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Experimental Comparison of Anomalous Reflectors
Implemented With Local and Nonlocal

Design Approaches
S. Kosulnikov , A. Díaz-Rubio , Senior Member, IEEE, A. V. Osipov, Senior Member, IEEE,

and S. A. Tretyakov , Fellow, IEEE

Abstract— Developing intelligent radio environments with the
ability to engineer and optimize propagation channels has been
made possible by metasurfaces that perform anomalous reflection
and control the direction of wave reflection at will. Several design
methods for creation of anomalous reflectors have been devel-
oped, from the simplest locally periodic designs of individual unit
cells to advanced global optimizations. In this study, we design,
fabricate, and experimentally characterize anomalous reflectors
that have the same size and perform the same function but
are designed using two different, most commonly used methods.
Experimental characterization of the reflector performance over
a broad frequency range and for a variety of illumination angles
allows comparison of the two methods and helps to select the most
suitable design approach for specific application requirements.

Index Terms— Angular response, diffraction grating, metasur-
face, reflection coefficient, scattering.

I. INTRODUCTION

THERE is a continuous need of enhancing commu-
nication systems to make them more effective and

versatile as mobile communication technologies evolve. Uti-
lizing intelligent radio environments supported by tunable and
programmable metasurfaces is the focus of several recent
research initiatives. These technologies can make the prop-
agation channel controllable, programmable, and optimizable,
in contrast to typical wireless communication systems where
only transmitters and receivers can be optimized. By incor-
porating adjustable and active elements in the constitutive
meta-atoms, metasurfaces enable modifications of their elec-
tromagnetic (EM) response and control over wave reflection
and transmission.
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Numerous developments have been made over the past
ten years to create metasurfaces that function as anomalous
reflectors utilizing various design techniques (e.g., [1], [2],
[3], [4], [5], [6], [7], [8]). The improvement of efficiency
of reflections into the desired direction has been the primary
goal of these investigations. The physics behind these devices
and the available design tools are currently well understood.
However, it is required to expand this research and take into
account aspects that are normally not evaluated in order to
integrate these devices into real-world environments. In actual
applications, such reflectors may be illuminated from any
direction, and their frequency bandwidth is an important
performance parameter. For this reason, we will consider not
only the response of the metasurfaces at the design conditions
but also the angular response and the frequency response to
obtain information on how differently designed metasurfaces
respond to illuminations at different incidence angles and
different frequencies. The goal of this work is to make as
complete and full experimental characterization of samples as
possible, so that one can compare the reflectors’ performances
in a wide frequency range and for a wide sector of illumination
angles.

The novelty of this work is mainly in experimental charac-
terization of anomalous reflectors that have the same size and
perform the same function but are designed using two differ-
ent, most commonly used methods. We target at identifying
differences in the properties of reflectors designed based on
different physical principles at various illuminations in a wide
angular and frequency range. To the best of our knowledge,
this kind of experimental characterization and comparison
has been made here for the first time. Known works focus
on one design (local or nonlocal) and performance for the
design incident angle and for the desired operational frequency
or its close vicinity. Here, we present the first comparative
experimental study of two designs based on comprehensive
measurements over all angles and in a very broad frequency
range. In particular, we report on experimental investigations
of two samples of anomalous reflectors that differ only by
the used design method. To enable comparison of effects due
to the different design approaches, we design and manufac-
ture both samples at the same platform: the same substrate
material and thickness, the same number of unit cells in each
supercell, the same basic shape of meta-atoms, and the same
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manufacturing technique. Let us also note that most of the
known experimental studies of anomalous reflectors (this is
an active field of study in view of the prospects of developing
reconfigurable intelligent surfaces, RIS) focus on far-field
measurements of the fields scattered from finite-size panels,
while, here, we measure the macroscopic reflection coefficients
that physically characterize the reflection properties of panels
and can be used in analytical estimations of finite-size panel
performance at any observation angle.

The structure of this article is as follows. We begin by
outlining the implementation strategies for each sample that
is being studied. Next, we describe the measurement setup.
Finally, we compare anomalous reflection capabilities of the
reflectors under study in terms of both angular and frequency
response with experimental and numerical results. The con-
clusion section finalizes this article.

II. IMPLEMENTATION OF ANOMALOUS REFLECTORS
USING PERIODICAL METASURFACES

Devices called anomalous reflectors can change the direc-
tion in which waves travel upon reflection from flat panels.
These devices can be realized as periodic arrays (diffraction
gratings) whose period is determined by the desired angles of
incidence and reflection, or as reflectarrays whose geometrical
period is fixed usually to λ/2. Impenetrable metasurfaces—
periodic structures that block the fields behind the metasurface
and enable reflected waves to flow in various directions that
coincide with Floquet harmonics—offer the most flexible
way to design anomalous reflectors. The Floquet–Bloch the-
ory states that the nth mode propagates with the transverse
wavevector kxn = k0 sin θi + (2πn/Dx ), where θi defines the
direction of propagation of the incident plane wave and Dx is
the period of the structure, as illustrated in Fig. 1(a).

