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OVERVIEW

uygens’ Metasurfaces for

Cloaking
m Scalar Passive Huygens’ Metasurfaces
m Refracting Metasurfaces
m Tensor and Chiral Huygens' Metasurfaces
m Shaping the Radiation of Closeby Sources
m Reflectionless Huygens’ Metasurfaces
m Optical Metasurfaces
m Other Antenna Applications

B Summary
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Stealth: Scattering re-direction

m Use shaped or engineered surfaces to
reflect EM-waves in non-specular
directions

Examples:

w s

A
I

Davenport, C.J.; Rigelsford, J.M., "Specular
Reflection Reduction Using Periodic Frequency
Selective Surfaces," Antennas and Propagation, IEEE
Transactions on , vol.62, no.9, pp.4518,4527, Sept.

2014 Can be detected with multistatic radar
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METAMATERIAL CLOAKING

Transformation: Fabrication: Measurement:

5 ~1 5 5 10 15
x-position (cm)

However cloak too bulky on the order of the size of the object

D. Schurig, J. J. Mock, B. J. Justice, S. A. Cummer, J. B. Pendry, A. F. Starr, and D. R. Smith, “Metamaterial
Electromagnetic Cloak at Microwave Frequencies,” Science, vol. 314, no. 5801, pp. 977-980, 2006.
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ACTIVE CLOAKING

(equivalence principle)

(a)

(a) Scattering of a (b) An equivalent scenario (c) The superposition of
plane wave off of a where electric and magnetic (a) and (b) such that the
cylindrical object. current densities on the scattered and interior

surface of the cylindrical object  fields are cancelled out.
radiate the scattered field

M. Selvanayagam, G.V. Elefteriades, IEEE AWPL. 2012



Huygens’ Source Unit Cells

0dB —— H-Plane
-8 - - -E-Plane
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ACTIVE CLOAKING

Just surround a (say) metal cylinder with
magnetic dipoles (loop antennas) to create

a magnetic current that cancels out the scattered
field.

M. Selvanayagam and G.V. Eleftheriades, IEEE AWPL, 2012
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Cloaking

Cloak Design

m 12 total small loops to form an array
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Cloaking

Cloak Design

m Cloak consists of loop antennas (magnetic dipoles)
m Fed through phase shifters (outside waveguide)
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Measurement Setup

Aluminum
Cylinder
(Scatter{

Sy

h’f

Magnetic \;:" “"
Dipole

>

i

Array /

»

Inside Waveguide

XYZ= >

we— transiator

Coaxial

T
\ splitter

Outside Waveguide

M. Selvanayagam and G.V. Eleftheriades, Phys. Rev. X, 2013
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Fullwave Simulation

Without active cloak With active cloak
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Measured

I
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Measured Fields: Measured Cloak: note
Scattering off of a that the wavefronts
metallic cylinder. now pass around the
Note the shadow cylinder as if it was
region not there

M. Selvanayagam and G.V. Eleftheriades, Phys. Rev. X, 2013
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Cloaking: Measured Waves
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Camouflage Results

Small Metallic Cylinder Disguise

L
-

Measured Scattering off of
disguised cylinder. Note the
smaller shadow region
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Simulated dielectric cylinder
(COMSOL)

Dielectric Cylinder Disguise

1

l‘_ -1

Measured Scattering off of

disguised cylinder. Note how the

shadow regions has been modified
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Huygens' Metasurface
DeSCFip’[ion (equivalence principle)

E27H2

[1] M. Selvanayagam and G.V. Eleftheriades, Optics Express, 2013
[2] C. Pfeiffer and A. Grbic, Physical Review Letters, 2013
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Wavefront Shaping
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Motivation: Thin Surfaces for Complete EM-control

(magnitude, phase, polarization; no or small reflections)

Thin (A/10) Huygens’ metasurface

No spurious Floquet modes
A. Epstein and G.V. Eleftheriades, “Floquet-Bloch analysis of refracting metasurfaces ", Phys. Rev. B, 90, 235127 , Dec. (2014).

