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Abstract

Conventional coherent absorption occurs only when two incident beams exhibit
mirror symmetry with respect to the absorbing surface, i.e., the two beams have the
same incident angles, phases, and amplitudes. In this work, we propose a more gen-
eral metasurface paradigm for coherent perfect absorption, with impinging waves from
arbitrary asymmetric directions. By exploiting excitation of unidirectional evanescent
waves, the output can be fixed at one reflection direction for any amplitude and phase
of the control wave. We show theoretically and confirm experimentally that the rela-
tive amplitude of the reflected wave can be tuned continuously from zero to unity by
changing the phase difference between the two beams, i.e. switching from coherent
perfect absorption to full reflection. We hope that this work will open up promising
possibilities for wave manipulation via evanescent waves engineering with applications
in optical switches, optical computing, one-side sensing, photovoltaics and radar cross

section control.



Introduction

Coherent control of propagation of a wave beam by tuning the amplitude and phase of
another beam is a very promising approach to realize ultra fast optical devices for optical
computing, sensing, and other applications.! ' One of the most important effects in coherent
control of light is coherent perfect absorption.'?1? In these devices, the level of absorption of
one beam illuminating a thin sheet is controlled by another coherent beam that illuminates
the same sheet. In earlier works, coherent perfect absorption (CPA) was achieved only when
with illumination from different sides of a homogeneous lossy layer and for two incident waves
at the same angle.!®!31519 The mechanism of coherent perfect absorption is destructive
cancellation of all scattered beams. For homogeneous coherent perfect absorbers, there are
only specular reflection and non-diffractive transmission, allowing coherent absorption only
with illumination of both sides and at the same incidence angle. From the theoretical point
of view and for many applications, it is important to achieve coherent control of output for
illuminations from the same side of the metasurface sheet at two or more arbitrary incidence
angles.

20727 and metagratings?®* 37 has

In this decade, the emergence of gradient metasurfaces
opened a new avenue for manipulation of light for arbitrary incidence angles and versatile
functionalities. For periodical metasurfaces or metagratings with the period larger than
half of the wavelength, the incident plane wave from one direction will be scattered into
multiple directions, and the power carried by the incident wave can be redistributed among a
number of diffraction modes. Based on this concept, several metasurface devices with perfect

38,39 and optical bands?® have been developed.

anomalous reflection working at microwaves
However, in these previous works, the functionality of metasurfaces is designed only for
one incident angle and the response for other illuminations is actually not considered. To
design metasurfaces with coherent control functions for multiple simultaneously incident
coherent beams from different directions, the matching conditions of amplitude, phase, and

wavevector(direction) of the scattering modes between all incidences are required,3%4!:42



20,38

which is almost an impossible task using traditional gradient phase methods and brute-

force numerical optimizations.3%43

In this work, we perform inverse designs of CPA metasurfaces by solving the surface
impedance satisfying the boundary condition determined by two coherent incident waves
from two arbitrary angles and the desired total scattered waves. The engineering of evanes-

cent waves in the scattered fields?23:3942-47

without altering the desired far-field outputs pro-
vides significant freedom in the CPA metasurface design, making another functionality of
coherent control of reflection with a single direction possible. It is demonstrated that ex-
citation of unidirectional evanescent waves propagating along the surface in the direction
of the incident-wave wavevector can be used to achieve single-direction output in coher-
ently controlled optical devices. Furthermore, a mathematical optimization method based
on scattered harmonics analysis*” is utilized to find the surface-impedance profile that simul-
taneously ensures the CPA and coherent maximum reflection (CMR) in a single direction.
Thereafter, the substrate parameters are invoked as additional degrees of freedom in the op-
timization model, realizing reflection efficiency of 100%. As an example, we experimentally
validate the CPA gradient metasurface design in microwaves by engineering the Indium Tin
Oxide (ITO) film mounted on a grounded dielectric substrate. It is showed that the normal-

ized output power can be continuously controlled between 0 and 1 by tuning the phase of

the control wave.

Results

2.1. Design Concept

Let us consider an impenetrable reciprocal lossy metasurface whose surface is periodically
modulated along the z-direction, with the period D,. The surface is in the zy-plane of a
Cartesian coordinate system (see Figure 1). The metasurface is simultaneously illuminated

by two transverse electric (TE)-polarized plane waves I; and I at the incidence angles 6,
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Figure 1: General scattering scenario for a periodically modulated impenetrable impedance
surface. Two coherent beams I; and [, are simultaneously incident from two angles.

and 6y (6; > 05). The electric field amplitudes of the two beams I; and Iy is Fy = Ejy
and Fy = aF), respectively (a is the amplitude ratio). The phase difference between them
is A¢p=0, defined at the origin point (r = 0,z = 0). The electromagnetic properties of
the metasurface can be characterized by the locally-defined surface impedance that stands
for the ratio of the tangential electric and magnetic field amplitudes at the surface plane
Zy(x) = Ey(z)/Hy(x).