The dispersion relation in free space for each harmonic
defines the normal component of the wavevector as k2

zn =

k2
0 − k2

xn and, thus, the direction of propagation of reflected
waves. Depending on the period, the excitation frequency, the
incident angle, and the harmonic order, Floquet modes can
propagate in free space if |kxn| < k0, i.e., if kzn is real. For
those modes, the direction of propagation can be found from

θrn = arcsin
(

sin θi +
2π

k0 Dx
n
)

(1)

where the values of θrn are the reflection angles of the prop-
agating harmonics of indices n = 0, ±1, ±2, . . .. Using this
relation, one can determine the period required for scattering
energy into the desired direction.

The complex amplitude of each excited Floquet harmonic,
An , is determined by the specific microstructure of the period,
and its ratio to the amplitude of the incident wave is referred to
as the macroscopic reflection coefficient [9]. The magnitude of
the macroscopic reflection coefficient of the mode propagating
in the desired direction determines the efficiency of the anoma-
lous reflector. In general, the amount of power channeled into
each propagating Floquet harmonic for TE polarization can be
calculated as follows:

Prn = |An|
2 cos θrn

cos θi
. (2)

Fig. 1. (a) Generalized conceptual illustration of wave scattering from
an infinite impenetrable periodic metasurface with period Dx . (b) Scattered
diffracted harmonics directions as the functions of the frequency (bottom
x-axis) or Dx/λ (top x-axis). (c) Scattered diffracted harmonics directions as
the functions of the incidence angle θi. Vertical dashed lines show the design
parameters selected in this study. (d) Conceptual illustration of scattering from
metasurfaces under normal illumination analyzed.

The design strategies for creation of anomalous reflectors
using metasurfaces can be divided into two main groups: local
designs that assume that the response of each constitutive
element only depends on the fields at the exact position where
the element is placed, and nonlocal designs that account for
interaction between different meta-atoms and optimize them
to channel the energy toward the desired harmonic(s).

A. Local Design Methodology

In local designs, such as reflectarrays [10], [11], [12] or
local metasurfaces [13], [14], the local reflection phase is
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varied along the reflector surface, so that the partial waves
reflected from each array element interfere constructively in
the desired reflection direction. The desired local reflection
coefficient dictated by the phased-array principle, also referred
to as the generalized reflection law, can be written as 0(x) =

1 · e jk0(sin θi−sin θrd)x , where θrd represents the desired reflection
angle. In this method, the unit cells are designed using
the locally periodical approximation, usually by numerically
simulating periodic arrays of identical cells. It is well known
that these implementations suffer from parasitic scattering
when the relation between the incidence and reflection angles
significantly deviates from the usual reflection law for uniform
reflectors (e.g., [2], [3]).

A test prototype for the anomalous reflector based on the
local design approach was designed for operation at 8 GHz,
for θi = 0◦, and θr1 = 70◦. Fixing the operational frequency
and the desired reflection, we get the required periodicity
Dx = 40 mm of the structure from (1). The results of higher
order mode reflections under normal illumination are shown
in Fig. 1(b), where the vertical dashed line indicates the
selected operational frequency, and the first order reflection
n = ±1 from the infinite periodical structure is toward
θr±1 = ±70◦. The n = ±1 harmonics become propagating
at frequencies above ∼7.52 GHz for the selected design
parameters. This observation also assures that higher order
harmonics with n = ±2 are only excited at frequencies above
∼15.04 GHz.

The supercell consists of ten rectangular copper patches
above a copper ground plane. The width of all the patches
is w = 3.5 mm. The thickness d of the dielectric substrate is
1.575 mm, and the final dimensions of each supercell in the
xy plane are Dx = 40 mm and Dy = 18.75 mm.

Additional analytical investigation of our selected periodic-
ity with (1) may be done by varying the illumination angle.
The results presented in Fig. 1(c) show the propagation direc-
tions of higher order harmonics for the structure illuminated
at different angles θi and the operational frequency 8 GHz.
Harmonics of the order n = ±2 are excited for illumination
angles |θi| > 61.5◦, whereas at other illumination angles,
the reflection angles become complex valued; i.e., the exited
reflected harmonics with n = ±2 are nonpropagating. For
the illumination angle range, θi ≈ (±3.5◦, ±61.5◦) harmon-
ics with order n = ±1 are nonpropagating; i.e., only two
propagating harmonics are exited.