Traditional Transmit-array
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Huygens' Metasurface

Description
Impedance Boundary Condition:
E E
2 T = X..h x (Hy — Hy)
2 tan.
Admittance Boundary Condition:
H H
2; - —  Bunh x (Ey — Eq)
tan.
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Lattlce Network Model

+o— 2 o+
Impedances
Zl — —jB — 2(211 — Zgl)
v A YA
Vi ngszse: 1142r 21
-0 o - Circuit Equations:

L+ 1, =(1/Zy) (Vi — V)
Field Boundary Cond.: Vi+ Vo= 2Z5(11 — I»)

H, + H
2 - = Bonh X (E; — E;)
2 tan.
E, + E
2; ! = X.hx (Hy — H)
tan.

M. Selvanayagam and G.V. Eleftheriades, IEEE AWPL, 2013
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2D Refraction
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Impedance and Admittance
Spatial Profile

Electric Impedances:

]
X, = t(d/2
2 cos(6;) cot(®/2)
Magnetic Admittances:
0
Bsm = cos(0) cot(P/2)
21
b = (kt — kl) .

M. Selvanayagam and G.V. Eleftheriades, Optics Express, 2013
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Unit-Cell Geometry
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A 2D-Refractive Metasurface =

J.P.S. Wong, M. Selvanayagam and G.V. Eleftheriades, “Characterization of Huygens metasurfaces for 2D refraction”,
IEEE Trans. on Microwave Theory and Techn., 2015.
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Experimental Setup

Waveguide Probe Rexolite Lens

Huygens’ Metasurface Conical Horn

Rotary Post
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Near-Field Isosurfaces
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Far-Field Pattern
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Measured Efficiency
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2D Focus




Gaussian-Beam Focusing
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M. Selvanayagam and G.V. Eleftheriades, “Polarization control using tensor Huygens Surfaces”, IEEE Trans. on Antennas and
Propagat. , vol. 62, no. 12, pp. 6155-6168, Dec. 2014.
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A 90-degree Polarization Rotator

Layer1 Layer2 A/3

Cascaded and rotated metasurfaces create a bianisotropic effect

Y. Zhao, M. Belkin, and A. Al'u, “Twisted optical metamaterials for planarized ultrathin broadband circular polarizers,” Nature
Communications, vol. 3, p. 870, 2012.



Measurement
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Circular Polarization Selective
Surface (CPSS)

For a circular polarization selective surface we need just three layers.
Here our surface transmits right-handed CP while reflecting left-handed
CP.

134 I 173
The three Iayers are shown here. ::’|/t': il e 8
The layers sit on a Rogers substrate /I/ e = T~
"] 170 [ —
and are separated by a A/7 gap. ’:./I/ ] |
The total thickness is < A/2. s =T | B

Compared to tradiotcal designs,
that design required 7-layers and is

0 ommmmmmm—
1.6A thick. R
— -10}
We can see that at 10GHz that 0 w S
right-handed CP is transmitted while o 20
left-handed CP is reflected. = :imcpl'
> lhe
= 40 — IR,,,::,I
AN /\ =T el

9.5 1|0 16.5 1I1
Freq (GHz)

w
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Fabricated CPSS

37
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4-Port Quasi-Optical Measurements

Lens
e

Circular
Horn

M. Selvanayagam and G.V. Eleftheriades, "'Design and measurement of tensor impedance transmitarrays for
chiral polarization control", IEEE Trans. on Microwave Theory and Techn., vol. 64, pp. 414-428, Feb. 2016.
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Measured Results

Magnitude {dB)

1
-

Left-handed CP passes/Right-handed CP is reflected
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Measured Results

Magnitude (dB)
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Arbitrary sources to directive

radiation
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A. Epstein and G.V. Eleftheriades, “"Passive lossless Huygens metasurfaces for conversion of arbitrary source field to directive radiation ",

