid radiating element of claim 5, wherein the
electrical conductor (i) extends through the dielectric sub-
strate and the electrically conductive layer and (ii) is elec-
trically insulated from the electrically conductive layer.

7. The hybrid radiating element of claim 5, further com-
prising a voltage source electrically coupled to the electrical
conductor, the voltage source configured to apply a bias
voltage, with respect to the electrically conductive layer,
through the electrical conductor to the graphene stub.

8. The hybrid radiating element of claim 7, wherein the
bias voltage corresponds to a specific phase delay of a
surface plasmon polariton wave propagating in the graphene
stub.

9. The hybrid radiating element of claim 3, wherein the
thickness of the substrate is greater than or equal to 0.0003%.,
and less than or equal to 0.05A,, where A, is a free space
wavelength of EM radiation to be reflected by the hybrid
radiating element.

10. The hybrid radiating element of claim 3, further
comprising a hexagonal boron nitride layer disposed
between the dielectric substrate and the graphene stub.
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11. A hybrid reflectarray, comprising:

an array of hybrid radiating elements, each of which

comprises:

a dielectric substrate having a thickness, a top surface
and a bottom surface;

an electrically conductive patch disposed on the top
surface of the dielectric substrate;

a graphene stub disposed on the top surface of the
dielectric substrate, the graphene stub being contigu-
ous with, and electrically coupled to, the electrically
conductive patch;

an electrical conductor electrically coupled to the gra-
phene stub; and

an electrically conductive layer disposed on the bottom
surface of the dielectric substrate;

the array of hybrid radiating elements arranged in a grid

pattern of M rows and N columns, an individual hybrid

radiating element designated by (m, n) and being in an

m?” row and an n” column of the array.

12. The hybrid reflectarray of claim 11, wherein a center-
to-center separation of immediately adjacent hybrid radiat-
ing elements is substantially equal to A,/2, where A, is the
desired operating wavelength of the hybrid reflectarray.

13. The hybrid reflectarray of claim 11, wherein the
electrical conductor for each of the hybrid radiating ele-
ments extends through the dielectric substrate and the elec-
trically conductive layer, and is electrically insulated from
the electrically conductive layer.

14. The hybrid reflectarray of claim 13, wherein the
electrical conductors from the hybrid radiating elements
together form a codebook port of MxN electrical conduc-
tors.
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15. The hybrid reflectarray of claim 14, further compris-
ing a codebook generator coupled to the codebook port,
wherein the codebook generator generates a bias voltage
signal for each of the MxN hybrid radiating elements,
thereby producing a codebook set of bias voltages V. for
m from 1 to M and for n from 1 to N.

m, ns

16. The hybrid reflectarray of claim 15, wherein the bias
voltage signal for each of the MxN hybrid radiating ele-
ments represents a weight W, . associated with the hybrid

radiating element in the n” column and the m” row and the
of the array of hybrid radiating elements.

17. The hybrid reflectarray of claim 15, wherein the
codebook set of bias voltages V,, , comprises a set of
beamforming weights.

n

18. The hybrid reflectarray of claim 17, wherein the set of
beamforming weights are of the form (beamforming
weights)E[1e”, 1e77].

19. The hybrid reflectarray of claim 15, wherein the
codebook set of bias voltages V,, , comprises a phase
transformation matrix.

n

20. The hybrid reflectarray of claim 19, wherein the phase
transformation matrix is configured to generate a desired
wavefront.

21. The hybrid reflectarray of claim 19, wherein the phase
transformation matrix is configured to generate beamfocus-
ing in the near-field.

22. The hybrid reflectarray of claim 19, wherein the phase

transformation matrix is configured to generate Bessel-
beams.
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