The resulting conceptual design of anomalous reflectors
operation under normal illumination is shown in Fig. 1(d).
When the structure is illuminated normally, three propagating
harmonics are excited, toward 0◦, +70◦, and −70◦. The
structure consists of a dielectric supporting substrate, and two
metallized layers: back metal ground plane, and top layer of
metal patches or meta-atoms, designed to provide the required
grid impedance of the top layer.

The first step in the design based on the local phase
gradient is to determine the dimensions of each meta-atom
that produce the desired reflection phase. To do that, we used
the conventionally employed locally periodical approximation.
We conducted a full-wave EM analysis with ANSYS HFSS
and simulated the reflection coefficient for single periodically

Fig. 2. Parametric study of the local reflection coefficient phase as a function
of the patch length.

repeated array elements (single patches on the grounded
substrate) at normal incidence and found the lengths of the
patches that produce the desired phase shift at the position
of each array element within the period dx = Dx/10. The
simulation domain was Dx/10 × Dy × 2λ (along the x-, y,-
and z-directions). The dielectric substrate the simulations had
εr = 2.2, tan δ = 0.0009, and thickness t = 1.575 mm. The
rectangular patches and the ground plane were modeled as
copper (σ = 58 × 106 S/m) with a thickness of 70 µm.
In Fig. 2, one can see the results of a parametric study of the
local reflection coefficient phase as a function of the length
of the patches. To provide a linear phase gradient 8(x) =

k0(sin θi − sin θr1)x along each period of the metasurface, the
final dimensions of the patches are ℓ1 = 10.78 mm, ℓ2 =

11.17 mm, ℓ3 = 11.57 mm, ℓ4 = 12.62 mm, ℓ5 = 18 mm,
ℓ6 = 5 mm, ℓ7 = 8.8 mm, ℓ8 = 9.6 mm, ℓ9 = 10.12 mm,
and ℓ10 = 10.52 mm. The experimental sample comprises
11 supercells along the x-axis and 14 supercells along the
y-axis and has the size of 11.7λ = 440 mm and 7λ =

262.5 mm, respectively. A photograph of the sample designed
with the local approach is shown in Fig. 3(a), and a schematic
representation of the top-view of one supercell is shown in
Fig. 3(b).

Because the incidence and reflection angles are different, the
plane-wave impedances of the incident and reflected waves,
defined as the ratios of the tangential (to the reflector) com-
ponents of the electric and magnetic fields, are different. This
impedance mismatch between the incident plane wave and the
required reflected waves limits the efficiency of anomalous
reflectors based on the linear phase gradient design, as was
shown, e.g., in [4]. The following expression can be used
to calculate the expected efficiency of a design based on the
difference between the incident angle and reflected angle in
the lossless scenario [3]:

η = 4
cos θi cos θr1

(cos θi + cos θr1)2 . (3)

The anomalous reflector prototype designed for θi = 0◦ and
θr1 = 70◦ by using the local design approach has a theoretical
efficiency of 75.96% according to (3). For actual samples,
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Fig. 3. Implemented anomalous reflectors under study. (a) Local design
sample photograph, (b) its supercell, (c) nonlocal design sample photograph,
and (d) its supercell.

this efficiency will be reduced due to the effects of losses
in materials and inaccuracies in manufacturing.

We implemented an anomalous reflector with the described
local design methodology as an infinite planar reflector in
a full-wave EM simulation. In this case, the ten-element
supercell is set with periodic boundaries across the xy plane.
Floquet modes are associated as Ports 1–3 shown in Fig. 1(d).
As a result, we get relations between the amplitudes of the
incident and reflected Floquet modes of various orders. The
resulting simulated scattering matrix of the infinite structure,
considering losses in all used materials as described above,
reads

|Sloc
sim| =

0.261 0.835 0.444
0.835 0.029 0.541
0.444 0.541 0.681

. (4)

In terms of the power reflection efficiency, the structure
offers 69.71% anomalous reflection efficiency with 3.81%
of absorption. The rest of the energy is scattered into other
Floquet harmonics. In particular, 19.67% of incident power is
sent into the n = −1 mode (that corresponds to −70◦), and
6.81% is sent into the n = 0 mode (normal reflection).

B. Nonlocal Design Methodology

To overcome the intrinsic limitations of anomalous reflec-
tors based on the locally periodic approximation and linear
phase gradient, one has to employ strong nonlocalities [4], [6],
[15], use evanescent fields behind or above the metasurface to
optimize the power flow along the reflector surface [1], [16],
or adapt the shape of the metasurface to the power modu-
lation [7]. These solutions have demonstrated that parasitic
reflections can be eliminated, and only losses in materials

reduce the efficiency of the anomalous reflectors, overcoming
the limitations dictated by (3).

