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Metamaterial:

an arrangement of artificial structural elements, designed to achieve
advantageous and unusual electromagnetic properties

Building Block
(unit cell)

Constituent
element

All the field vectors are averaged over electrically (optically)
small volumes each containing many meta-atoms.
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Metasurface:
electrically thin composite material layer, designed and optimized to function as
a tool to control and transform electromagnetic waves

Two-dimensional versions of metamaterials. . .
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(S is the unit-cell area). Electric and magnetic current sheets
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Perfect lens
Propagating modes

— negative refraction

Evanescent modes
— plasmon resonance

Rpatf — 0

V. Veselago (1967), J. Pendry (2000)
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Two resonant grids
Two resonant grids (metasurfaces!) instead of a
backward-wave medium slab

Second particle
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S. Maslovski, S. Tretyakov, P. Alitalo, Near-field enhancement and imaging in double
planar polariton-resonant structures, J. Applied Physics, vol. 96, no. 3, pp. 1293-1300,
2004.
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Experiments (2004, 2005)

Field probe
A resonant particle

S mm
—

Ground'plane I 2.5 mm
% 2 5 mm

5 mm

Particle holders
e
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Can we replace all metamaterial devices with
metasurface devices?

Huygens’ principle

EH n EH
——. — n
/
|/ Sources \ Zero
\\’ /‘ \\ field ))Jg =nXH
S\\\____// S\\__/ﬂM.=EXn

Picture from R.F. Harringthon, Time-Harmonic Electromagnetic Fields, IEEE Press,
2001.
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Metasurfaces: Many functionalities

S.B. Glybovski, S.A. Tretyakov, P.A. Belov, Y.S. Kivshar, C.R. Simovski, Metasurfaces:
From microwaves to visible, Physics Reports, vol. 634, pp. 1-72, 2016.
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Probably the first metasurface: 1898

On the Reflection and Transmission of Electric Waves by
a Metallic Grating.

By Pror. HORACE LAMB, F.R.§,, , . “ITY

. N\ '
[ Extracted from the Procecdings of the London Mathent ical S&c&tx"ﬁ \} -
Vol. XXIX., Nos. 644, 645.] wmﬂ‘“‘—‘-

The main problem of this paper consists in the calculation of the
disturbance produced in a train of electric waves by a plane grating
composed of parallel, equal, and equidistant metallic strips. The
treatment is approximate, and involves the assumption that the
wave-length is large compared with the distance between the centres
‘of consecutive strips; the application is, therefore, rather to Hertzian
waves than to phenomena of ordinary Optics. The previous mathe-

In the above investigation, the coefficient of the primary wave has a
been taken to be unity. On the same scale, the coefficients of the C = —
reflected and transmitted waves are —1+ B, and B,, or
1 ike
SR N Lt
Trike " Tiike s SR log sec ~—%_,
¢

respectively. Hence the intensities I, I' (say) of these waves, in o 2 (a+b)

H. Lamb, On the reflection and transmission of electric waves by a metallic grating,
Proc. London Math. Soc., vol. 29, ser. 1, 523-544, 1898.
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Engineering properties of a metasurface: 1898

The intensities of the reflected and transmitted waves, in terms of
that of the primary wave, are therefore

1 Il '
=, I'=_——"—. 95
1+’ 1+ i
If the wave-length is at all large compared with ¢, k¢ is small, and
the reflection is almost total. But, for any given wave-length (large
compared with @), kc may be made as great as we please by sufficiently

diminishing the radius b of the wires. In this way we can pass to
the case of free transmission.
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Current work: Software-defined metasurfaces

VISORSUREF project: A Hardware Platform for Software-driven Functional
Metasurfaces, www.visorsurf.eu/

isor

Image
Database

Individual addressing
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Metasurface: Electric and magnetic current sheets
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S is the unit-cell area.
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Engineering reflection and transmission
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Locally periodical arrays (physical optics)
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Only electric current
(only electric polarization)

P = Qee - Einc = qce - Eloc

=l

it'i‘ﬁz

Possible functionalities: FSS and some polarizers

Impossible functionalities: Absorbers (50% max absorption),
twist polarizers, mirrors with controlled reflection phase,. ..