IEEE Trans. on Antennas and Propagat. , vol. 62, no. 11, pp. 5681-5695, Nov. 2014.
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Passive and Lossless Design

m L ocal immpedance
equalization

Reflection

— k COS eout - IB
kKcos@  +p

Fresnel: T'(k,)

m Local power
conservation

Transmission

Aperture follows

incident power profile__—~ s
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Huygens’ Metasurface (HMS) Desigr
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A. Epstein and G.V. Eleftheriades, ““Passive lossless Huygens metasurfaces for conversion of arbitrary source field to directive radiation ",
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Electric Line Source and PEC

! Transmitted @
] E.
%V field Y

: Z. (). Yo (¥) Metasurface ) v
e S Bl Bl B B B B B B B B B B ER B -
(C) {qlﬂ ;l] Incident field Reflected field »

10 I12 A £ @
: IO S e e "T‘;Jr A
1 4cosd,,
F|n|te z[/l] i i B
elements
. . - 0.4 b)
simulation = = (
7L ¥
10 -5 y [/1] 5 10 _qu ) 60
-901' :\90
1 Ji
Semi- -1£oj """ Theory 120

analytical
theory




" N
Cavity-excited HMS antenna (solves the

aperture efficiency vs radiation efficiency
tradeoff in leaky-wave antennas)
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Control of Radiation Pattern

Reduced side-lobe level

m SLL=-20dB
(10dB reduction)

Full-wave
(Discretization,
losses)

Semianalytical
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Switched-beam Antenna

Directivity Aperture

agueay Beamwidth [dBi] efficiency

Theory HFSS Th;" HFSS Th;°’ HFSS Theory HFSS
Ay=0 0° 0°  101° 121° 143 132  86%  67%
Ay=t0.6A -95° -98° 102° 127° 141 127  83%  60%

Ay=t12\ -187° ~29° q07° 127° 133 124  72%  59%

Semianalytical Full-wave
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Reflectionless Wide-Angle Refracting Metasurfaces

Joseph P. S. Wong, Student Member, IELE, Ariel Epstein, Member, IEEE, and George V. Eleftheriades, Fellow, IEEE

Abstract—We hereby report a solution to the problem of reflec-
tions from passive lossless refracting metasurfaces that works even
at wide deflection angles. The phenomenon of reflections is due
to not accounting for the local wave-impedance mismatch at the
source and load faces of the metasurface; this cannot be fully miti-
gated even with an impedance-equalized Huygens’ (IEH) metasur-
face. The solution is demonstrated to be enabled through the cor-
rect application of generalized, instead of canonical, scattering pa-
rameters. The canonical and 1EH approaches are compared to the
generalized scattering parameter approach. It is seen that though
the approaches are similar at low-to-moderate levels of refraction,
at wide-angle refraction only the generalized S-matrix approach
is capable of good matching. This is demonstrated via full-wave
simulations, for refraction from normal incidence, using an asym-
metric structure comprising three cascaded admittance surfaces,

Index Terms—Matching, metasurfaces, refraction, scattering
parameters, wide-angle.

[. INTRODUCTION

ARIOUS perspectives exist in the design of metasur-
faces. These include frequency selective surfaces [1].
impedance surfaces [2]. as well as Huygens® metasur-
faces [3]. [4], among others. Their embodiments are low-profile,
and they can achieve remarkable wave-manipulation capa-
bilities [5]. In addition, Huygens' metasurfaces show good
matching and insertion loss [6]. On the micro level, one factor
common to all these approaches is the synthesis of unit cells
in an infinite homogeneous array using microwave network
theory. Subsequently, in the finite inhomogeneous embodi-
ments (e.g.. for refraction and focusing). the changes along the
aperture are assumed to be slowly varying, and the micro-level
unit cell results remain valid due to the “local periodicity™ [7].
On this macro level of the finite inhomogeneous metasur-
face. there exist two common design approaches. In terms
of the canonical scattering parameters [S], one can enforce
Si(z) = Saa(z) = 0 to attempt to eliminate reflections,
and S21(z) = S12(z) = €/* (0 provide a phase shift ¢(z)
over the aperture position z. This we term the canonical ap-
proach [7]. [8]. Alternatively. using Schelkunoff’s equivalence
principle, one can stipulate the tangential electromagnetic
fields over the aperture position. Then. effective boundary
conditions determine the required surface polarizabilities to

Manuseript received October 19, 2015; accepted December 01, 2015, Date
of publication December 04, 20135: date of current version April 13, 2016.