In this article, to make a comparison between local and
nonlocal designs, we compare the characteristics of samples
fabricated with the same technology and the same number
of elements per supercell. More specifically, we design an
anomalous reflector using the nonlocal approach [4], keeping
the same design conditions with an operation frequency of
8 GHz, θi = 0◦, and θr1 = 70◦. For the implementation, all the
physical dimensions of the sample are the same (w = 3.5 mm,
the thickness d of the dielectric substrate is 1.575 mm, and
the total dimensions of each supercell in the xy plane are
Dx = 40 mm and Dy = 18.75 mm) except for the length of
the patches. The dimensions of each component in the unit
cells of the linear phase gradient design are used as an initial
guess for numerical optimization of the structure. The entire
simulation domain of the supercell was Dx × Dy × 2λ. The
quasi-Newton (gradient) algorithm was applied, and |S11| = 1
was set as the objective. The final dimensions of the patches
are ℓ1 = 10.7 mm, ℓ2 = 10.3 mm, ℓ3 = 12.3 mm,
ℓ4 = 12 mm, ℓ5 = 11.8 mm, ℓ6 = 8.7 mm, ℓ7 = 10.2 mm,
ℓ8 = 5.4 mm, ℓ9 = 11 mm, and ℓ10 = 10.9 mm. This
is the same design as presented in [4]. In this design, the
lengths of the metallic patches were numerically optimized
using commercial software to maximize the reflection in the
desired direction. A photograph of the samples is shown in
Fig. 3(c), and a schematic representation of the top view of
one supercell is shown in Fig. 3(d). The resulting amplitudes
of the simulated scattering matrix components of the infinite
structure, considering losses in all used materials as described
above, read

|Snonloc
sim | =

0.030 0.980 0.037
0.980 0.026 0.030
0.037 0.030 0.969

. (5)

In terms of the power reflection efficiency, the nonlocally
implemented structure results in 96.06% anomalous reflection
efficiency, and 3.72% is dissipated in the reflector. The rest
of the energy is scattered into other Floquet harmonics.
In particular, 0.13% is sent into the n = −1 mode (that
corresponds to −70◦), and 0.09% is sent into the n = 0 mode
(that corresponds reflection in the normal direction). Notice
that similar design strategies can be used with dielectric
resonators. At microwave frequencies, the resonators can
be made, for example, with polymer-based high-permittivity
ceramics placed on a ground plane [17].

III. MEASUREMENT SETUP

For the experimental characterization of the samples,
we used a setup that allows us to extract the macroscopic
reflection coefficients or, in other words, the scattered power
sent into the propagation direction of each Floquet harmonic.
The objective is to study the angular response and the
frequency response in the Cx- and X-bands, namely, from
6.5 to 9.9 GHz, to cover a sufficiently large frequency range
around the design frequency of both structures at 8 GHz. The
measurements were carried out at the Microwaves and Radar
Institute, German Aerospace Center (DLR), Oberpfaffenhofen,
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Fig. 4. Measurement setup. (a) Photograph of the setup in an anechoic laboratory environment, (b) schematic of a bistatic measurement, and (c) schematic
of a monostatic measurement. Here, α is the rotation angle of the reflector, and β is the bistatic angle.

Germany. A photograph of the experimental setup is shown in
Fig. 4(a). Horn antennas with dielectric lenses served as the
transmitting and receiving units. The transmitting unit (Tx)
was in a fixed location and illuminated the samples with a
beam with a roughly planar wavefront. The beam diameter
was approximately 11 cm. The lens at the receiving unit (Rx)
permitted selection of the reflected waves propagating from
the illuminated spot on the sample toward the receiver along
the antenna axis. The focused beams formed by lenses at the
horns excluded the unwanted contributions from the edges of
the samples. The reflectors were mounted on a holder that had
a frame of 41 × 25 cm covered by a microwave absorber. The
setup allows rotation of the sample at an angle α with respect
to the transmission unit.

Measurements were conducted for both bistatic and mono-
static scattering analysis. For bistatic measurements, the
receiving unit and the sample could be independently rotated
at the angles α and β around a common vertical rotation axis;
see Fig. 4(b). The bistatic angle between Tx and Rx can be
adjusted between 180◦ (direct talk) and 30◦. However, due to
mechanical restrictions with the lenses, smaller bistatic angles
could not be set. Therefore, in the monostatic scenario (bistatic
angle 0◦), a combined Tx/Rx block was used, with Tx and
Rx at a right angle to one another and separated by a semi-
transparent power divider (a glass plate); see Fig. 4(c). The
thickness of the glass plate is optimized to divide the energy
of the incident wave in such a way that both the transmitted
and reflected waves are attenuated by approximately 3 dB in
the case of normal incidence. In the case of 45◦ incidence,
the attenuation values are approximately 5 dB (transmission
and TE polarization, and reflection and TM polarization) and
1.5 dB (transmission and TM polarization, and reflection and
TE polarization). Different antenna units were used for the
Cx- and X-bands frequency ranges.

