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Antireflection and Wavefront Manipulation with Cascaded Metasurfaces
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Layered structures are widely used in optics to control wave reflection and propagation at interfaces but
their thickness relative to the wavelength hinders their application in the radio-frequency regime. Here,
we design and experimentally demonstrate cascaded metasurfaces with deeply subwavelength thickness
that provide both antireflection and wavefront manipulation. We describe the systematic synthesis of the
metasurface layers from a prescribed scattering response and demonstrate designs capable of providing
near-perfect microwave transmission through glass as well as antireflection focusing of wireless signals

from air into water.
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L. INTRODUCTION

The control of electromagnetic waves at the interface
between two media is important for many radio-frequency
technologies [1-3]. In particular, the ability to both sup-
press reflection and manipulate wavefronts at interfaces
between air and materials can, among other applications,
enhance wireless-signal transmission through obstacles
[4], permit radar imaging of underground objects [5],
and enable wireless power transfer to implanted medical
devices [6,7]. In optics, the standard approach to suppress-
ing reflection is to use layered antireflection films, which
generate destructive interference between the reflected
waves via phase delays accumulated through the layers
[8]. However, because the film thicknesses are neces-
sarily comparable to the wavelength, their application at
radio frequencies is limited due to their physically thick
dimensions. This limitation also presents a challenge for
wavefront manipulation, as it precludes the use of lenses,
reflectors, and other components that also rely on the
propagation phase.

Metasurfaces provide unprecedented capabilities in
manipulating electromagnetic waves across deeply sub-
wavelength layers. Examples include generalization of
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Snell’s law [9], asymmetric transmission [10], and polar-
ization rotation [11,12]. Although recent work has demon-
strated highly transmissive metasurfaces in free space [13,
14], their design and application at the interface between
two media has been relatively less explored. For exam-
ple, antireflection metasurfaces based on two thin lay-
ers of scatterers [15] have been employed for reflec-
tionless transmission of radio-frequency waves from air
into concrete [16] and into biological tissue [17]. These
designs, however, do not provide capabilities in wave-
front manipulation and are not straightforwardly modi-
fied without incurring reflection. A general approach to
achieve reflectionless wavefront control is to introduce
bianisotropy—coupling between the electric and magnetic
response—in order to transform the transverse impedance
of the incident wave [18—20]. Through the use of this
approach, bianisotropic metasurfaces based on wire-loop
inclusions and multilayer structures have been shown
to provide wavefront manipulation with high-efficiency
transmission in free space [19-23]. Furthermore, bian-
isotropic metasurfaces that eliminate reflection at the
interface between two different media have also been
previously demonstrated, although without capabilities in
wavefront manipulation [24]. While metasurfaces that
combine these functionalities have been proposed [25—
27], they have yet to be experimentally demonstrated, in
part due to challenges in the design of the unit cells. To
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simultaneously control the wavefront and suppress reflec-
tion from the interface, a systematic process is needed
to design unit cells that implement independent trans-
formations of the impedance and phase of the incident
wave.

Here, we systematically design and experimentally
demonstrate metasurfaces capable of antireflection and
wavefront manipulation at the interface between two dif-
ferent media. The metasurfaces comprise multiple cas-
caded layers of patterned metallic claddings, which gen-
erate a prescribed bianisotropic response when cascaded
over a deeply subwavelength distance [28]. Using wave-
matrix analysis [28], we obtain closed-form expressions
for the sheet admittances of the individual layers and then
realize the sheet admittances using interdigitated capaci-
tive and H-shaped inductive unit-cell structures. We val-
idate the design process by developing a thin (<X /25,
where A is the wavelength in air) antireflection metasur-
face for the interface between air and glass (a 6.5-fold
difference in permittivity) at 2.4 GHz, corresponding to the
industrial, scientific, and medical frequency band (which
includes Wi-Fi and Bluetooth). We then use our approach
to design and demonstrate a metasurface capable of focus-
ing a normally incident wave from air into water (a 78-fold
difference in permittivity) without reflection. The versatil-
ity of these metasurfaces in controlling waves at interfaces
with arbitrary materials opens up a wide range of oppor-
tunities for wireless communication, biomedical devices,
and wireless power transfer.