The authors are with the Department of Electrical and Computer Engineering.
University of Toronto. Toronto, ON M358 3G4, Canada (e-mail: gelefthi@ece.
utoronto.ca).

Color versions of one or more of the figures in this letter are available online
at hitp://iceexplore ieee org.

Digital Object Identifier 10.110%LAWP.2015.2505629
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Fig. 1.
without reflections. This is described using the generalized S§-parameters [G]

IMustration of a metasurface refracting a plane wave from 6; to 8.

support these fields [9]. which can be expressed as surface
impedances and admittances [3]. [4]. In [10], the correspon-
dence between Schelkunoff’s equivalence principle and circuit
concepts is demonstrated, relating these surface impedances
and admittances to microwave network theory. This we term
the Huygens” approach.

In [3]. reflectionless plane-wave refraction is investigated
using the equivalence principle. However, this is found to
require complex impedances and admittances. resulting in
Huygens’ sources that are not passive and lossless. Numer-
ical optimization is used to fit the results to a purely reactive
solution. In [4] and [11], slight reflections are permitted to
avoid active or lossy Huygens’ sources. permitting a rigorous
analytical formulation. This approach. which we term the
impedance-equalized Huygens® (IEH) approach, 1s imple-
mented in [6] using [10]. The experimental results in these
cases are similar to the ones corresponding to the canonical
approach [8]: As long as the refraction angles are moderate, the
matching is good.

In this letter. we show that wide angles of refraction pro-
duce a dramatic increase in reflection using these existing
approaches. This phenomenon is inherent to [S] because of
the identical incident and refracted wave impedances assumed
there, when in fact there is a mismatch. The correct description
of reflectionless plane-wave refraction is thus afforded by the
use of generalized scattering parameters [G]. Note that [G]
exists for both pseudo [12] and power waves [13]. but these in
general are not equivalent and cannot be applied in the same
contexts [14]. In their application to positive but dissimilar
wave impedances considered here, these are equivalent. and
matching becomes near-perfect even in the case of wide-angle
plane-wave refraction.

1. MACRO- AND MICRO-LEVEL DESCRIPTIONS OF
REFLECTIONLESS PLANE-WAVE REFRACTION

Fig. 1 illustrates a metasurface refracting a plane wave from
6; to @; without reflections. On the macro level, this phenom-
enon is correctly described in terms of a reciprocal [G]. where

1536-1225 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See hitp://www.icee.org/f

_standards/publicati

/rights/index.html for more information.
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Q-Bianisotropic Metasurfaces

Q-Bianisotropic
Huygens’ metasurfaces metasurfaces
m Electric impedance m Electric impedance
m Magnetic admittance m Magnetic admittance
m Magnetoelectric
coupling

Y. Ra'di, V. Asadchy and S. A. Tretyakov, IEEE Trans. Antennas Propag., 62, 7 (2014)
. J. Wong, A. Epstein, and GV Eleftheriades, IEEE Antennas Wireless Propag. Lett. , vol 15, (2016).
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Extreme Angle Refraction

Refraction Beam splitter

|

= Ds [} 05 ]
} Yi Yl
s [oy]¥ T
0°-> 80° 0°> 72° 0°> £72°
Efficiency: Efficiency: Efficiency: 98% (1:1)
98.9% 99.5%

(Huygens’: 50%) (Huygens’: 73%)
*J. Wong, A. Epstein, and GV Eleftheriades, IEEE Antennas Wireless Propag. Lett. , (2016).
* Epstein and Eleftheriades, accepted to APS/URSI Puerto Rico (2016).