Y. Vardaxoglou, Frequency Selective Surfaces: Analysis and Design, John Wiley &
Sons, 1997

B.A. Munk, Frequency Selective Surfaces: Theory and Design, John Wiley & Sons,
2000
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Both electric and magnetic currents:
(electric and magnetic polarizations)
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Reflected and transmitted waves

0 1 jw
Eref = —%Jeiizo XJm = —]Z—S[T]op Fzoxm]

0 1 W
Eyr = Eine — %Jeiiz0 XJm = Einc — ]Z_S[UOP +zg X m]

(S is the unit-cell area, g is the free-space impedance)

The sheet generates different secondary fields at its two sides,
and we can control reflection independently of transmission
(T#1 +R).
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Non-reflecting thin layers: Huygens’ sheets

Erer =0 = NoJe = £20 X Jm, MNop = £Zo X m

The same relation as between the fields in the incident plane
wave.

All (properly designed) absorbers, polarizers, non-reflecting
FSS, phase-shifting surfaces,. .. are Huygens’ sheets.
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Special case: Uniaxial symmetry

= =07 oy - w0 T .o T
Qee = A0+, Omm = G L+t T,

I; = I - zyzp is the two-dimensional unit dyadic, and J, = zo x I; is
the vector-product operator.

Reflected and transmitted fields (normally incident plane
waves):

i 1 = =
Epef = — ]2_5 [(770/0‘\22 - %acn(l)m) Ti+ | nocee — _aTrrﬁm) ]t] - Einc
jw 1  jw 1 =
Eyx = {[1 53 (7706‘\22 + %agr?m)] t75g (no@ﬁfe + U_oa\crém)]t} * Einc

Red=non-reciprocal effect

A
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Magneto-dielectric sheets

Additional possible functionalities: zero-reflection devices
(absorbers, FSS, phase-shifting sheets, some polarizers);
zero-transmission devices (absorbers, mirrors with controlled
reflection phase)

Still impossible: twist-polarizers (except using nonreciprocity),
and all devices which require different response when
illuminated from different sides
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Example: Reciprocal perfect absorbers

Desired performance: Reflected field is zero (both co- and
cross-polarized components); Transmitted field is zero (both co-
and cross-polarized components)

To ensure zero transmission:

1- o (e s ) =0
To ensure zero reflection:
M0ee — %afr‘fm =0
Solution: . 5
Modee = %acrr?m o

Need unit cells with balanced electric and magnetic moments,
both at resonance.

A
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From collective polarizabilities to the properties of

individual unit cells
Local fields and interaction constants. ..

—_

P = Qce * Eine,

—

P
m = &mm - Hine, m = Omm - Hioc

Eioc = Einc + Ee ‘P
Hjoc = Hinc + Em -m

For our simple case

1_1, ; 1 1 pe
_ — e _ —_—
Uee a\gg ’ Omm Zt\cngl)m T]%
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We need particles with the polarizabilities equal to

1 1 :Re(E) @3 W

= + ] — + f—
1No&ee a’mm/’]O Mo ]67'(C2 ]25

Balanced (optimal) lossy particles. Resonance frequency of
particles in free space is different from that in the array.