II. CASCADED-METASURFACE DESIGN

A. Design process

We begin by considering a plane wave incident on an
interface between two different media [Fig. 1(a)]. The
transverse-electric (TE) field components of the positive-
propagating E] and negative-propagating E; waves in
media 7 are related as follows:

E") _ (Su S (Ef )
E;_ S1 Sy» Ez_ ’
where S;; are the 2 x 2 scattering parameters (S param-
eters) in the Jones-matrix form. The design of the meta-
surface involves determining a flat structure that realizes
S;; when placed on the interface. To achieve antireflec-
tion, the diagonal elements are required to vanish: S;; =

S;; = 0. Conservation of local power flux requires that the
corresponding transmission coefficients satisfy

So1 = Vma/m €9l S =+/ni/m €91, 2

where 1, is the transverse-wave impedance of the waves
in each region, I the 2 x 2 identity matrix, and ¢ is an
arbitrary phase shift across the interface. In nonmagnetic
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FIG. 1. Cascaded metasurfaces for antireflection and wave-
front manipulation. (a) An illustration of a three-layer cas-
caded metasurface placed on the interface between two media.
(b) A model for the transmission through the cascaded n-layer
metasurface.

media, we have n;|te = n9/( /€ cos®) for a TE wave
or niltm = nocos @/, /e; for a transverse-magnetic (TM)
wave, where 1 is the vacuum wave impedance, ¢; the rel-
ative permittivity for the ith medium, and 6 is the angle
of incidence normal to the interface. Such a reflection-
less metasurface can also manipulate the wavefront by
imposing a spatially varying transmission phase ¢ [9,18].

Cascaded metasurfaces allow reciprocal scattering
parameters to be systematically realized using multiple
patterned metallic claddings separated by subwavelength
dielectric spacers [10,11,18,20,25,28-30]. To facilitate the
calculation of wave propagation across the layers, the
desired scattering parameters are converted to the wave
matrix M [28]:

.
_ 1 0 Si S»
M= (Sll Su) < 0 I ) ’ )

Mis a4 x 4 matrix that directly relates the transverse field
components of the incident and transmitted electric fields
at one port to those at the other. It can be decomposed as
the product of wave matrices across n layers, as

E"\ _ EN\ _ o (EF
) o) M (). o

i=1
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where Ml(;;er is the wave matrix for the ith metasurface
layer, including the patterned metallic cladding and sup-
porting dielectric substrate [Fig. 1(b)]. For a patterned
metallic cladding having only an electric response, the
individual response is characterized by its 2 x 2 electric
sheet admittance Y,. To describe propagation through the
ith layer (Fig. 1), we denote by T; the 2 x 2 transmis-
sion matrix for the material interface, by n; the incident
wave impedance on the patterned metallic cladding, and by
®; = /%1 the propagation phase delay across the dielec-
tric substrate. The wave matrices can then be expressed in
terms of Y; as [28]

M(i)

e =(Ti®1+ Je@Y) @D, ()
where e = (!, !}) and ® denotes the Kronecker tensor
product. Equation (5) can be directly solved for the com-
plex tensor sheet admittance Y; of each layer, given the
desired S parameters [28]. To possess the degrees of free-
dom necessary for arbitrary wave transformations, at least
three layers are required. For the n» = 3 case, the center-
layer sheet admittance Y, can be directly calculated based
on the wave matrices and used to obtain the remaining
admittances Y| and Y3 (see the Appendix) [28]. For the
n > 3 case, the sheet admittances of the center layers pos-
sess additional degrees of freedom that enable the design
to be further optimized for other performance dimen-
sions, such as bandwidth and robustness to fabrication
imperfections.

For the case in which the incident wave has TE polariza-
tion, the wave-matrix description of the cascaded metasur-
face simplifies to a loaded transmission-line model [18,25,
31]. This analysis also works for TM waves. In this model,
the incident and transmitted transverse-wave impedances
correspond to the input and output impedances of the
transmission line network, while the scalar electric sheet
admittances act as shunt loads. In addition, the dielectric
spacers are equivalent to interconnection using a lossless
transmission line with characteristic wave impedance 7,
(see the Appendix). Assuming plane-wave illumination on
the unit cell, for n = 3 layers [18,31], the scalar sheet
admittance Y; for each layer resulting in a reflectionless
transmission can be obtained from this model as follows:

Y, = B —j sin(2¢q)na
— sin*(¢a)n}
D —cos2py) —j sin(pa)naY2/2
Vi = —— ) 2 ’ (6)
J sin(2¢a)na — sin”(¢a) ;Y2
_ A —cos2¢a) —j sin(2¢q)nqY2/2

J sinQepa)na — sin*(¢a)n3 Y2

where ¢; = ¢ = ¢, is the propagation phase delay across
the dielectric substrate between the sheet admittances.