The field reflected by a periodically modulated metasurface can be interpreted as a sum
of Floquet harmonics. The tangential wavenumber of the n-th harmonic is related to the
period and the incident wavenumber kg as k., = kosin6; + 2wn;/D,, where i = 1,2. The
corresponding normal component of the reflected wavenumber equals k.., = \/m.
If |kyzn| is greater than the incident wavenumber, the wave is evanescent and it does not
contribute to the far field. For the harmonic wave satisfying |k..,| < ko, ki is real, and this
wave is propagating. The evanescent harmonics will be dissipated by the lossy surface and the
propagating harmonics will propagate into the far-zone at the angles 6,,, = arcsin(k;,, /ko)-
In order to achieve coherent perfect absorption, it is necessary (but not sufficient) to ensure
that all the diffracted propagating modes of two beams have the same set of angles 6,,,

that allows mutual cancellation, defining the period D, = X¢/(sinf; — sinfy) (Section S1,
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Figure 2: (a) Analytical surface impedance over one period to realize CPA for two incidence
beams with (01,602) = (45°,0°). (b) Magnitudes of the complex amplitudes of different
Floquet scattered harmonics (normalized by the amlpitude of the incident electric field Ejp)
when the gradient surface in (a) is illuminated by single-beam incidences at 45° and 0°, and
for two-beam incidences in phase and out of phase, respectively. (c¢) Analytical unilateral
surface impedance profile over one period to realize CPA for in-phase incidences and single-
direction reflection for out-of-phase incidences. The Fourier coefficients of Y;(z) read gy =
2.652x 1073, g; = —7.769x 107, (d) Amplitudes of scattered harmonics when the unilateral
gradient surface in (c) is illuminated in those scenarios.

Supporting Information), where A\ stands for the wavelength.

Our aim is to achieve coherent perfect absorption for two coherent in-phase waves simul-
taneously incident on the metasurface at two different angles #; and 6,. First, let us assume
that no evanescent waves are excited for these two illuminations. In the CPA case, there

should be no reflected field at the surface. Thus, the tangential components of the total



electric field at the plane z = 0 can be written as Ei(x) = Eg(e Ikosintiz 4 qe-jkosinboz)
where the time-harmonic dependency in the form e/*! is assumed and suppressed. The cor-
responding total magnetic field reads H;(x) = Ey(cos fe=ikosindiz 1 o cog fyeikosinbeey /7,
with Z, = \/,uo—/eo being the free-space wave impedance. The ratio of these electric and

magnetic fields gives the required surface impedance

cos 01 + a? cos Oy + o cos D(cos 0 + cos b;)
R(Zs) = Zo— 2 a2 ’
cos? 0y + o cos? Oy + 2a cos 0 cos O, cos D

a(cos by — cos ) sin

%<ZS) =

0
cos2 0, + a2 cos? Oy + 2a cos 01 cos By cos D’

where ® = kq(sinf; — sinfy)x is the linearly varying phase. The real and imaginary parts
of the surface impedance are even and odd functions of z, respectively. As is seen from
Equations (1), the periodicity of the surface impedance is D = A\o/(sin#; —sin#5), in accord
with the above analysis. For passive metasurfaces, the real part of the surface impedance
must be non-negative. Consequently, the amplitude ratio should satisfy a > 1 or a <
cos 01/ cos 6, to ensure passive solution for CPA by the surface.

As an example, we consider two incident waves with incidence angles of (01, 02) = (45°,0°)
and the same amplitude, assuming o = 1 for simplicity. (Other scenarios with (6,6s) =
(60°, —30°), (75°,15°) are illustrated in Section S2 of Supporting Information, corresponding
to different surface impedance profiles.) As is shown in Figure 2(a), everywhere on the
surface its resistance is non-negative, demonstrating that passive gradient periodic surfaces
can realize CPA for two asymmetric incident beams.

To analyze the mechanism of CPA by the periodic impedance surface further, we can
determine the amplitudes of all the Floquet scattered harmonics for general plane-wave

illumination, using the method reported in Ref.%” The total reflected field can be represented



as an infinite sum of Floquet harmonic modes:

oo
EI‘ — Z jélne_jkfrznze_jl‘?m:nﬂ@'7 (2)
n=—o00
where A,, is the complex amplitude of the n-th Floquet harmonic. Because the surface
modulation is periodical, the surface admittance Y;(z) = 1/Zs(x) can be expanded into

Fourier series:

+oo
)@(I)Z Z gne—]2mrr/D' (3)