For dense arrays,
0.36

\Eopo a3

(a is the array period, S = a? is the cell area)

1
%Re(ﬁe) ~

meta.aalto.fi



Symmetric all-frequency-matched single-layer
absorber: topology

(\\O \‘\@

I\CN @L\?é\“ﬂ “‘@‘\@“@@@@
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V.S. Asadchy, |.A. Faniayeu, Y. Ra'di, S.A. Khakhomov, I.V. Semchenko, S.A. Tretyakov,
Broadband reflectionless metasheets: Frequency-selective transmission and perfect
absorption, Phys. Rev. X, vol. 5, p. 031005, 2015.
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Polarizabilities are balanced

‘o 6 4 & 6
N Y ~
S Y —Re(a_) €
S 4 iy | g
's 4 3 ---Im(a_ ) T
= 3 b g 3
=, £y —Re(a_ ) =
Y ", em )
S tmlo) | 8
% 0 _Re(amm) % 0
N
2 —-im(@_ ) ]
8 -2 mm S
e °
o
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Frequency response

1
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Reciprocal symmetric perfect absorbers

Experiment

0.75

0.5

0.25

o [t
29 3 31 32 33 2.9 3 3.1 3.2
Frequency (GHz) Frequency (GHz)
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Engineering transmission: Matched
transmitarrays (Huygens’ metasurfaces)

6 6w6e90?
0 7o




Locally periodical arrays (physical optics)
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Matched (Huygens’) transmitarrays: Design target
Desired performance: Reflected field is zero (both co- and
cross-polarized components); Transmitted field is co-polarized
and its phase is shifted by the angle ¢.

There is no reflection if
1 1
M0ee = —@mm =0,  100ee = — &y =0
o
There is no cross-polarized transmission if

1
T T —
noaele; + _Oar;m =0

The transmitted field has the desired phase shift (and the same
amplitude as the incident field) if

meta.aalto.fi



The collective polarizabilities should satisfy

1

TYOagg - _a\rci?m =0
1o

770521(; - _a\rcrﬁm =0, TIOHEE + _a\cnﬁm =0
jw
- o L)
Solution:
T =TT, =0, o = g, = = (1-c?)
ee mm ee T[O mm ]w
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What should be the individual polarizabilities of
array particles?

We again use the connection between the polarizabilities of
particles in infinite arrays and the same particles in free space:

1 _ 1 & 1 B 1 ﬁe
Modee  Nodea 70 Cmm/To  Aeem /Mo "o

From here,
1 1 sin ¢ K3

Re(Be) -

10%ee amm/ 7]0

251 cos ¢ ]67'(\/60[4()
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Designing particles and the transmitarray

Balanced spirals, racemic arrangement

V.S. Asadchy, I.A. Faniayeu, Y. Ra'di, S.A. Khakhomoyv, I.V. Semchenko, S.A. Tretyakov,
Broadband reflectionless metasheets: Frequency-selective transmission and perfect
absorption, Phys. Rev. X, vol. 5, p. 031005, 2015.
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Experimental set-up
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Measured performance
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A.A. Elsakka, V.S. Asadchy, I.A. Faniayeu, S.N. Tcvetkova, and S.A. Tretyakov,
Multifunctional cascaded metamaterials: Integrated transmitarrays, IEEE Trans.
Antennas Propag., vol. 64, no. 10, pp. 4266-4276, 2016.
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General bianisotropic sheets
(electric, magnetic, and magnetoelectric

properties)

. Einc
Hinc

[ ]-

The same in terms of the dipole moments of unit cells p and m

0] jwm
[ P ]_ :Eee ?em [ Einc ]
/E\me Z\mm Hinc

meta.aalto.fi




Uniaxial symmetry

EIectrlc and magnetlc polarlzanon

aee = (Xeelt+ ee tr amm = (XmmIt+ mm t

Magnetoelectric coupling:
Qem = a\g?nlt + agn]t/ me = a;?elt + a\cnﬁe]t

I; = I — zozy is the two-dimensional unit dyadic, and J, = zg x I; is
the vector-product operator.

Reciprocal and nonreciprocal coupling:

Tem = (C+ L+ (V+jQy, Fme = (T— )L + (-V + jQ)].