The parameters 4, B, and D are defined as

A = cosp\/ni/m,
B = —j sing./mn, (7)
D = cosp/m2 /M,

where ¢ is the desired transmission phase shift in Eq. (2)
(for details, see the Appendix). These expressions allow
the patterned metallic claddings of the metasurface to
be individually engineered to realize the prescribed sheet
admittances and then cascaded to synthesize the desired
scattering parameters.

B. Antireflection and wavefront manipulation

To evaluate the antireflection capabilities of the
designed metasurfaces, we perform numerical simulations
using an interface between air and a lossless dielectric
material with relative permittivity &,. The metasurfaces
comprise three patterned metallic claddings and three
dielectric spacers with dielectric permittivity ¢; = 4.2 (for
FR4 microwave substrate) and an overall thickness of A /80
(2/200 for the spacing layers and X /400 for the outermost
layer, which is added to facilitate experimental characteri-
zation). Figure 2(a) shows the sheet admittances prescribed
by Eq. (4) to realize antireflection for a normally incident
plane wave for &, ranging from 1 to 80 and ¢ from 0 to 2.
These sheet admittances are purely imaginary and there-
fore can be realized using low-loss passive structures. The
ideal sheet admittances are modeled as equivalent surface
current densities (J; = E,Y;) in the commercial electro-
magnetics solver COMSOL Multiphysics. The full-wave
simulations demonstrate nearly perfect antireflection for
& = 10, 40, and 70, with the phase shift arbitrarily fixed
to ¢ = /3 [Fig. 2(b)]. The phase shift is fully control-
lable from 0 to 27, as shown by the full-wave simulations
in Fig. 2(c) for &; = 78.

We next illustrate wavefront manipulation capabilities
by focusing the normally incident plane wave into different
materials without reflection. For an infinite aperture, the
required phase profile is given by

2
o0 =TS (T ) e ®

where ¢ is a constant phase shift imposed on all cells
and f is the desired focal length. Due to the finite aper-
ture of the metasurface, f should be selected to account for
the slight shift in the maximume-intensity point toward the
interface [32] (see the Appendix). We quantify the trans-
mission and wavefront manipulation capabilities of the
metasurface using the transmission and focusing efficien-
cies. The transmission efficiency is defined as the fraction
of power transmitted through the metasurface, which is
obtained by integrating the power density over the aperture
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FIG. 2. Antireflection from air into dielectric media. (a) The
calculated sheet admittances Im(Y;) for antireflection of a nor-
mally incident plane wave into media with relative permittivity
&, and a phase change ¢. The admittances are all purely imagi-
nary. (b),(c) Full-wave simulations of the magnetic field transmit-
ted from air into media with (b) constant phase change ¢ = /3
and &, = 10, 40, and 70 (top to bottom) and (c) &; = 78 and
phase changes ¢ = /3, 57 /12, and 37 /4 (top to bottom).

of the metasurface in the second medium. The focusing
efficiency is defined as the fraction of power focused to a
A/(24/€2) spot (0.71-cm radius in water) at the designed
focal depth.

Figure 3(a) shows an illustrative example using a meta-
surface consisting of 60 equally spaced unit cells, spanning
a length of 10.4 cm (0.831) in the x direction. A normally
incident y-polarized plane wave is focused into water
(62 = 78) at 5-cm (A/2.5) depth with a transmission effi-
ciency of 98.7% and a focusing efficiency of 87.5% [33].
For comparison, only 5.5% of the incident power is trans-
mitted to the focal spot in the absence of the metasurface.
The performance of the metasurface closely agrees with
analytical expressions for the focusing efficiency using
a continuous phase profile and a finite aperture, which
yields a maximum focusing efficiency of 89.3% [32]. The
parabolic phase profiles required to focus the incident wave
into a material with ¢, = 1-80 are shown in Fig. 3(b).
These phase profiles can all be realized with purely imag-
inary (reactive) sheet admittances [Fig. 3(c)] to achieve
both antireflection and wavefront focusing.
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FIG. 3. Wavefront manipulation using a metasurface that

focuses a normal incident plane wave from air into different
media (from &, =1 to & = 80) at 5-cm (1/2.5) depth. The
metasurface, having a total length of 10.4 cm (0.831), is evenly
divided into 60 unit cells along the x axis. (a) An example of the
magnetic field for a metasurface that focuses a normal incident
plane wave from air into water (¢, = 78). (b) The phase change
across the metasurface as a function of its location. (¢) The sheet
admittances of the metasurface for focusing.