A Toeplitz matrix Yy which we call the admittance matriz is determined only by the Fourier
coefficients of the modulation function and filled with Y(r,¢) = g,—. at the r-th row and

c-th column(Section S4, Supporting Information). The reflection matrix is found as?®
I'= (YO + YS>71 (YO - Ys)v (4)

where Yy = Z ! is a diagonal matrix with its main entry representing the admittance of each
space harmonic, which is Yo (n,n) =k, /woto. The amplitudes A,, of reflected harmonics for
a given m-th order Floquet harmonic of the incident wave can be calculated as A,, = I'(n, m).
Note that T'is a (2N 41) x (2N +1) square matrix and the columns and rows of I" are indexed
from —N to +N. The number 2N 41 of harmonics should be large enough to include all the
propagating modes. A larger truncation limit can only improve the accuracy of calculation
of higher-order evanescent modes, with little influence on the propagating modes that are of
interest. When the surface is illuminated by two waves simultaneously, the amplitudes of all
the Floquet harmonics are linear superpositions of all harmonics.

As is seen from Figure 2(b), when the two incident waves are in phase, all the harmonics
have zero amplitude, meaning that CPA with no reflected fields occurs. However, when
the two incident waves are out of phase, the reflected harmonics come out, including both

propagating modes and evanescent ones, proving that the perfect absorption effect is phase-



coherent, different from perfect absorption for two angles.*® To understand the mechanism
of CPA in the metasurface better, the harmonics of the reflected field when single beams
illuminate the surface separately are calculated. As shown in Figure 2(b), the complex
amplitudes of every scattered harmonic are equal and 180° out of phase (the phases are shown
in Section S3 of Supporting Information) for 45° and 0° incidences, resulting in destructive
cancellation when the two beams illuminate simultaneously in phase. Here, the propagating
harmonic of the order n = 0 is defined at the specular direction of 6; for both incidences.
Thus, the n = —1 harmonic propagation direction is at the specular direction for 0° incidence.
By properly designing the metasurface with the periodicity of D = \g/(sinf; — sinfs),
three propagating modes corresponding to n = 0, —1, —2 are created, and all the diffracted
modes for both incidences have the same wavevectors, ensuing coherent interference for
all corresponding harmonics. In the out-of-phase incidence case, the amplitudes of all the
scattered harmonics double as compared to the single-beam case, as shown in Figure 2(b).
The analytical method to solve the surface impedance boundaries used above is based
on the objective to realize CPA with the amplitudes of both scattered propagating and
evanescent harmonics being zero when two coherent beams illuminate the metasurface si-
multaneously. Indeed, the amplitudes of evanescent surface modes can be nonzero without
breaking the CPA condition, because they do not radiate into the far zone and their power
will be dissipated at the lossy surface. Thus, the solution of the surface impedance to achieve
CPA is not unique if a certain set of evanescent waves with unknown complex amplitudes
is excited?®®. In addition to CPA, we invoke another functionality of coherent control of
reflection with single direction, i.e. eliminating the unwanted outgoing beams at n = —1, —2
orders and keeping the n = 0 order with the maximal amplitude, when the two coherent in-
cident beams are out-of-phase. In some applications, e.g. all-optical computing, 12 it is vital
to achieve maximum reflected power, i.e., CMR, at the n = 0 order and eliminate parasitic
reflections which may cause undesired noise. In this case, finding the complex amplitudes

of infinite numbers of evanescent modes for each incidence scenario is difficult or even im-



possible. Thus, instead of using the analytical method of calculating the surface impedance
profile according to the total fields on the boundary, we find a surface impedance profile
that simultaneously ensures the coherent control for absorption and reflection, inverting the
the scattering matrix calculation. First, the metasurface is modelled as in Equation (3). To
suppress propagating modes at the negative orders (n = —1,—2) and ensure that only the
reflection channel at 45° is open, the Fourier series of the surface admittance Y;(z) are set
to be unilateral as Y;(z) = S°7°° g,e792""*/D with only non-negative-order series coefficients
being nonzero. This setting is reasonable because the unilateral surface admittance, making
the admittance matrix Yy a lower triangular matrix, leads to the reflection matrix I' also
being a lower triangular matrix. Note that the matrix I' is calculated by performing sum-
mation, inversion, and product operations between two lower triangular matrices Yy and
Y,, as is seen from Equation (4), with the lower triangularity preserved.®® Consequently,
the scattered modes contain non-zero components of n > 0 orders for 45° incidence and
n > —1 orders for 0° incidence, respectively. Then the specular reflection for normal inci-
dence I'_; _; is also zero because the amplitude should be equal to the scattered component
at n = —1 order for 45° incidence, which is zero under the CPA constraint. This effect high-
lights the role of unidirectional evanescent fields as a mechanism of suppressing propagating
modes at the negative orders (n = —1, —2). Owing to the unilateral impedance setting, the
complicated matrix operations can be simplified due to the lower triangularity. The com-
ponents of the reflection matrix for the lower propagating orders can be easily calculated as
I_1 1= (%0—90)/(Wo+g0), and Lo = (1o cos 45°—go) /(4o cos 45°+go), where yo = 1/377 S is
the admittance of free space. When CPA is required, we have Iy _; +I'5 o = 0. Since we have
I'_; 1 = 0, the coefficient gy is calculated as gy = yo = 2.652 x 1073. Thus the reflections
at n = 0 order for 45° and 0° incidences are obtained as I'gy = —0.1716 and I'g _; = 0.1716.
The coefficient g; can also be solved analytically as g; = yo cos45° — gy = —7.769 x 10~* (See
the detailed analysis in Section S4 of Supporting Information). Therefore, for impenetrable