A schematic representation of the measurements conducted
with the bistatic arrangement is shown in Fig. 4(b). The system
was calibrated with β = 30◦ and a metal plate with its normal
pointing in the direction α = 15◦, i.e., in the direction of
specular reflection. The following parameters have been varied
during the measurements: 1) bistatic angle β between 30◦ and
180◦ with a step of 5◦; 2) reflector rotation angle α between
−60◦ and 90◦ with a step of 1◦; and 3) frequency between
6.5 and 8.2 GHz (Cx-band) and between 8.202 and 9.9 GHz
(X-band) with a step of 2 MHz.

In addition, measurements were conducted for two positions
of each reflector: position 0◦ [with the x-axis oriented as in
Fig. 3(b) and (d)] and position 180◦ obtained by rotation of

the sample by 180◦ around the unit normal z to its surface,
Fig. 4(b) and (c), to account for the whole range of incidence
directions, because the arrangement of the inclusions on the
metasurfaces is not symmetric with respect to the surface
normal.

In the monostatic measurements, a single Tx/Rx unit
(β = 0◦) was used. The reflector rotation angle α in this
case was varied between −60◦ and 40◦ with a step of
1◦. A schematic of the measurements conducted with the
monostatic arrangement is shown in Fig. 4(c). The monostatic
measurement system was also calibrated with a metal plate
at broadside illumination (α = 0◦), and the measurement is
provided for the same two frequency bands as in the bistatic
measurement.

The gathered raw datasets are 2-D arrays of the magnitude,
phase, real, and imaginary components of the reflected signal
in the monostatic measurement case (sweeps over frequency
and the angle α) and 3-D arrays in the bistatic scenario (sweeps
over frequency and the angles α and β).

IV. DATA PROCESSING, RESULTS, AND DISCUSSION

To obtain the response of the metasurface according to the
configuration shown in Fig. 1, we use the following relations:
θi = α and θobs = β − α for position 0◦. For position 180◦,
we have θi = −α and θobs = −(β − α). Here, θobs denotes
the observation angle that defines the position of the receiving
antenna with respect to the metasurface normal.

As a result, we get 2-D datasets at each frequency, which
were interpolated to construct sets with a similar 1◦ step along
both θi and θobs axes. An example of raw data collected at the
design frequency 8 GHz is presented in Fig. 5 for the reference
metal mirror and two anomalous reflectors under study. The
shown data are limited for the range [−90◦, 90◦

] for both θi
and θobs, as only the top (patterned) side of the reflectors is of
interest.

The reference metal mirror has maximum reflection toward
specular direction—the maximum is always observed at
θobs = θi. Both anomalous reflectors confirm the designed
functionality, since the maximum of reflection is observed at
θobs = 70◦ when θi = 0. In the discussed 2-D data, we can fol-
low exactly the same response of modes allocation as predicted
by the theoretical results shown in Fig. 1(c); i.e., maximized
n = 0 specular mode reflected from conventional metal mirror
is shown in Fig. 5(a) as a similar straight line contour, and
contours of both anomalous n = ±1 modes are clearly seen
reflected from anomalous reflectors in Fig. 5(b) and (c). White
gaps in the 2-D figures indicate the areas where no scattering
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Fig. 5. Processed measurement results at 8 GHz with the experimental
setup presented in Fig. 4. (a)–(c) |S12|

2 of the metal reference plate, local
design, and nonlocal design, accordingly, built in the range of observation
and incidence angles [−90◦, 90◦

] and (d) same types of data but for the
monostatic measurement cut.

measurement were possible because of the measurement setup
limitations (the angle between Tx and Rx cannot be smaller
than 30◦). The contributions from the higher order modes
with n = ±2 could not, therefore, be observed. However,
for the modes with n = ±1, scattering toward anomalous
directions is clearly defined. Also, it is evident that for the local
design methodology, the parasitic specular scattering is more
pronounced, comparing with the nonlocal implementation.