C. Unit-cell structure

The metasurface layers can be realized using either an
interdigitated capacitor structure for a capacitive admit-
tance Im(Y;) > 0 or an H-shaped structure for an inductive
admittance Im(Y;) < 0 (for guidelines on the structure
design, see the Appendix). To extract the admittance of
the structure, scattering from a single layer is simulated
using the commercial solver COMSOL Multiphysics. The
sheet admittance is related to the scattering parameters as
[10]

I1-S I+S
Y=< 1 + 511

) T+S) ", ©)
Nin Ntr

where n;, and 7, are the incident and transmit wave
impedance, respectively. An important design considera-
tion from Eq. (9) is that the admittance of the sheet depends
on the surrounding media. To mitigate this effect, the last
layer of the metasurface may incorporate a known dielec-
tric substrate to act as a spacer from the environment. Each
unit cell is designed individually using numerical simula-
tions with the local periodicity approximations [29,34,35].
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III. RESULTS

A. Reflectionless transmission between air and glass

We first demonstrate the reflectionless transmission of a
planar wavefront at 2.4 GHz. The metasurface operates as
an antireflection coating with deeply subwavelength thick-
ness when placed at the interface between air (¢; = 1)
and tempered glass (¢, = 6.5), which can be applied to
enhance the transmission of wireless signals through win-
dows. To begin the design, we set the dimensions of the
unit cell to 6 mm x 6 mm (1/20.8 x A/20.8), with a
thickness of 5 mm (X1/25). The thickness of the dielec-
tric (¢4 = 4.2 for FR4 substrate) between two sequential
metallic claddings is set to 2 mm and the thickness of
the last dielectric spacer to 1 mm [Fig. 4(a)]. The phase
change is set to ¢ = 1.047 to minimize the sheet admit-
tance values for the three layers [Fig. 2(a)], resulting in the
design values ¥, = 0.0193j Q7!, ¥, =0.0107/ 7', and
Y; = 0.0356; Q.

Figures 4(b)-4(d) show the designed metallic patterns
consisting of interdigitated capacitor structures. For a nor-
mally incident p-polarized plane wave, the capacitive
response mainly depends on the gap g, with smaller val-
ues of g yielding a larger capacitance [Fig. 4(b)]. The

<« 3.6 — >

Apertures

capacitive response can also be increased by increasing the
total finger number N, the finger length /, and the finger
width 4. However, the maximum values of these design
parameters are limited by the size of the unit cell and fab-
rication tolerances. The metasurface comprising 35 x 35
unit cells is designed with a minimum feature size of
0.01 mm and is fabricated using a commercial multilayer
printed-circuit-board process [Fig. 4(e)].

We perform transmission experiments using two panel
antennas (Itelite, PAT2409) placed 42 cm (3.4)1) apart
in an anechoic chamber. The experimental setup using a
vector-network analyzer (Keysight Technologies, Field-
Fox Handheld Analyzers N9915A) is shown in Fig. 4(f).
The transmit antenna, operating at 2.4 GHz, has a beam
width of 60° and a dimension of 9.3 cm x 9.3 cm,
which gives a far-field distance of 13.8 cm. The antenna
is placed at a far-field distance of 19 cm (1.54) from the
metasurface such that the incident wave can be approxi-
mated by a normal plane wave. The transmission between
the antenna ports is measured through a square glass
slab (3 cm thick, 30 cm side) with two identical meta-
surfaces placed on opposite sides of the glass slab. To
eliminate edge diffraction, the metasurface is placed in a
square aperture on a large metallic screen that covers the

(9) -14
)
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.% -15 ___Air
g — Glass
g _16 — Metasurface
T
[e]
o

Metasurface ' | °

Glass

Enhancement (dB)

10t / — Experiment
)/ ---- Theory
/) -~~~ Simulation
0.5 .
2.35 2.40 2.45

Frequency (GHz)

FIG. 4. Wave impedance matching between air and glass. (a) A perspective view of the unit cell. The substrate is made of FR4
(g2 = 4.2). The thickness of the substrate between two metallic patterns is 2 mm and that of the outermost substrate is 1 mm. The cell
size is 6 x 6 x 5 mm?>. (b)~«(d) The structures and dimensions of each impedance sheet: (b) the first sheet, ¥; = 0.0193j Q~!; (c) the
second sheet, ¥» = 0.0107; ~'; (d) the third sheet, Y3 = 0.0356; ~'. All units are in millimeters. (e) A photograph of the fabricated
metasurface: scale bars 6 mm. (f) An image of the experimental setup. (g) The experimentally measured transmission between two
panel antennas in air, with a 3-cm-thick glass placed in the center and having metasurfaces on the two surfaces of the glass as shown in
(f). The graphs show the mean £ s.d. (n = 3 technical trials). (h) The enhancement in transmission between the antennas obstructed by
the glass slab, for the case in which the metasurfaces are placed on the glass slab. The theoretical calculations are based on Fabry-Perot
resonance and the numerical simulations use an infinite periodic structure.
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surface of the glass on the side illuminated by the transmit
antenna.

