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We present the design, fabrication, and experimental investigation of a printed circuit board metagrating (MG)
for perfect anomalous reflection. The design follows our previously developed analytical formalism, resulting in
a single-element MG capable of unitary coupling of the incident wave to the specified (first-order) Floquet-Bloch
(FB) mode while suppressing the specular reflection. We characterize the MG performance experimentally
using a bistatic scattering pattern measurement, relying on an original beam-power integration approach for
accurate evaluation of the coupling to the various modes across a wide frequency range. The results show
that highly efficient wide-angle anomalous reflection is achieved, as predicted by the theory, with a relatively
broadband response. In addition, the MG is found to perform well when illuminated from different angles,
acting as a multichannel reflector, and to scatter efficiently also to higher-order FB modes at other frequencies,
exhibiting multifunctional capabilities. Importantly, the merits of the utilized beam-integration approach, namely,
its improved resilience to measurement inaccuracies or noise effects, and the implicit accommodation of
different effective aperture sizes are emphasized, highly relevant in view of the numerous recent experimental
reports on anomalous reflection metasurfaces. Finally, we discuss the source for losses associated with the
MG; interestingly, we show that these correlate well with edge diffraction effects rather than (commonly
assumed) power dissipation. These experimental results verify our theoretical synthesis scheme, showing that
highly efficient anomalous reflection is achievable with a realistic fabricated MG, demonstrating the practical
applicability and potential multifunctionality of analytically designed MGs for future wave-front manipulating
devices.
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I. INTRODUCTION

Metagratings (MGs), periodic structures comprised of one
or a few polarizable meta-atoms per period, are attracting
considerable attention lately [1–7] due to their ability to
manipulate beams with very high efficiencies, usually difficult
to achieve with gradient metasurfaces (MS) [8,9]. Further-
more, they can also overcome realization difficulties related
to conventional Huygens’ and bianisotropic MSs, as the latter
require microscopic design of multiple closely packed meta-
atoms per period, typically corresponding to a significantly
larger number of design degrees of freedom [10–18].

In particular, the concept of metagratings for anomalous
reflection was rigorously introduced and formulated in a
recent paper by Ra’di et al. [5] using a repeating magneti-
cally polarizable particle (conducting loop) above a perfect
electric conductor (PEC) ground plane. In the wide-angle
reflection scenarios considered therein, the transverse momen-
tum difference between the incident wave and the desirable
reflected wave defines a grating periodicity � that allows only
two Floquet-Bloch (FB) modes to propagate: the specular
(fundamental) and anomalous (first-order) reflection modes;
the rest of the modes are evanescent [19]. Subsequently,
the authors showed that enforcing two physical constraints,
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namely, cancellation of specular reflection and global power
conservation, allows synthesis of perfect anomalous reflection
MGs using only two degrees of freedom. First, based on these
two constraints, a nonlinear condition was analytically formu-
lated, resolving the required MG-PEC separation distance h;
next, once this parameter was set, the meta-atom geometry
was tuned to optimize the coupling to the desirable first-
order FB mode. This yielded an appealing theoretical scheme
for designing simple yet highly efficient beam deflectors;
nonetheless, it has yet to be experimentally tested.

Lately, analytical models for electrically polarizable MGs
were developed, relying on arrays of dielectric rods [20]
or capacitively loaded wires [21] for achieving wide-angle
anomalous reflection and beam splitting. In fact, the theo-
retical framework was augmented in [21] to allow complete
semianalytical design of the MG, up to the conductor geome-
try of the printed capacitors. Notwithstanding, although these
reports marked a significant advance towards an experimen-
tal demonstration by utilizing meta-atom geometries more
compatible with common 2D fabrication techniques, they still
considered the MGs to be suspended in air above the ground
plane and thus not suitable for practical realization.