Floguet-Bloch (FB) analysis

(arbitrary angle of incidence)
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Floquet-Bloch Analysis

Metasurfac | Angle of Refraction
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A. Epstein and G.V. Eleftheriades, “"Floquet-Bloch analysis of refracting metasurfaces ", Phys. Rev. B, 90, 235127 , Dec. (2014).
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Advanced Pattern Control

Binomial virtual array Chebyshev virtual array
(L=10A) (L=10A, SLL=-30dB)
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BMS modal refl. coeff.: MANY degrees of freedom! ‘




Optical Huygens’ Metasurfaces
(complete phase & magnitude control)

Overview
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Silica

m Each unit-cell simultaneously employs both electric and magnetic resonances and
mimics a Huygens’ source
M. Kim, A. Wong and G.V. Eleftheriades, Phys. Rev. X, Dec. 2014



" J
Optical Huygens’ Metasurfaces
(complete phase & magnitude control)

29-Dec-16 59
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Arbitrarily Reflecting Incident Field:
Beam-Splitter

Incident field

Reflected field #1

Huygens'
metasurface

rrrrrr itted field

m Able to re-direct incident light at any arbitrary direction

m Can be extended to the designs of exotic optical
reflectarrays and focusing lenses

M. Kim, A. Wong and G.V. Eleftheriades, Phys. Rev. X, Dec. 2014
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Optical Chebyshev Pattern

180°

M. Kim, A. Wong and G.V. Eleftheriades, Phys. Rev. X, Dec. 2014



Optical Reconfigurable Metasurfaces

Using the Phase Transition of VO2

Top view
Electrical T T T T
contact >
Top view of . .
gold nanorod Current which will
|induce ohmic heat
V1 C> V2 C) V3 C) vn C)

Cross-sectional view:
(for one unit cell)

135nm

Au

245nm Au

SiO2 thickness: 10nm
VOZ2 thickness: 50nm
Top Au thickness: 30nm

M. Kim, J. Jeong, J. Poon, GV Eleftheriades, JOSAB, May 2016



Dynamic manipulation of reflected
wavefront

m Dynamic control of the reflected wavefront depending
on the digital voltage distribution (i.e., V,on =1 and V,
off = 0) on the digital optical metasurface.

180 e BB S ey 180 emngt i P LM BT 180 e s

i I

270 270 270

29-Dec-16 63
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EXTENDING THE SCAN RANGE OF ARRAYS WITH
METASURFACES
-.Leaky-wave antenna scans beam as a function of

frequency
-Etched on Rogers Duroid 5870

rrLrry

PIPIIIIPEL IS

T.R. Cameron and G.V. Eleftheriades, IEEE Trans. on Antennas and
Propagation. 63(9): 3928-3938, 2015.



Experimental Validation:

-Gain improvement beyond 45°, as expected

-Remarkable bandwidth

-Minimal impact on cross-polarization levels

f =12.8 GHz
20 ‘ .

Peak Gain (db)

— Uncompensated
1 —Loaded | | | |
_qO 20 30 40 50 60 70 80
Scan Angle (Degrees)

UNIVERSITY OF TORONTO
FACULTY or APPLIED SCIENCE « ENGINEERING
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Beam Squinting Reduction of Leaky-Wave
Antennas using Huygens’ Metasurfaces

Metasurface

" Port 1

29-Dec-16 M. Mehdipour and G.V. Eleftheriades, IEEE Trans. On Antennas and Propagat., 2015 66
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Beam Squinting Reduction of Leaky-Wave
Antennas using Huygens’ Metasurfaces

el
1 -
= o f e
IIT O 35 —CPW LWA+Metasurface|.-.----- - S
111 > | [==CPWLWA L
= 230
Q
2 25
(a) (4]
y ——LWA Ernr—.:asu;édj -
A £ 20
== LWA+Metasurface (simulated
Q
E‘ m
15
20! 0
AF/E (%)
-25} D
° &2 ° Freqi.?ency{1§Hz}
(b)
29-Dec-16

67



" J
Advantages of Huygens’

Metasurfaces

m Complete control of magnitude, phase and
polarization state (including chiral effects)

m Incident field can be a plane-wave, a
beam or a nearby source

m Sub-wavelength thin surfaces
m Controlled reflection coefficient

m Microwave, THz or optical implementation
possible

m More with active/tuneable metasurfaces!