Red=non-reciprocal effect

Aalto University meta.aalto.fi
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Reflected and transmitted fields
Most general uniaxial sheets

Normally incident plane wave:

This allows the most general device synthesis, within the
physical optics approximation.

Aalto University
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Reflected and transmitted fields
Reciprocal sheets

—~cr ~r _ n:N —~cr ~r _ >
Ao + e = 20, Qe — Qo = 2K

jw = 1
Eref = ~2g (770’0222 +2jQ) - %a\;?m) Einc

@ 1 W~
Eq = [1 - ]2_5 (170/0228 + %b?cn?ln)jl Einc ¥ EK zo X Einc

Magnetic response (amm) controls matching; omega coupling
(QQ) controls asymmetry in reflections from two sides; chirality
(x) controls polarization transformation in transmission.

Aalto University meta.aalto.fi
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General bianisotropic sheets

Additional possible functionalities: All what was still impossible
with magneto-dielectric sheets

Still impossible: Nothing (if not forbidden by basic physics)
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Engineering reflections: Metamirrors

Y. Radi, V. S. Asadchy, S. A. Tretyakov, Tailoring reflections from thin composite
metamirrors, IEEE Trans. Antennas Propag., vol. 62, no. 7, pp. 3749-3760, 2014.
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Required collective polarizabilities

Desired performance: Transmitted field is zero; Lossless
reflection; Reflection phase ¢ for one side and 0 for the other.

No transmission:

» ,
1 (W 2T F T T =0, LT - T = O
Desired reflection coefficients:

1o

jw “~CO , oCr —r 1 o0 _
_E Noee + Bem + Ape = — A | = e](P

jw ~—Co __ —>¢r —~r 1 o o) i0
_E NM0%e — Aem ~ Ame — ——Fmm | = ¢

Aalto University meta.aalto.fi
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Several possible realizations. Assuming that we
will use only reciprocal unit cells:

Need lossless bianisotropic unit cells (omega coupling, no
chirality).
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Shapes of wire “omega” particles
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Example: Deflecting metamirror

h 0 Q q 0 Oxkt.y

V.S. Asadchy, Y. Radi, J. Vehmas, and S.A. Tretyakov, Functional metamirrors using
bianisotropic elements, Phys. Rev. Lett., vol. 114, p. 095503, 2015.
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Example: Focusing metamirror

I E/E|?

0 22 44 6.6 838

L

ol

Focal length = 0.65¢
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Experimental sample

48
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Measured results: Focusmq metamlrror

15

7.5 0.5 0.5
E o 0
e

=75 -0.5

1528 22 16 10 D28 22 16 10 4

y (cm) y (cm)
Incident fields Reflected fields

Operating frequency 5 GHz, bandwidth ~ 5%, reflectivity
~ 86%, focal distance 0.65A, f-number f/D = 0.23, focal spot

size 2.84 x 0.9, metasurface thickness 1/7.6, diameter 2.8A,

the focusing reflector is transparent outside of the resonant
band. _

A
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Oblique incidence: Focal spot shift

Simulation results

10°

15°




Obligue incidence / Low-profile multibeam antenna

Experimental results

Three primary feeds at different positions create three beams in
different directions.
S.N. Tevetkova, V.S. Asadchy, and S.A. Tretyakov, Scanning characteristics of

metamirror antennas with sub-wavelength focal distance, IEEE Trans. Antennas
Propag., vol. 64, no. 8, pp. 3656-3660, 2016.
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Multifunctional metasurfaces

N
RS

A.A. Elsakka, V.S. Asadchy, I.A. Faniayeu, S.N. Tcvetkova, and S.A. Tretyakov,
Multifunctional cascaded metamaterials: Integrated transmitarrays, IEEE Trans.
Antennas Propag., vol. 64, no. 10, pp. 4266-4276, 2016.
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Example three- Iaver surface
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Physical optics is an approximation!
How one can create metasurfaces for perfect control of reflection and
transmission?