We verify the measured transmission against a theoreti-
cal model of transmission through a Fabry-Perot resonator.
For a plane wave normally incident on a lossless slab, the
effective transmission through the slab is

(1 —rpp)?
Topr = , 10
T (U= )2 + 42, sin 2 Jezd /1) (10

where &, is the relative permittivity of glass, d is the
glass thickness, and r1; = (/&2 — /€1)/ (/€1 + /€2) is
the reflection coefficient. For comparison, we also perform
full-wave simulations using periodic boundary conditions
of a single unit cell to model the frequency response of
the structure. Figure 4(g) shows the experimentally mea-
sured transmission between the antenna ports. At 2.4 GHz,
the presence of the glass slab decreases transmission by
about 1.7 dB compared to no obstruction between the two

antennas, whereas placing a metasurface on each side of
the slab restores the transmission to that without the glass
slab. Comparison of the enhancement in transmission with
Eq. (10) and simulations shows that the results are in good
agreement at the design frequency of 2.4 GHz, although
the experimental and simulation curves deviate away from
the design frequency due to dispersion of the metasurface

[Fig. 4(h)].

B. Microwave focusing from air into water

We next demonstrate the ability of the cascaded meta-
surface to focus a normally incident plane wave from air
into water (¢, = 78) without reflection. This functional-
ity is important for technologies ranging from underwater
communications to wireless power transfer for biomedi-
cal implants. For simplicity, we consider a scalar gener-
alization of the metasurface design to three dimensions
by repeating the unit cell designed for two-dimensional

(a) 0o (b) Cell (c) Cell
0.
105 toril2[sT+5TeT7 [s i]2]s[+]sTeT7[s
£1.00 08 3 & 81 — Ideal
% 005 o 5 2 1.00 F RN 5 [ — Theoretical
. K<} = © 6 -- i
= £ £ 0.99 L i i - i Realized
5 c
$0.90 062 S g8 - D g 4
= 2 a > o L T
S 0.85 g 5 .
E - 0.5 9 2 0.97 — Theoretical 2
0.4 = - - Realized
0.80 : 0.96 0
4 8 12 16 20 30 0 20 30 40 50 0 10 20 30 40 50
Discretization number x (mm) X (mm)
(V19.2)

(d) l«—— 6.5 —>|

| =—=—— =

Y2

e —

3 EEsE=

FIG. 5.

The unit-cell design of the antireflection metasurface focusing a normal incident plane wave from air into water at 5-cm

(1/2.5) depth. (a) A discretization study of the transmission and focusing efficiency as a function of the number of unit cells with
¢@o = 0. (b),(c) The theoretical designed and physically realized (b) transmission efficiency and (c) phase changes for the eight unit
cells. The shaded region area shows the area for 2 phase wrap. (d) The geometry of the unit cells from cell 1 to cell 8 (left to right)
and from sheet 1 to sheet 3 (top to bottom), respectively: the units are millimeters. The corresponding sheet admittances and specific
dimensions for each cell are stated in Tables I and II, respectively. The water is simulated with a relative permittivity of &, = 78.
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TABLE I. The metasurface sheet admittances for reflectionless focusing of a normally incident plane wave from air into water. The
focal depth is 5 cm (1/2.5) and the unit-cell size is 6.5 x 6.5 mm?. Unit cells are numbered from center to edge. Sheet admittance Y;
unit: Q7L

Sheet Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell 6 Cell 7 Cell 8
T 0.0352j 0.0337j 0.0326j 0.0381j 0.0185j 0.0181;j 0.0645j 0.0315j
Y, 0.1406j 0.1493j 0.1446j 0.0896j —0.013j —0.0501j 0.0781j 0.1651j
Y; 0.0514j 0.0445j 0.0335j 0.0040j 0.0458; 0.0190j 0.1333j 0.0329j

focusing of a TE-polarized wave in a concentric man-
ner. This approximation implements the phase profile in
Eq. (8), with the position coordinate x replaced by the
radial distance u = /x* + y2, neglecting the difference in
wave impedances emerging from the TM-polarized wave
components in three dimensions.