Aiming at such a realization, we have extended in a recent
paper [22] the model of [21] so as to consider a structure fully
compatible with printed circuit board (PCB) implementation,
namely, having a dielectric substrate between the MG and
the PEC (Fig. 1). This extension required accounting for
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FIG. 1. Physical configuration of the PCB MG realized and characterized herein. (a) Side view of the MG configuration and (b) top view
of the MG, featuring the capacitively loaded wires. The printed capacitor unit cells are repeating with a subwavelength period l � λ along
the x axis, comprised of loaded strips with period �, defined on a dielectric substrate backed by a metal (PEC) layer. (c) The MG printed
capacitor unit cell featuring a single degree of freedom, namely, the capacitor width W . The trace separation is s, its width is w, and the copper
thickness is t .

multiple reflections within the Fabry-Pérot etalon formed by
the PEC-backed dielectric slab, introducing modal reflection
coefficients into the formulation, and incorporation of an ef-
fective dielectric constant when deriving the printed capacitor
geometry, positioned at the interface between air and the di-
electric [22]. The realistic analytical model produces detailed
fabrication-ready design specifications of PCB MGs for per-
fect anomalous reflection, obtained without requiring even a
single simulation in full-wave solvers. These results naturally
pave the path to experimental demonstration of single-element
MGs designed following this analytical scheme, yet to be
carried out.

It would be fair to note that the aforementioned MGs rely
in their operation on the fact that only one or two FB modes
other than the fundamental are propagating; this facilitates the
realization of perfect anomalous reflection with only one or
two meta-atoms per macro period [4,5,20–22]. This might be
perceived as a disadvantage, since it implies that one could
not use this scheme to achieve perfect coupling between any
two plane waves with given angles of incidence and reflec-
tion (θin, θout ), as some of these combinations would require
periodicities that necessarily allow additional propagating FB
modes. In contrast, this constraint is not applicable to MSs
with closely packed subwavelength meta-atoms, which can
accommodate any desirable (θin, θout ), in principle [15,16].
However, this is not a fundamental limitation of MGs: as
shown in [23–25], for instance, it can be alleviated by in-
creasing the number of meta-atoms per period as to allow
sufficient degrees of freedom to tailor the scattering to a larger
number of modes, enabling efficient coupling between any
given incoming and departing plane waves.

With the recent advances in the research of MSs for
anomalous reflection [15,16], experiments conducted in order
to characterize these structures and verify their functionality
at microwave frequencies were reported [6,7,26,27]. In order
to measure both the specular and anomalous reflections, the
experimental setup often consisted of a single rotating ele-
ment: either the MS was rotated while the transmitter and
receiver antennas were fixed [26], or the receiver antenna was
rotated while the transmitter and MS were fixed [6]. In both

cases, the efficiency of anomalous reflection was deduced via
comparison to the scattering from a metallic plate of the same
size. Furthermore, the power coupled to the various FB modes
was inferred from the peaks of the corresponding beams (a
single measurement point for each propagating FB mode);
hence, to achieve meaningful results, the authors had to factor
out the differences in effective aperture sizes at different
observation angles [28].

In this paper, we present the design, fabrication, and exper-
imental characterization of a MG that is capable of reflecting
an incoming wave into a prescribed angle (anomalous reflec-
tion) with very high efficiency, validating our analytical model
[22]. In contrast to previous realizations of this functionality,
our MG is exclusively designed, up to the complete PCB
layout, following a rigorous analytical scheme [22], featuring
only a single element with a single degree of freedom per
period. The in-depth investigation we conduct examines the
angular response of the MG at various frequencies, revealing
its potential as a multifunctional device, and probes the MG
performance when illuminated from nondesignated angles,
indicating its broad acceptance angle. Overall, our results ver-
ify experimentally that MGs can generally implement highly
efficient anomalous reflection over a relatively wide range
of frequencies and angles of incidence, as pointed out in
[5,6,21,22].

In addition to providing experimental proof to the practi-
cal viability of analytically designed MGs, we suggest here
an effective approach to the characterization of anomalous
reflection from planar scattering devices such as MSs and
MGs, differing from the common methodologies employed in
the microwave regime [6,7,26,27]. Our proposed experimental
scheme relies on measurements of the bistatic scattering from
the MG, utilizing a fine angular resolution over the half-space
z > 0. Similar to [6], we illuminate both the MG and the
reference metal plate from the designated angle of incidence
and record the scattering pattern in all directions. However, in
contrast to these previous experimental reports, we employ a
beam-integration approach to characterize the coupling effi-
ciency to the various FB modes. Specifically, we identify the
scattered beam corresponding to each one of the propagating
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FB modes and integrate the pattern over the angular range
associated with it to estimate the power coupled to that mode.