P;

Wi

i Pi === -f-—-———-—- >
 Z
PR (. Wi ___ N P‘S—/
3 \/gr AW
\ L ’

W ¢ X

er / : 2
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Aalto University meta.aalto.fi

A School of Electrical
Engineering

54



Conventional design approach: Physical optics
(the phased-array principle)

The incident wave is e 7%*sin0i gnd the reflected wave is
e—jkx sin O, .

The reflection coefficient is set to
R = exp[jkx(sin 0; — sin 0;)] = exp(jP;(x))

At every point we want to have full power reflection
(or transmission):

IR =1 or |T|=1

Gradient phase (“the generalized reflection law”):

. . _ 1ddy(x)
sin 0; —sin 6, = P

Aalto University meta.aalto.fi
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But such reflectors do not produce the desired

reflectedﬁ fields!

Rl21 or [T|#1

Power efficiency:

Z.—7Z; )2 _ 4cos 0 cos O,
Zy+7Zi)  (cos6; + cos 6;)2

V.S. Asadchy, A. Wickberg, A. Diaz-Rubio, and M. Wegener, Eliminating scattering loss
in anomalously reflecting optical metasurfaces, ACS Photonics, vol. 4, pp. 1264-1270,

2017.

=1~
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Efficiency results

1
° Non-local design
0.8+ [1] . [1.6] ; & (Experiment) |
Incident wave 5 [2] 8]
L]
206/ et
Parasitic reflections Anomalus &55' 04! [
z X reflection =
0.2
O L L L L
0 20 40 60 80
0,

[1] M. Collischon, et al., App. Opt. 33, 16 (1994); [2] P. Lalanne, et al., Opt. Lett. 23, 14
(1998); [8] S. Sun, et al., Nano Lett. 12, 6223 (2012); [9] S. Sun, et al., Nat. Mat. 11,
3292 (2012); [11] A. Pors and S. I. Bozhevolnyi, Opt. Express 21, 27438 (2013); [16] Z.
Li, et al., Nano Lett. 15, 3 (2015); [17] G. Zheng, et al., Nat. Nanotechnol. 10, 308

(2015).
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Conventional design (“generalized reflection law™)

1 dPi(x)
k1 dx !

Z,() = j— - cotb,(4)/2]

sin 6; —sin 6, = 5
s Uj

R(E:) | R/Pa
| T I S B D) =
15 ! L1 BRI 2
1 vyail) P e
’ IS PV v Ny
‘ VA_“‘4<{1 TeReea L8
= -
1 08 :::»,;;E DEREs
aQ ‘pﬁ sEEaa 1.6
1r¢ A
! avd 1.4
05 A ra :
06! AL {gss
= AAAA ERsds 1.2
= P N AAAA N 4 \[}}
=< 0o = e A VA)}
5 5 Y LaRAAeEs <222 1
Iy [NyTess v assas |
ARl
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/Dy /Dy
— N° — o i o
0; =0°, 6, =70°. Efficiency 75.7%.
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“Active-lossy design”

m

Vcos 6, + Vcos 6; /P

Zs(x) =

\/ cos 0; cos O, \/C0s 6; — \/cos 0, ()

P/Pu

15

05

z/Xo

R(E)
= v
g
e e
1o ORprpRr %
rvy
vy
E
‘
‘
‘
‘
‘
‘
.5

0
/Dy

Efficiency 100%

(SIS
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But how can we realize it?

We need either active elements (gain) or strong non-locality
(receiving in “lossy regions” and radiating in “active regions”)
V.S. Asadchy, M. Albooyeh, S.N. Tcvetkova, A. Diaz-Rubio, Y. Radi, and S. A.

Tretyakov, Perfect control of reflection and refraction using spatially dispersive
metasurfaces, Phys. Rev. B, vol. 94, 075142, 2016.