The thin line in the middle of the white gap in
Fig. 5(a)–(c) shows retroreflection data provided by the

Fig. 6. Experimental results according to the monostatic measurement setup
presented in Fig. 4(c) for α = 0◦ and the corresponding infinite reflectors
simulation results as a function of frequency.

monostatic measurement. For more convenient observation,
these data are shown separately in Fig. 5(d). These data were
collected two times for two sample positions (0◦ and 180◦)
in the measurement. Thus, both orientation-related lines are
shown in Fig. 5(d). Overlapping of these lines regardless of
possible spot shifts due to sample orientation changes confirms
sufficiently high quality of manufacturing of the reflectors and
accuracy of the measurements.

A. Retroreflection Frequency Response Under Normal
Illumination

We start by analyzing the response of the metasurface for
the design conditions, i.e., illuminated at normal incidence.
First, we consider the frequency dependence of the reflection
coefficient into the normal direction (specular reflection).
We set θobs = θi = 0◦, which corresponds to normal
illumination, i.e., α = 0 in the monostatic measurement; see
Fig. 4(c). The results of the measurement are presented in
Fig. 6. The experimental results are accompanied also with the
related EM simulations and show the amplitude of scattering
toward retroreflection, i.e., for the observation point located at
the normal from the illuminated surface. We also verified that
the EM simulation result is symmetrical over the xz plane;
thus, only one line is presented here.

We can observe a clear minimum in the retroreflection from
normally illuminated reflectors (that is, in specular reflection)
for both samples near the design frequency point 8 GHz. This
minimum indicates that the energy is not reflected back toward
the transmitter but rather is redirected to another direction
and/or could also be dissipated. The sample based on the local
design shows weaker minima comparing with the nonlocal
reflector. For the experimental data, a particular shift of the res-
onance minima toward higher frequencies is observed for both
experimentally implemented reflectors. Precise positions of the
minima are shown in Table I. For the local implementation, the
shift is stronger than for the nonlocal reflector. Measurements
at higher frequencies show a noticeable difference between the
designs in terms of resonances positions. We will discuss this
in more detail at the end of this section.
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TABLE I
PRECISE POSITIONS OF MINIMA FOR THE MONOSTATIC MEASUREMENT FROM THE RESULTS PRESENTED IN FIG. 6

B. Frequency Dependence of Anomalous Reflection Efficiency
Toward Fixed Observation Points Under Normal Illumination

The macroscopic reflection coefficient is calculated as the
measured reflection coefficient from the metasurface normal-
ized by that for specular reflection from the reference metallic
mirror plane illuminated under a reference angle θref

r0 =
SMS

12 (θi, θrn)

Smirror
12 (θref, θref)

. (6)

For extreme illumination angles, the illumination spot pro-
jected over the finite sample becomes larger than the sample
area, and some part of the illumination power misses the
surface and is not reflected toward the receiver. Therefore,
the reference angle θref is selected as the largest angle out of
θi and θobs

θref =

{
θi, if θi ≥ θobs

θobs, if θi < θobs.
(7)

This normalization ensures the highest reflection level that
can be obtained from a perfect reflector illuminated under the
reference angle. The reflection efficiency η is found as the
second power of the absolute value of r0: η = r2

0 .
We start our analysis of bistatic scattering fixing the obser-

vations points. As it was mentioned before, under normal
illumination, this scenario allows propagation of three Floquet
harmonics n = −1, 0, and 1 that correspond to the reflection
angles equal to −70◦, 0◦, and 70◦ at the operation frequency
of 8 GHz. For the case of infinite metasurface simulation with
the fixed supercell periodicity, the directions of the reflected
Floquet harmonics are frequency-dependent. If the receiving
antenna is located at fixed observation directions θobs = −70◦,
0◦, and +70◦ and the illumination is normal θi = 0◦, the
measured results may be directly compared with the infinite
metasurface simulation only at the design frequency. The
results for scattering from the metasurfaces toward these fixed
observation directions are presented in Fig. 7(a) and (c). The
figures show the efficiency as a function of the frequency.
The design frequency 8 GHz, corresponding to anomalous
reflection for the desired maximized harmonic n = +1,
is shown with the point marker. The results are in a very good
agreement with the estimations from EM simulations, which
were discussed in Sections II-A and II-B.

Next, we consider the ranges where the efficiency of the
anomalous reflection is greater than 50%. For the local design,
the measured range is 7.69–8.47 GHz. For the nonlocal
design, half-power or higher anomalous reflection efficiency is
observed in the experimental data in the range 7.66–8.28 GHz.
Another important note here is that for both samples, the

maximum of anomalous reflection efficiency is detected when
the observation point is shifted a bit toward higher frequencies:
for the local implementation, the maximum is at 8.17 GHz,
and for the nonlocal implementation, it is at 8.03 GHz. Further
analysis of this aspect will be performed in Section IV-D.

C. Angular Response

In this section, we study the response of the metasurface
when it is illuminated at different angles. We show how the
energy is distributed between the different propagating Floquet
harmonics by extracting the macroscopic reflection coefficient
both numerically and experimentally.