lossy metasurfaces with unidirectional evanescent modes, when CPA for two in-phase inci-



dences and single-direction reflection for two out-of-phase incidences are required, the two
lower Fourier coefficients gg and g; are analytically determined. Moreover, the combined re-
flection amplitude at 45° for two anti-phase beams is always 0.3432. In this CPA metasurface
via unidirectional evanescent modes excitation, the higher-order coefficients g, (n > 2) only
affect the evanescent modes, which can be arbitrary numbers while the passivity constraint
R(Ys) >0, ie., R(go) > D2 |gn| is satisfied.

Figure 2(c) shows the typical solution of the surface impedance with only two non-zero
coefficients gy and ¢g;. The calculated amplitudes of scattered harmonics for single-beam
incidences at 45° and 0°, and for two-beam incidences in phase and out of phase, for the
impedance profile in Figure 2(c), are given in Figure 2(d), revealing the unilateral charac-
teristic of scattering. The propagating components at n = —1, —2 orders are suppressed
successfully by exciting the unidirectional evanescent wave. The only remaining propagating
reflected channel is n = 0 order at the outgoing angle of 45°. When two incoming beams
are in phase, the reflected propagating harmonic (n = 0) of each beam cancel each other
because they have the same amplitude and w-reflection-phase difference. Distinct from the
zero-amplitude of all the harmonics for the in-phase CPA scenario in Figure 2(b), the CPA
in Figure 2(d) occurs with non-zero-amplitude evanescent modes in the n > 1 orders. The
amplitude of reflected electric field at 45° (n = 0) is doubled into 0.3432 when two incoming
beams are out of phase (A¢ = ). We can conclude that the reflected power at 45° can be
continuously controlled by phase tuning of the control beam. When the two beams are out
of phase, the reflected power normalized by the incident beam power at 45° has the reflection

efficiency of 11.78 %.

2.2. Practical design with a substrate

Low efficiency of the above design based on the impenetrable impedance model calls for
optimization with the help of additional degrees of freedom. One possibility can be the use

of one or more parameters of the actual implementation of the metasurface. In general,
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Figure 3: Schematics of reflection amplitude modulation for two coherent waves with the
phase difference A¢ incident on a periodic sheet over a grounded dielectric slab. The ampli-
tude of the output beam is modulated continuously by varying A¢, and switched between
0 (coherent perfect absorption) and 1 (coherent maximum reflection) when A¢ is switched
between even and odd multiples of .

the impedance surface in the impenetrable model used above can be realized as a periodic
metal pattern on a thin grounded dielectric slab, as shown in Figure 3. The structure can be
considered as a grid admittance of the top pattern with a shunt admittance of the grounded
substrate. The characteristic admittance matrix Y4 of the grounded substrate contains only
diagonal terms Yq4(n,n), where Yq4(n,n) is the admittance of the n-th harmonic, and it is
expressed as

Ya(n,n) = ki, /[jsowo tan(ky, . 1)), (5)

where k¢ = \/wleoeato — k2, is the normal component of the wavevector in the sub-
strate (see Equation S23 of the Supplemental Material of1”), ¢q and h are the permit-
tivity and thickness of the substrate, respectively. The reflection matrix is calculated as

I'=(Yo+Y,+Ya) (Yo—Y,—Yy), where Y, is the grid admittance matrix, which is a

Toeplitz matrix determined by the Fourier coefficients (Section S5, Supporting Information).
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The evanescent fields engineering is quite limited in the impenetrable model, resulting in a
low reflection efficiency (11.78 %) in the out-of-phase scenario. In order to implement CPA
with a high reflection efficiency, we need to use the substrate parameters as additional degrees
of freedom in the design. Since the admittance of the grounded substrate with a moderate
thickness strongly depends on the harmonic number, solving the grid impedance and sub-
strate parameters becomes not straight-forward due to the complicated matrix operations.
Thus, a mathematical optimization algorithm based on the scattering matrix calculation*”
is applied to search for an optimum solution for the grid impedance profile and substrate
thickness.