A
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Design concept: Inhomogeneous leaky-wave

antenna
Select reactive surface impedance Zg such that a surface wave

2
is supported: s = ki 4[1 - ZZ—;
s0
Periodically modulating the surface, couple to plane waves with
ZZ
sin 0, = 'i—j =4/1- Z_Zl + nsin 6;

sO
Next we LINEARLY modulate the reflection phase, to receive
and radiate from/to the desired directions:

—Initial estimation
o Optimization
5001 - Conventional design

meta.aalto.fi
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Numerical results

(sin OB, — sin 6,)k1x — Dy
(Sil’l 91 —sin Qn)kl (x - D) — @y

Oy (x) =

R(EY)
15
1
05
< 0
N
05
1
15

Efficiency 100% with a lossless reflector:

reactive boundary.
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Design for experimental realization
Array of rectangular patches on a grounded dielectric substrate.

/Py

SIS
0.6 Semmm s n

-0.5 0 0.5

Numerically calculated efficiency 94%

(< 100% due to losses in copper and dielectric)

A. Diaz-Rubio, V.S. Asadchy, A. Elsakka, and S.A. Tretyakov, From the generalized
reflection law to the realization of perfect anomalous reflectors, Science Advances, 3,

1602714, 2017.
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Experimental sample for microwaves

Receiving

/ antenna

Target operational frequency 8 GHz.

1.575 mm thick Rogers 5880 substrate (e, = 2.2, tan 6 = 0.0009),
copper patches.

The sample size 11.7A X 7A (440 mm x 262.5 mm).
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Experimental results

Fixed bi-static antenna positions, at 0° and 70°.
Rotating sample (¢ = 0 corresponds to the normal incidence).
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ﬁ -70 2 -70

-80 -80+

-90 -90

-90 -60 -30 0 30 60 90 90 -60 -30 0 30 60 90
¢ (deg) ¢ (deg)

Metamirror sample Reference metal plate

Experimentally measured power efficiency 93.8% at 8.08 GHz
(numerically simulated: 94% at 8 GHz).
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Simple special case 0, = +6;

General case: “active-lossy” surface

v/cos 6; m \cos 6, + Vcos 6; /™
Er = Ei ’ Zs(x) = D
Vcos 0, \cos 6 cos 0, y/cos ; — +/cos 6, e/

If 6, = +6;, the surface is purely reactive at every point:

m cot q)r(x)

ycos 6; 2

E. =E, Zs(x) =]

Specular reflection or retroreflection
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Three-channel mirror

1l
i Joraommafonnajsn o L '
tfssatfofonntfoesgfo
antfnfont o D= /1/ (2sin70°)

At 6; = 0° and 6; = £70° angles, the observer sees himself as
in a mirror normally oriented in respect to him.
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Results

17 mm

0.8

0.6

2/
=)
2/

o
&

6, = —66 deg
6, = —70 deg
6, = 74 deg

& (dB)
& (dB)

-30 -30
6.5 7 75 8 85 9 9.5 6.5 7 75 8 85 9 9.5
Frequency (GHz) Frequency (GHz)

V.S. Asadchy, A. Diaz-Rubio, S.N. Tcvetkova, D.-H. Kwon, A. Elsakka, M. Albooyeh,
and S.A. Tretyakov, Flat engineered multi-channel reflectors, to appear in Phys. Rev. X.
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Exact synthesis of transmitting metasurfaces

I— L/ |
E ;
v 6 n
n .
S\ C - :
Pt
Come = 1 (Zt -7 )2 B 41113 cos 0; cos Oy B 41113 cos 0; cos Oy
nTE = Zi+Z;i]  (npcos 6; + ;g cos 0)2 M = (172 cos Oy + 11 cos 6;)?