We set the diameter of the metasurface to 104 mm
(1/1.2) and the thickness to 5 mm (A/25), specifying the
focal length to be 5 cm (A/2.5) from the air-water inter-
face. The discretization of the metasurface is first studied
by evaluating the transmission and focusing efficiency of
a two-dimensional metasurface using ideal sheet admit-
tances with the global phase parameter ¢y = 0. As shown
in Fig. 5(a), the focusing efficiency is above 80% when
the number of unit cells is greater than 16 and the trans-
mission efficiencies remain above 80% even when only
four unit cells are used. In comparison, the transmission
efficiency is 31.7% without the metasurface. We set the
number of unit cells to 16 for ease of fabrication, result-
ing in cell dimensions of 6.5 mm x 6.5 mm (1/19.2 x
A/19.2). The discretization is also sufficient to ensure that
the phase difference between any two adjacent cells is no
larger than 77/2. Owing to the symmetry of the focusing
configuration, the design requires only eight unique unit
cells.

The designs of the metallic patterns for each layer of the
unit cells are shown in Fig. 5(d). The unit cells implement
the sheet admittances given in Table I, which are obtained
using a global phase parameter of ¢y = 0.217 to minimize

the capacitive admittances and inductive impedance of
the layers. The required sheet admittances are primarily
capacitive and are realized using an interdigitated capac-
itor structure, although two elements require an inductive
response that can be realized by using a straight metal-
lic trace or the H-shaped structure (specific dimensions
in Table II). Numerical simulations of the individual unit
cells with periodic boundary conditions show that the
designs all achieve a transmission efficiency greater than
97% [Fig. 5(b)] and realize a phase shift ¢ that is in close
agreement with the design value [Fig. 5(c)]. In addition,
the effect for oblique incidence is negligible for an angle
smaller than 30° [33].

Figure 6(a) shows the metasurface for three-dimensional
(3D) focusing obtained by arranging the unit cells in a
concentric circular geometry. We fabricate the metasurface
using a commercial multilayer printed-circuit-board pro-
cess comprising copper on FR4 substrate [Fig. 6(b)]. To
experimentally validate the microwave focusing, we place
the metasurface on the wall of a large rectangular acrylic
container (width 45 cm, height 30 cm, length 50 ¢cm, and
wall thickness 5 mm) filled with water. The container
wall is factored into the design by adding its thickness
to the dielectric substrate, since acrylic has a relatively
similar dielectric permittivity to FR4. To eliminate edge
diffraction, the surface of the container is covered with a
metallic screen with a 5.7-cm-radius aperture opened for
the metasurface. A transmitting panel antenna illuminates
the metasurface at a distance of 17 cm (1.361) in air, as

TABLE II. The unit-cell dimensions for the metasurface focusing a normally incident plane wave from air into water. Units:

millimeters.

Sheet Parameters Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell 6 Cell 7 Cell 8

Y N 13 13 13 13 5 5 2 13
/ 5.55 5.54 5.55 5.63 5.35 5.27 5.65 5.39
g 0.17 0.17 0.18 0.14 0.18 0.18 0.10 0.18
h 0.25 0.25 0.23 0.29 1.00 0.95 0.14 0.24

Vg3 N 19 21 19 19 — — 21 25
/ 5.70 5.70 5.74 5.64 — 0.70 5.13 5.95
g 0.10 0.10 0.10 0.12 — 0.66 0.13 0.10
h 0.10 0.10 0.10 0.16 0.08 0.50 0.14 0.10

Y3 N 13 11 7 2 13 7 21 7
/ 5.47 5.41 5.20 — 5.22 3.16 5.77 5.14
g 0.20 0.21 0.20 0.57 0.22 0.20 0.10 0.20
h 0.23 0.21 0.35 5.00 0.22 0.32 0.12 0.36
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FIG. 6. Antireflection focusing from air into 5-cm (1 /2.5) depth in water. (a) A perspective view of the metasurface using eight unit
cells distributed in a circular ring form. Cells occupying the same background color are identical. (b) A photograph of the fabricated
metasurface: a quarter of the metasurface is enlarged on the right. (c) A photograph of the experimental setup. (d) The normalized
magnetic field intensity along the focusing depth with and without the metasurface (MS) from simulation (Sim.) and experiment (Exp.).
The arrow indicates the full width at half maximum (FWHM) of 0.16A. (e),(f) The simulated (top) and measured (bottom) magnetic
field intensity at the x-z plane (e) without and (f) with the metasurface. (g),(h) The simulated (top) and measured (bottom) magnetic
field intensity at the 5-cm-deep focal plane (x-y plane) (g) without and (h) with the metasurface. The water is simulated with a complex

relative permittivity &, = 78 — 11.7;.

shown in Fig. 6(c). To map the transmitted field, a mag-
netic probe (Langer EMW-Technik, RF R 0,3-3) is scanned
through the water container using a two-axis positioner
(HANPOSE, 17HS34018S) and the received power is mea-
sured using a spectrum analyzer (Keysight CXA Signal
Analyzer).