The proposed approach has two appealing features. First,
it relies on an integrated set of measurement points, thus
reducing the impact of measurement noise. Second, inte-
grating over the entire beam ensures that all of the radiated
power associated with it is properly accounted for, avoiding
the need to explicitly take into consideration the differences
in effective aperture sizes when comparing beams at differ-
ent angles [6,7,26,27] (such a calibration may be especially
challenging when the measurements are not entirely in the
far field). Considering the growing interest in microwave-
frequency MSs and MGs implementing controlled reflection,
the presented alternative approach, which may lead to im-
proved experimental accuracy and can be applied to other
scattering scenarios as well, forms a valuable contribution of
this work.

It should be noted that although this beam-integration ap-
proach is fairly common for anomalous reflection experiments
in the optical regime [29,30], it has not been in use in any
of the recent analogous experiments conducted at microwave
frequencies [6,7,26,27]. Hence, it is apparent that the merits
of this methodology have not been obvious to researchers
working in this regime. On the same note, we could not
find in the literature any rational discussion in the advantages
of such an approach with respect to the common single-
point aperture-size-calibrated coupling efficiency evaluation
exercised in many of the reports. Thus, especially in view of
the significant differences between the optical experimental
setups, where multiple lenses are frequently used to collimate
the beams, and the microwave experimental setups, demon-
strating the applicability of this beam-integration approach at
microwave frequencies as well, as highlighted herein, is of
considerable importance.

Finally, we quantify the losses in the fabricated MG and
investigate their origin, an aspect that was seldom addressed
in detail in related previous work. Surprisingly, our combined
experimental and theoretical evidence implies that the ob-
served losses are not related to dissipation in the dielectric
substrate and metallic traces but rather stem from the finite
size of the characterized sample, leading to increased edge
diffraction, which is interpreted as a loss mechanism in our
setup. These results are important for two reasons: first, they
establish the MG as a low-absorption device, as predicted
by realistic simulations [21,22]; second, they highlight a loss
mechanism that is hardly considered in MG and MS experi-
mental work, although all measurement setups involve finite
devices that could be prone to the same phenomenon.

Overall, the comprehensive experimental work reported
herein establishes analytically designed MGs as a viable al-
ternative to MSs for the realization of planar, highly efficient,
wide-angle beam manipulating devices, performing very well
in the presence of realistic fabrication inaccuracies, conduc-
tor and dielectric losses. Together with the demonstrated
potential for multifunctionality, these results provide further
support and motivation for future exploration of this emerging
concept. Equally important, the presented beam-integration
approach for characterizing coupling efficiencies and the light
shed on the origin of apparent losses in these devices are
expected to enable proper interpretation of the measured

results not only for MGs, but for general microwave-
frequency scattering configurations as well.

II. THEORY, DESIGN, AND EXPERIMENT

We follow the analytical scheme of [22] for the design
of a MG prototype at K band that fully couples an in-
coming plane wave at an angle of θin = 70◦ towards the
nonspecular direction θout = −10◦ [Fig. 1(a)]. The MG is
comprised of capacitively loaded wires defined on a metal-
backed dielectric substrate of thickness h, corresponding to
a standard single-layer PCB layout [Figs. 1(b) and 1(c)].
The periodicity � along the y axis facilitates the coupling
between the incident and reflected wave momenta and thus
is set as � = λ/| sin θout − sin θin|, typically comparable with
the free-space wavelength λ of the excitation fields. On the
other hand, the periodicity l along the x axis is chosen to
be much smaller, l = λ/10 � λ, such that we can treat the
closely spaced capacitors as a uniform distributed impedance
loading of the current-carrying wires [5,21,31].