M. Selvanayagam and G.V. Eleftheriades, Discontinuous electromagnetic fields using
orthogonal electric and magnetic currents for wavefront manipulation, Opt. Expr., 21,
14409, 2013; A. Epstein and G.V. Eleftheriades, Huygens’ metasurfaces via the
equivalence principle: design and applications, J. Opt. Soc. Am. B, 33, A31, 2016.
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Homogenization model

Involving only tangential fields:

Ey =Z11-nxHy +Z1p - (—n x Hp)

Ep = Zy1 -n X Hyy + Zp - (—n x Hp)

nxH Z-Z — an
t1 11 <12 Zzz 21 t2
o {1 SH
E 7 _7 E:
12 21
O O
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Equations for Z-parameters
Equating the normal components of the Poynting vector:

E; = E; /&61 [@eﬁl’t
cos Ot \ m1

Substituting the desired field values:

1 \/7 e sin O
cos 0; cos B¢k sin Ozt
V2

I 1 o
€_]k1 sinfiz _ Z11 77_ cos 61 e jk1 sin Slz_le
1

e—jkz sin Oyz+joy — Z21

! Jcos 6; cos Oy e sinOz_7,, cos B ke sin Ocz+j
V2

12

Two equations, four design parameters.

V.S. Asadchy, M. Albooyeh, S.N. Tcvetkova, A. Diaz-Rubio, Y. Ra'di, and S. A.
Tretyakov, Perfect control of reflection and refraction using spatially dispersive
metasurfaces, Phys. Rev. B, vol. 94, 075142, 2016.
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Perfect lossless design

e—jk1 sin 0z —jki sin Bz __

7X12

1
= jX11 — cos O;e
m

1 oo B cos B nic
cos 0; cos Qe /2 sin O+
V2

e—jkz sin Orz+je

=jXn

L \cos 6; cos O; e k1 50z _jx ) €os O ke sin Ocztjde
V2 2

Unique solution [where ®y(z) = —k; sin 6iz + ¢ + k1 sin 6;z]:

m
X11 = - cot th
cos 6;
n2
X22 = — cot CDt
cos O,
V2 1
Xip=Xn =~ D
YVcos 6; cos O; S Dy
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Anomalous refraction requires bianisotropy

(omega coupling)
Unit-cell polarizabilities

Y _ i cos 0; cos O, 5_ 11 cos O N 12 cos 04
" jw 1 cos Oy + 1 cos 6; 112 cos 6; 1 cos O,

= i mmn2 5_ 11 cos O; N 12 cos 0;
mm jw 11 cos B + 1 cos 6; 12 cos 6; 11 cos G

S 12 cos O; — 11 cos Oy

jw M1 cos Oy + 1, cos 0;

e T P(2)

e_jq)t(z)

az; = _a?nze =
where S is the unit-cell area.
Bianisotropic omega layers, e.g. arrays of Q-shaped particles, arrays
of split rings, double arrays of patches (different patches on the two
sides of a thin dielectric substrate), asymmetric three-layer structures,
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Experimental realization

Ultimate efficiency for con-
ventional Huygens’ metasur-
faces: 75.7%

Measured efficiency: 81%

10 101 102 103 104 105 106 107 108 109 11
Frequency (GHz)

G. Lavigne, K. Achouri, V. Asadchy, S. Tretyakov, C. Caloz, Refracting metasurfaces
without spurious diffraction, arXiv:1705.09286v2, May-June 2017.

Another experiment: M. Chen, E. Abdo-Sanchez, A. Epstein, and G.V. Eleftheriades,
Experimental verification of reflectionless wide-angle refraction via a bianisotropic
Huygens metasurface, arXiv:1703.06669v1, March 2017 (presentation tomorrow).
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Conclusions

» Metasurfaces are electrically thin composite material
layers, designed and optimized to function as tools to
control and transform electromagnetic waves

» Bianisotropic metasurfaces allow (nearly) full control of
reflection and transmission properties, but advanced
functionalities require strongly non-local structures

This work has been supported in part by the Academy of Finland (project
METAMIRROR) and EU H2020 program (FET OPEN project VISORSURF).
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