To provide insight, we compare the measurements with
full-wave simulations of the metasurface in the 3D focus-
ing configuration using plane-wave illumination and water

(62 = 78 — 11.7j). The field profile at the focal spot 5 cm
from the air-water interface is shown in Fig. 6(d). The
measured width of the focal spot is about 2 cm (0.164)
FWHM, which is in close agreement with the 3D sim-
ulation. To estimate the reflection from the metasurface,
we compare the field intensity at the focal plane with and
without the metasurface. In both simulation and experi-
ment, the enhancement at the focal spot is nearly 12 times
compared to the aperture without the metasurface. The
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transmission efficiency, defined as the fraction of power
transmitted through the metasurface, is therefore compa-
rable to that in the simulation, which is about 67.8%
compared to 46.6% at the air-water interface without the
metasurface [33]. Figures 6(e)-6(h) show the simulated
and experimentally measured field intensities in the trans-
verse and focal planes. Due to the scalar approximation
of 3D focusing, the focal spot exhibits broadening in the
y direction, where the TM-polarized wave components
are most significant. Although the metasurface provides
the correct phase shift for focusing regardless of incident
polarization, TM-wave transmission is reduced as a result
of imperfect transverse-wave impedance matching.

IV. DISCUSSION AND CONCLUSIONS

We systematically design and experimentally demon-
strate cascaded metasurfaces with a deeply subwavelength
thickness for antireflection and wavefront manipulation.
The versatility of this class of metasurfaces and their appli-
cation to radio-frequency technologies are illustrated by
demonstrating near-perfect transmission through the glass
and near-reflectionless focusing into the water at wireless
communication frequencies (2.4 GHz). Such antireflection
metasurfaces, which can be designed for other common
building materials, could enable wireless signals (such as
Wi-Fi) to transmit through indoor obstacles without reflec-
tion to enhance connectivity. The metasurface thickness
can be further reduced by using smaller-sized unit cells
in order to eliminate the interaction between adjacent lay-
ers, although this may increase the difficulty in designing
metallic patterns to realize the sheet admittances. The thin-
ness of the metasurfaces may facilitate flexible designs
that can be interfaced with the body to mitigate reflection
and focus energy for biomedical applications in wireless
sensing or power transfer. These results provide a general
approach to control electromagnetic waves at interfaces
between different materials in the long-wavelength regime.

Future work may extend the analysis of the metasurface
to nonplanar boundaries to facilitate the development of
conformal metasurfaces [36]. Investigation of the robust-
ness of the metasurface to shape deformations may fur-
ther enable soft and flexible metasurfaces for applications
in wearable devices and robotics [37]. Wave impedance
matching and wavefront control for circularly polarized
waves could be explored to make the receiver inside the
body independent of the orientation. Dynamic function-
alities may also be integrated through the incorporation
of variable electronic components into the unit-cell struc-
ture of the metasurface to adaptively control reflection and
propagation at the interface [38]. The cascaded metasur-
faces may also have applications in photonics for realizing
subwavelength components that control optical transmis-
sion between silicon and free space. They could also
enhance a broad range of polarimetric and spectroscopic

techniques for analysis of chemical and biological media
[39,40].
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APPENDIX

1. Solution for the wave-matrix model

The wave-matrix formalism below follows that in
Ref. [28]. For robustness of the design, an additional
dielectric layer is added after the last metallic pattern to act
as a spacer from the second medium. To account for this
space, the last wave matrix M is modified to include

layer
the effect of the additional dielectric layer as

M(")

layer

= (Tn R 1+ %e ®Y,) (B, @ D(T,p1 &1,
(A1)

where T, is the transmission matrix for the interface
between the dielectric layer and the second medium.