The results of the normalized scattered power magnitude
toward n = −1, 0, +1 harmonics for the local and nonlocal
designs are presented in Fig. 7(b) and (d). Experimental points
are shown as crosses, and the EM simulated results for the
corresponding infinite structures are shown by solid lines.
In EM simulations for the incidence angles θi > 61◦, the har-
monic with n = −2 makes a noticeable contribution, which,
however, could not be extracted from the measured results
due to the mentioned above setup limitations. Obviously, the
experimentally extracted points for θi = 0◦ correspond to
the frequency-dependent curves presented in Fig. 7(a) and (c)
at the design frequency. Precise efficiency values at these
design points are shown with curve tips. We see a good
qualitative coincidence between the numerical simulations and
the experimental data for the measured harmonics.

The results indicate a considerably higher impact of par-
asitic scattering toward n = −1 and 0 for the local design
sample. Another noticeable feature of the nonlocal implemen-
tation is the dependency of the results outside of the design
configuration illumination. For illumination angles interval
0◦ < |θi| < 30◦, we see minima for n = ±1 harmonics
and maxima for n = 0◦ harmonic, whereas for the local
implementation, the shapes of the curves are reversal. Sharp
drop of efficiency when illumination is slightly shifted from
normal is in line with Fig. 1, because the related scattered
harmonic’s reflection angle becomes complex.

D. Frequency Response

In order to determine the scattered harmonics amplitudes in
the case that the periodicity of the structure is fixed, we have
to select the observation angle related to the investigated
frequency in accordance with (1). The result for the scattered
harmonics amplitudes, taking into account this angular correc-
tion factor, is presented in Fig. 8. An additional x-axis on top
of the figure indicates the corresponding θrn for n = ±1. In this
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Fig. 7. Normalized scattered power magnitude: (a) and (b) local design and (c) and (d) nonlocal design. (a) and (c) Correspond to the case, when the
observation angles of the scattered harmonics are fixed (for normal incidence), and the operational frequency varies (experimental results only). (b) and
(d) Correspond to the case when the operational frequency is fixed to 8 GHz, and the incidence angle is varied (both simulation and experimental data).
Marker tips show precise measured efficiency at the design frequency and illumination angle. The colors of the curves correspond to the scheme used in
Fig. 1(b) and (c).

case, the efficiency results can be directly compared with the
EM simulations of infinite structures; thus, the results in Fig. 8
are accompanied with the curves showing calculated data.

In the case of the local design, from the result presented in
Fig. 8(a), one can see a broad operational range of anomalous
reflection toward the target angle of 70◦, with the efficiency
value close to the theoretical maximum for this design (about
75%) at the design frequency marked with a point marker. The
measured efficiencies at the design frequency are shown above
the dashed lines. In the case of the nonlocal implementation
presented in Fig. 8(b), one can see almost perfect efficiency
at the design frequency, but the frequency bandwidth of this
anomalous reflector is somewhat narrower. The bandwidths
where the efficiency of anomalous reflection to the n = +1
mode is larger than 50% for the local design read the
following.

1) Simulation: 7.7–8.74 GHz with the peak η = 76.25% at
8.12 GHz.

2) Measurement: 7.8–8.78 GHz with the peak η = 83.39%
at 8.17 GHz.

For the nonlocal design, the corresponding results are as
follows.

1) Simulation: 7.66–8.25 GHz with the peak η = 96.16%
at 7.99 GHz.

2) Measurement: 7.77–8.28 GHz with the peak η =

97.81% at 8.02 GHz.

The first difference between both design that we can see
is in the deviation of the maximum efficiency frequency
from the theoretical prediction. In the nonlocal design, the
maximum efficiency is expected at the design frequency, and
the measurements indeed show only a small shift toward
higher frequencies (0.03 GHz) that can be a consequence of
inaccuracies in fabrication or a deviation in the material prop-
erties between the actual values and the theoretical assumption.
In the local design, the simulated maximum efficiency does not
appear at the design frequency, but at 8.12 GHz. To understand
this frequency shift, one should remember that local designs
are not exact solutions of the boundary-value problem for
inhomogeneous arrays, and excitation of additional evanes-
cent fields that match the boundary conditions is required.
Additional evanescent fields store some reactive energy, which
is equivalent to an additional surface reactance that causes a
frequency shift, not accounted for in the local design. Thus,
in this design, these evanescent fields couple energy with the
first Floquet harmonic more efficiently at higher frequencies.
This effect cannot be predicted or controlled at the design
stage.