The period of impedance sheet modulation is also set to D = \o/sin45°, with three
propagating channels at —45°, 0°, and 45°. The Fourier series of the grid admittance is set
to be unilateral as Y,(z) = go + g1e 772"/ ensuring that only the reflection channel at 45°
is open for 45° incidence. In the optimization process, two Fourier terms gy and ¢g; with
four unknowns (the real and imaginary parts) are considered here to reduce complexity. The
substrate thickness h is another unknown, and an available substrate with the permittivity
eq = 5.8(1 — 70.002) is used. The optimization goal is formulated as 6 objectives, including
(|Aol, |A-1],]A—2]) = (0,0,0) for the in-phase scenario, and (|Ao|, |A-1],|A-2]) = (Aomax, 0,0)
for the out-of-phase scenario, where Agy., is the maximum magnitude of reflection in the
out-of-phase case. The constraints R(Y,) > 0, i.e., R(go) > |g1| are imposed to ensure the
grid to be a passive metasurface. Additionally, to make the reactance easier to implement
by patterning a thin conductive surface, another constraint &(go) > |g1| is set to ensure that
the surface reactance is always capacitive at all points of the metasurface. (See more details
in Section S10 in Supporting Information).

The maximum magnitude of reflection Agyax in the out-of-phase scenario is about 1.022,
and it is set as an optimization target. The value of Ag,,q, = 1.022 is a fundamental limit
of reflection amplitude at 45°, when CPA for two in-phase incident waves at the angles of

(45°,0°) and single-direction reflection for out-of-phase incidences are required for passive
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Figure 4: (a) The optimized and discretized grid impedance distribution over one period.
(b) Amplitudes of the scattered harmonics when the optimized gradient metasurface is il-
luminated by a single beam at 45° and 0°, and for two-beam in-phase and out-of-phase
illuminations, respectively. (c¢) The normalized amplitudes of three propagating harmonics
(n = 0,—1,—2) with a varying phase difference A¢ between incidences at 45° and 0°. (d)
The scattered electric fields for the metasurface modeled by the discretized grid impedance
(step-wise approximation, 6 subcells per period) on top of a grounded dielectric substrate.
Two plane-wave incidences are in phase (left) and out of phase (right).

metasurfaces (see detailed analysis in Section S5 of Supporting Information). Nearly a half
of the total incoming power is still absorbed by the lossy surface in the coherent maxi-
mum reflection (CMR) scenario, since the essential interplay between the beams and the
resistive surface causes inevitable absorption. Nonetheless, the substrate design provides
an important additional degree of freedom to realize the desired optimum reflection proper-
ties, compared with the impenetrable surface. Similarly, in many metagratings with perfect
anomalous reflections,®? 34 the metal-backed dielectric substrates are also invoked and opti-

mized to achieve unitary coupling efficiencies. The optimized Fourier coefficients of the grid

13



admittance Yy(z) read go = (2.599 + 7.0545) x 1073 and ¢; = (—0.807+2.4635) x 1073. The
optimal substrate thickness is h = 0.2525)\. The required grid impedance which is passive
and capacitive along the metasurface is shown in Figure 4(a).

Next, we analyse the scattered harmonics for the designed impedance sheet on the metal-
backed dielectric substrate [see Figure 4(b)]. The reflection coefficient of the metasurface has
the same magnitude of 0.5 at n = 0 order for 45° and 0° single-beam incidences, resulting
from destructive interference when these two beams are in phase. For the out-of-phase
scenario, the normalized magnitude of the reflected field at n = 0 order (45°) is about unity,
which means that the reflected power efficiency reaches 100% (normalized by the incoming
power of the 45° beam). Parasitic reflections into other directions (n = —1,—2) are seen
to be negligible. The evanescent harmonics are also unidirectional, but quite weak with
the magnitude of 0.008 at n = 1 order. In case of impenetrable surfaces, the role of the
optimized evanescent harmonics is to redistribute power along the surface, ensuring local
passivity. In case if there is a substrate and the sheet is penetrable, the role can be played
by optimized waveguide fields inside the substrate. For this reason, the same result (CPA)
can be achieved with rather small evanescent fields over the surface. Figure 4(c) illustrates
the phase-controlled modulation of reflections at three propagating orders. The reflection
coefficient at 45° can be continuously controlled from 0 to 1 by phase tuning, with the other
two parasitic reflections maintained very close to zero. See the Supplemental Animation®!
for the switch of reflected beam by an incident phase-controlled wave.