The transmission matrix at the ith interface is defined as
T, = (/1 (i I ), where r and ¢ are the Fresnel reflection
and transmission coefficients across the interface, respec-
tively. Equation (4) for the n = 3 case can be rewritten
as

M:(Tl®I+%e®Y1)(<I>1®I)(T2®I+%e®Y2>

(@, ®1) (T3 1+ %e ®Y3) (@3 @ D(Ty @ D).
(A2)

The sheet impedance is solved as follows:

1
e®Y = — [M®T, @D 8D
1
— (TP TP, Tze) @I -
%(Tlcbleq)ZTﬂ?) ® Yz]

a -
x|I®(I+—Y,
aj

(A3)
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where aje =n(ed;T,d,Tse)/2 and
(ePed,Tse)/4;

ap€ = niNg

1 -1
e®Y, = [ DM@ T, @D e® D)
2
— (T, T,0,Ts¢) ® I] (A4)
where ae = n,(eT D ed,Tse)/2; and
1 a3 -
e®Y3 = — I® I+—Y2
as as
x[e@ DM@ T, @D
— (eT1d>1T2<I>2T3) QI
- LenoenT)oY;| (A9
where  ase = 1y(eT1 DT, P2e)/2  and  axe =13
(eT1¢1ed>2e)/4.

2. Solution for the transmission line model

The transfer matrix (ABCD) relates the field in differ-
ent regions and can be converted to the wave matrix M
through the wave impedance as [28]

A B _1 I I I —mpn
<C D)_2<n/m —n/m>M<I 77211>’ (A6)

where n = (9 ') is the matrix for 90° rotation. If only
TE or TM waves are considered, the vector matrices are
reduced to scalar forms. The transfer matrix models the

cascaded metasurface as a transmission line. We have

A B\ _( coseym/m  —jsingyninn (A7)
¢ D —jsing//mmn  cose/m/m )’

For a cascaded metasurface with »n sheets (containing n
patterned metallic claddings and » dielectric spacers), the
transfer matrix is given by

A B\ _ (1 0 cos @;
C D _U Y, 1) \jsingi/na  cos¢;

Jnasin <z>,~>
(A8)

where (}, (1)) represents the patterned metallic sheet

cos¢;  jngsing; |
Jsingi/ng  cosg; ) is the

wave propagation through the dielectric spacer. The phase
delay ¢; within the ith dielectric spacer depends on its
relative permittivity e; and thickness d;, that is, ¢; =

27T\/8_dd,‘/)\..

response of the ith layer, and (

When n =3 and the dielectric spacers between two
adjacent metallic sheets are the same (¢ = ¢ = ¢,), the
sheet impedance can be calculated as

B’ — j sin(2pa)na
— sin*(¢a) 7]
D' —cosQ2pa) — j sinQp)naY2/2
J sinQepa)na — sin*(ga)n3Ya
A" — cos(2¢pq) — j sin(2pa)naY>/2
J sinQea)na — sin®(¢a)n3Y>

Y, =

> (A9)

where
A = Acos ¢ — jBsings/na,
B’ = Bcos ¢3 — jAn, sin ¢s,
D' = Dcos ¢3 — jCny sin ¢3.

(A10)

3. Unit-cell pattern design

The patterns corresponding to the prescribed sheet
admittances are obtained by varying the geometrical
parameters of a unit cell. For scalar capacitive admittances,
analytical expressions are available to estimate the geome-
try of the interdigitated capacitor. The surface capacitance
C, is obtained by an analytical model [41] as

SdK

Co=—"
1.8 x 10*x

(N — 1), (Al1)

where N is the number of interdigital fingers and / is the
length of the finger. The parameter K depends on the width
h and the gap g of the finger [Fig. 4(b)]. The scalar sheet
admittance is then given by Y =jwC,, where o is the
operating frequency.

The inductive admittances are obtained through tuning
the H-shape-structured metallic pattern [20]. Generally,
reducing the length of the center trace g gives larger induc-
tive values [Fig. 5(d)]. The desired inductance can be more
precisely tuned through changing the width of the center /

and/or the side trace A, which follows the trend that the
wider the trace is, the larger are the inductances.

4. Focal shift

When a plane wave is focused by a small aperture, the
actual maximum intensity point shifts closer to the aperture
due to edge diffraction [32]. The shift becomes significant
for an aperture with a Fresnel number smaller than 5. The
Fresnel number F is defined as

aZ

F=—,

fA
where a is the radius of the aperture, f is the focal length,
and A is the wavelength. The approximate focal shift Af

(A12)
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between the focal point and the maximum intensity point
for a circular aperture is

/

A sy v (Al3)

where the minus sign means that the shift is toward the
aperture. For our focusing metasurface, the Fresnel number
F = 2.91 and the approximate focal shift is 0.82 cm.
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