It is important to notice that the difference of the maximal
efficiency frequency between simulations and experiments is
of the same order for both local and nonlocal designs (0.05 and
0.03 GHz). Because the materials and fabrication process
were the same for both samples, this confirms that this small
deviation is due to inaccuracies in fabrication or a deviation
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Fig. 8. Scattering efficiency, experimental result, and simulation result for
normal illumination: (a) local design and (b) nonlocal design. The additional
top x-axis shows the scattering angle for n = ±1 harmonics that corresponds
to the processed frequency. Solid lines show simulation data, and dashed lines
show data extracted from the measurements.

in the material properties between the actual values and the
theoretical assumption.

We also note that the experiment shows that the parasitic
scattering from the local design panel in the −70◦ direction is
stronger than the parasitic specular reflection. In the nonlocal
design, all parasitic scattering is effectively suppressed. The
measured efficiencies are in line with the results presented in
Fig. 7(a) and (c) exactly at the design frequency, or similarly
for θi = 0◦ in Fig. 7(b) and (d).

It is interesting to note a qualitatively different response
of the two metasurfaces at high frequencies, much larger
than the design frequency. As expected, when the period
of the metasurface does not match the wavelength of the
incident wave, the reflection is predominantly in the specular
direction, i.e., normal to the plane in the example shown in
Figs. 6, 7(a) and (c), and 8. The structure does not exhibit the
properties of a diffraction grating, and we see reflections due
to surface-averaged currents. However, at some frequencies,
the period becomes matched with the wavelength, and we
observe sharp drops of reflections into the specular direction.
At these frequencies, there is significant scattering into other
Floquet harmonics, and observing the red and yellow curves,
we can see the intensities of scattering into the corresponding
modes. The frequencies of such intensive diffuse scattering
are different for the two designs, although the geometrical
period of the two patterns is the same. Different structures of
the supercells lead to different scatterings far from the design
frequency.

Another revealed difference of the response of the two
designs is in suppression of specular reflection in the vicinity
of the design incidence angle. As is seen in Fig. 7(b) and (d)
(blue curves), the nonlocal design results in a wide minimum
of specular reflection in the vicinity of θi = 0, while the local
design panel shows two maxima quite close to the design
incidence angle. Yet, another peculiarity of the nonlocal design
is nearly perfect efficiency of scattering into n = −2 mode at
large positive angles of incidence, while for the local design,
the efficiency for that mode stays below 50%.

V. CONCLUSION

In this article, we presented the results of experimental
investigations of anomalous reflectors designed as locally
periodic phase-gradient reflectors and using numerical opti-
mizations of supercells. All the parameters of the two panels
under study were the same except for the lengths of the patches
that were tuned using these two different methods. We pro-
vided a detailed comparative analysis of these two anomalous
reflectors, designed for the same function of anomalous
reflection. Combining bistatic and monostatic measurement
data, we built 2-D datasets—interpolated reflection maps for
each measured frequency point. In the processed results,
we investigated the scattered power magnitude from the
anomalous reflectors toward specular and anomalous reflec-
tions for n = ±1 Floquet harmonic orders. Higher harmonics
could not be detected due to measurement setup limitations.

While the advantage of the nonlocal design in providing
higher efficiencies of anomalous reflection into the design
direction and at the design frequency is known and well
appreciated, in this work, anomalous reflection efficiency was
investigated both for fixed angles toward observation points
and toward the propagation directions of different harmon-
ics that depend on the operational frequency. The first set
of results is more related to particular engineering solu-
tions demonstrating capabilities of almost perfect anomalous
reflection from the reflector designed with nonlocal approach
comparing with the local one. We experimentally confirmed
that the sample, realized with the nonlocal method, grants
not only much more accurate and efficient redirection of
the incident power due to better suppression of the parasitic
scattering toward undesired directions, but also a similarly
wide operational bandwidth as the local design. Our analy-
sis of scattering also demonstrated significant difference of
the samples properties in terms of the angular response—
illuminated at the angles that are different from the design
angle, the structures exhibit totally different trends for all
diffraction harmonics. Our analysis also showed quite different
behaviors of the structures at higher frequencies outside the
design condition. This aspects should be taken into account
while engineering anomalous reflectors, where the nonlocal
design can bring significant advantages due to much higher
efficiency of reflection, especially at extreme angles.

Finally, let us note that there are other platforms for real-
ization of various anomalous reflectors for various frequency
ranges, such as arrays of dielectric elements of different shapes
(e.g., [17], [18], and many other works). Moreover, there are
different physical principles of realizing these effects, such
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as the use of metagratings [6] or conventional reflectarrays
formed by λ/2-sized unit cells [11], [12]. In the future,
it would be interesting and useful to make similar compar-
ative investigations of anomalous reflectors realized in other
platforms and using other physical principles.
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