In implementations, the influence of discretization on the metasurface performance is an
important factor (see detailed analysis of scattered harmonics versus the number of subcells in
Section S6 of Supporting Information). We use six subcells over a period and each discretized
impedance value is set at the central point of each subcell, as shown in Figure 4(a). The
scattered fields from the ideal impedance sheet on the metal-backed dielectric slab for both
in-phase and out-of-phase incidences are presented in Figure 4(d), using full-wave simulations

in Comsol. The reflected field distribution confirms that the metasurface with six subcells

14



per period possesses the desired response: nearly perfect absorption with reflected power
fraction of only 0.05% for two in-phase illuminations and nearly total reflection at 45° for
two out-of-phase illuminations, relative to the intensity of the 45° incidence. It is seen that
the top lossy sheet and reflective ground separated by the slab act as a leaky-wave cavity
with enhanced fields. For the in-phase scenario, the direct reflections of the top surface and
leaky wave components of the cavity destructively cancel out, and all the power is absorbed
by the lossy surface, causing CPA. By changing the initial phase difference between the
two coherent incidences into 7, constructive interference occurs among these components,

resulting in maximum reflection.

2.3. Physical implementation and experimental validation

The theory above is general and applies to any frequency from microwaves to visible bands.??
We choose a microwave realization as a proof of concept. The required impedance profile at
15.22 GHz is realized using an ITO film with the surface resistance of 5.5 Q/sq supported
by a grounded dielectric slab with the thickness h = 4.95 mm, as shown in Figure 3. The
detailed parameters and structures of each unit cell are presented in the Supporting Infor-
mation(Section S8). Due to the resolution limitation of picosecond laser micro-processing,
the complex grid impedance is implemented as six subcells, and each subcell is divided into
four equal sub-subcells in order to make the local design of the gradient impedance more
robust. By structuring the homogeneous resistive I'TO film into I-shaped cells, the required
grid resistance and reactance on a surface in Figure 4(a) can be created. For y-polarization
incident waves, such I-shaped resonators can be modeled as RLC series circuits. The required
resistance is realized by tailoring the width and length of the ITO strips. Smaller width and
longer length result in higher grid resistance. The required reactance can be tailored by
adjusting capacitance of the gap, which can be increased by narrowing the gap or increasing
the length or width of the bar, with a small influence on the resistive part. The 5th and

6th subcells degenerate into strips, to implement resistive parts as close to the theoretical
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value as possible. However, there are still deviations of 3.6 €2 and 1.1 €2 from the theoretical
resistances of the 5th and 6th subcells, respectively. The deviation can be eliminated if an
ITO film with a lower surface resistance is utilized. To simplify the fabrication process, we
neglect this deviation. The impact is analyzed theoretically, showing that the reflected power
fraction in the in-phase scenario increases from 0.05% to 0.4%, which is tolerable in most
practical situations. Since the two beams with 0° and 45° incidence angles illuminate the
surface simultaneously, all the elements should have angle-independent surface impedances.
The I-shaped resonators have angle-insensitive impedance under TE incidences, satisfying
this requirement.®® In the strips of the 5th and 6th subcells, narrow slits are cut out to
reduce the angular sensitivity of the impedance.

Figure 5(a) shows the simulated frequency response of the metasurface for the normal and
45° incidences. For the normal illumination, strong reflections occur at n = —1 and n = 0
harmonics (denoted as £_; and &), and the amplitude of the n = —2 scattered propagating
mode is nearly zero in the whole frequency band. The reflection at the n = —1 mode
(specular reflection at 0°) also has a near-zero dip at the design frequency of 15.22 GHz, and
the reflection efficiency at the n = 0 mode(anomalous reflection at 0°) is about 13.9% (the
relative amplitude is 0.44). Note that for anomalous reflection, the efficiency is calculated
as & = (E,/E;)?cos 0, /cos 0;.3 For the 45° illumination, the reflections at both n = —1 and
n = —2 modes (£, and & ,) are close to zero, and the efficiency at the n = 0 mode (&)
is about 21% at 15.22 GHz (the relative amplitude is 0.46). Therefore, at the operating
frequency 15.22 GHz, the reflected modes for both incidences at the outgoing angle of 45°
are almost equal-amplitude, satisfying the condition of CPA. When the two illumination
beams are in phase, the total scattered fields are quite small (the relative amplitude of
0.02), indicating nearly perfect coherent absorption. However, when the two illuminations
are switched into the out-of-phase state, the relative amplitude of the scattered fields is
about 0.91, and the coherent maximum reflection is mainly along the 45° direction, in good

agreement with the simulated results of the ideal model in Figure 4(d). (See Section S9 of
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Figure 5: (a) Simulated and (d) measured reflection efficiency spectrum for different
diffracted modes of each single beam at 0° (solid lines) and 45° (dashed lines). (b) Schematic
of the experimental setup (top) and photograph of the fabricated sample (bottom). (c) Sig-
nals at 15.22 GHz measured by the receiving antenna at different orientation angles with the
transmitting antenna at 0° and 45°.

Supporting Information for more detailed figures.)

We have fabricated a sample (see Methods) and carried out several experiments to vali-
date the theoretical results (see Figure 5(b)). First, the transmitting antenna is fixed at 0°,
whereas the receiving antenna is moved along the scanning track with a step of 2.5°. The
signal reflected from the metasurface is measured by the receiving antenna at different angles
6. Then, the transmitting antenna is fixed at 45° and the receiving antenna is scanning its

position to measure the reflected signal in the other half space. The reflected signals at the
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negative reflection angles for 45° incidence cannot be measured because the two antennas
cannot be moved into the same half space, but according to the simulations these signals
should be at a very low level. As shown in Figure 5(c), the main peaks of reflections for
both two incidences occur at 6, = 45°, which is an expected result according to the theory
and simulations. There is another reflection peak at 8, = 0° for the normal incidence case at
15.22 GHz, which is about —10 dB lower than the main peak. The specular reflection power
is about 10% of the power at 45°.

To estimate the amplitude efficiency of the metasurface at all three reflection channels,
we replaced the metasurface by a copper plate of the identical size and measured the specular
reflection signal amplitudes from the reference uniform metal mirror for 6; = 2.5° (approxi-
mately normal incidence), 22.5°, and 45° incidence angles. The specular reflection efficiency
of the metasurface for 0° and 45° illuminations are calculated by normalizing the signal am-
plitude by the amplitude of the signal reflected from the reference plate, illuminated at 2.5°
and 45° angles, respectively. As shown in Figure 5(d), at the design frequency of 15.22 GHz,
the specular reflection efficiencies at 0° and 45° (£ and ) equal 0.8% and 18.6% (the
relative amplitude is 0.431), respectively. For the normal incidence, the anomalous reflec-
tion angle at the n = 0 mode is dependent on the frequency as 6, = arcsin(15.22/(v/2f)),
which equals 45° at 15.22 GHz and varies from 63.7° to 36.7° as the frequency changes from
12 GHz to 18 GHz. Therefore, to obtain the reflection efficiencies at anomalous directions
for different frequencies, we adopt the received signals at different angles 6,. The reflected
signal amplitudes from the reference uniform metal mirror at different incidence angle 6, /2
are used for normalization, since the angle between the transmitting and receiving anten-
nas is identical with the anomalous deflection angle 6, of the metasurface. Additionally,
we divide the obtained amplitude by an estimated correction factor® \/cos(6,)/ cos(6,/2),
which gives the ratio between the theoretically calculated signal amplitudes from an ideal
metasurface (of the same size and made of lossless materials) and a perfectly conducting

plate. At the design frequency of 15.22 GHz, the correction factor is equal to 0.91, thus
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Figure 6: (a) Experimental setup. Two transmitting antennas fed via a power divider
illuminate the metasurface normally and at 45°. A receiving antenna is placed at 45° to
measure the total reflected power. Two pieces of absorbing foam are put on both sides,
ensuring that the effective exposure area of the metasurface remains fixed when the surface
is shifted. (b) The reference point O is the intersection point of the 0° and 45° beams on the
metasurface when the phase difference is 0. The phase difference at a distance Az from the
reference point O is A¢ = 2w Az /D, which is linearly varying as a function of the horizontal
distance Az. (c¢) The normalized received power for different metasurface positions at 13,
15.22, 15.47, and 17 GHz.

the reflection efficiency is calculated as 12% (the relative amplitude is 0.412), as shown in
Figure 5(d). The measured efficiency is in good agreement with the results obtained using
numerical simulations (see Figure 5(a)), except for some ripples in the &, curve caused by the
discrete angular scanning step in the measurement. The relative amplitudes of reflections
for both incidences at the n = 0 mode are almost equal in the measurements, verifying the
capability for CPA.

To experimentally verify the phase-controlled reflection by the metasurface, in the last
measurement shown in Figure 6(a), two transmitting antennas fed via a power divider illumi-

nate the metasurface normally and at 45°. A receiving antenna is placed at the 45° angle to
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measure the total power reflected by the metasurface under two simultaneous illuminations.
To avoid severe insertion loss caused by the use of a phase shifter in one branch, which may
increase the amplitude inequality between two beams, we mimic the phase-difference-tuning
process by moving the metasurface along the x direction. With respect to a certain fixed
point along the metasurface period (e.g., x = 0), only the phase of the obliquely incident
beam is affected by this lateral translation, and the phase of the normally incident beam
remains unchanged. Therefore, as seen in Figure 6(b), the phase difference between the
two beams defined at a fixed reference point is linearly varying when the metasurface is
translated laterally. To ensure the effectively-illuminated area of the metasurface to remain
stable during the moving process, we put two pieces of absorbing foam on top of both sides
of the sample. The total received power, normalized by the maximum power of reflected
wave is changing with varying the distance Az. As is seen in Figure 6(c), the modulation
depths reach 0.15 and 0.04 at 15.22 GHz and 15.47 GHz, respectively. This result indicates
that coherent enhancement and cancellation near the design frequency can be achieved by
tuning the phase difference of the two incident beams. The period of the modulation is
about 29 mm, almost equal to the period of the metasurface, which validates the theoretical
analysis. However, at the frequency far from the designed one, for instance at 13 GHz and
17 GHz, the coherent phenomenon becomes much weaker, as is seen in Figure 6(c), due to
a mismatch of the main reflection angles and the reflection amplitudes of the normally and

obliquely incident waves.

Conclusions

We have demonstrated coherent perfect absorption of two beams incident at arbitrary an-
gles. It has been found that this effect is possible for relative beam amplitudes within a
certain range using a gradient passive planar structures. When these two incident beams

change into the out-of-phase state, reflections at all three propagating channels come out.

20



To realize coherent control of reflection with a single direction, the other reflections can
be suppressed by engineering excitation of unidirectional evanescent modes. To realize a
larger reflection for the out-of-phase scenario, we use an optimization algorithm to search
for an optimum solution for the grid impedance profile and the substrate thickness, which
is powerful when many degrees of freedom are used in a multi-channel metasurface design.
In other design methodologies such as non-local metasurfaces® and plasmonic gratings, 284
where the interference between all the elements of a unit cell are important for the device
performance, a brute-force optimization process in full-wave simulations is required, which is
time consuming and even cannot work when multiple input beams and multi-functionalities
for multiple channels are required. Compared with them, our approach is much more robust
and efficient for realizing coherent control of multiple beams (even more than two beams),
since the metasurface is inversely designed by solving for the surface impedance satisfying
the boundary condition determined by arbitrary coherent incident waves from arbitrary an-
gles and the desired scattered waves. By introducing unidirectional evanescent modes in
the scattered field, parasitic reflections are eliminated or minimized. Moreover, the angular
dependence of the surface impedance of the substrate is also considered in the proposed
algorithm, which is vital in metasurface design for multiple-angle incidence scenarios. ¢
We have realized a gradient metasurface with angular-asymmetric coherent perfect ab-
sorption and reflection functionalities. The concept of wave control via evanescent harmonics
engineering and independent control of the electromagnetic response for multiple illumina-
tions can be applied for engineering multi-functional wave processes. Metasurface-based
designs are attractive in practical applications. For example, by placing a planar structure
on a metal-grounded dielectric layer, the velocity or position of the object can be detected
by monitoring the total reflection of such a object under two coherent illuminations. Addi-

tionally, we hope that this work can find promising applications in phased-array antennas,

one-side detection and sensing, and optical switches with low insertion loss.
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Additional notes on the experiment

Design and modeling of the metasurface: The prototype was designed for operation at
15.22 GHz. The impedance sheet is discretized into 6 sub-cells, and each sub-cell is divided
into 4 identical sub-sub-cells. The effective grid impedance of each sub-sub-cell is retrieved
from the simulated reflection coefficient (S1;) using the locally periodic approximation and
the transmission-line method approach (see Section S7 of Supporting Information). Nu-
merical simulations are carried out using a frequency-domain solver, implemented by CST
Microwave Studio. Excitations propagating along the z-direction from port 1 with the elec-
tric field along the y-direction and the magnetic field along the z-direction are used in the
simulations to obtain the S7; parameter. The dimensions of all the elements in the unit
cells are designed and optimized one by one to fit the theoretically found required surface
impedance.

Once the dimensions of all the elements in the unit cells are found, we perform numerical
simulations of the unit cell for the normal and 45° incidences. The simulation domain of the
complete unit cell was D x D, x D (along the z,y, and z directions), the unit cell boundary
condition and the Floquet ports were set. The scattered fields for the normal and 45°
incidences were calculated by subtracting the incident waves from the total fields. Finally, the
total scattered fields when the metasurface is illuminated by two waves simultaneously were
obtained by adding the scattered field of each single beam with different phase differences.

Realization and measurement: The ITO pattern of the metasurface was manufac-
tured using the picosecond laser micromachining technology (ST600UV from Nanjing Site
Laser) on a 0.175-mm-thick ITO/PET film. The sample comprises 10 unit cells along the =
axis and 66 unit cells along the y axis [Figure 5(b)] and has the size of 14.15\ x 10.04\ =
278.9 mm x 198 mm. The ITO/PET film was adhered to a 4.95-mm-thick F4ABTM substrate
with € = 5.8(1 — j0.01) backed by a copper ground plane.

The operation of the designed metasurface was tested using a NRL-arc setup [Figure 5(b)].

In the experiment, two double-ridged horn antennas with 17 dBi gain at 15.22 GHz are
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connected to a vector network analyzer as the transmitter and receiver. The metasurface
was located at a distance of 2 m (about 101\) from both the transmitting and receiving
antennas where the radiation from the antenna can be approximated as a plane wave. The
antennas are moved along the scanning track to measure the reflection towards different
angles. Time gating is employed to filter out all the multiple scattering noise signals received

by the antenna.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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