The full details regarding the synthesis procedure can
be found in [22]; for completeness, we briefly repeat here
the main formulation results, as applicable to the prototype
designed herein. For given substrate permittivity ε2 and fre-
quency of operation f = c/λ (c is the speed of light in
vacuum), the procedure focuses on setting the two degrees of
freedom of the MG structure, namely, the substrate thickness
h and the capacitor width W [Fig. 1(c)], such that full coupling
of the incident wave towards the prescribed θout would be
achieved. In the first step, we assess the optimal h by imposing
the two design constraints, namely, elimination of specular
reflection and power conservation, on the modal field expres-
sions, yielding the condition for perfect anomalous reflection,
reading [22]

ρ = cos θout

cos θin
− |1 + R−1(h)|2

|1 + R0(h)|2 = 0, (1)

where Rm = jγm tan βm,2h−1
jγm tan βm,2h+1 is the reflection coefficient of the

mth FB mode, γm = η2k2βm,1

η1k1βm,2
is the mth mode wave-impedance

ratio, and βm,p =
√

k2
p − (k1 sin θin + 2πm

�
)2 is the longitudinal

wave number. The index p stands for the medium in which
the parameters are evaluated, with p = 1 being air and p = 2
being the dielectric substrate; correspondingly, ηp and kp are
the wave impedance and wave number in medium p.

We note that the periodicity � dictates the propagation
angle of the mth FB mode scattered off the MG via the
parameter βm,1. Following the guidelines of [5,21,22], it can
be verified that the period defined at the beginning of this
section forms a FB series in which the m = −1 mode co-
incides with the desirable anomalous reflection toward θout,
and all modes other than the ones corresponding to specular
and anomalous reflections are evanescent (�{βm,1} < 0,∀m �=
0,−1). For this reason, demanding that the specular reflection
would vanish via Eq. (1) guarantees exclusive coupling of
the real power to the m = −1 mode, as no other radiation
channels are available.

Once the substrate thickness h minimizing |ρ| of Eq. (1) for
the given θin and θout is found, we proceed to setting the MG’s
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FIG. 2. Deviation from the perfect anomalous reflection condi-
tion |ρ| of Eq. (1) (in dB scale), as a function of the substrate
thickness h and the reflection angle θout, for the considered MG
prototype configuration (θin = 70◦). The dashed purple vertical lines
indicate the solution branches where the deviation |ρ| is minimal.
We choose the first branch as a preferable solution (see discussion
in [22]).

second degree of freedom, the capacitor width W , assessed
from the load capacitance C required to establish the suitable
grid currents to sustain the scattering phenomena. Indeed, this
capacitance is resolved by invoking Ohm’s law with these
required currents and the total fields acting on the wire shell
[22,32]. This leads to the following expression for C:

1

2π l f C
=−η1|1 + R−1|2

4� cos θout

[
1

γ0 tan β0,2h
+ 1

γ−1 tan β−1,2h

]

+ k1η1

2π

(
1

2
+ log

πw

2�

)

− η1

�

∞∑
m = −∞
m �= 0, −1

[
k1(1 + Rm)

2αm,1
− k1�

4π

1

|m|
]
, (2)

where w is the width of the wire trace [Fig. 1(c)], and we
define αm,p = − jβm,p; substituting the optimal h found earlier
allows evaluation of the required load capacitance C to imple-
ment the desirable functionality. Finally, when the capacitance
is realized as a printed capacitor with identical trace width and
separation w = s [Fig. 1(b)], the capacitor width W can be
retrieved from C using W ≈ 2.85KcorrC/εeff [mm/fF], where
Kcorr is a frequency-dependent correction factor and the aver-
age dielectric constant is εeff = (ε1 + ε2)/(2ε0) [21,22,33].

To apply the outlined procedure to our MG prototype,
we merely need to substitute the relevant parameters into
Eqs. (1) and (2) and solve for the fabrication-ready design
specifications. We chose to use a Rogers RO3003 laminate
of thickness h = 60 mil = 1.524 mm as the substrate for the
prototype, featuring anisotropic permittivity of ε2,xx = ε2,yy =
3.39ε0, ε2,zz = 3ε0 and loss tangent tan δ = 0.001. The lam-
inate arrived covered with 0.5 oz. electrodeposited copper,

(a)

(b)

[ ]inE

[ ]inE

FIG. 3. Electric-field distributions | 	{Ex (y, z)} | for the MG de-
sign for incident angle of θin = 70◦ at f = 25.18 GHz. The analytical
calculation (a) is compared with the full-wave simulation (b). The
dashed black vertical lines indicate the metagrating plane (z = −h),
while the black circles mark a small region around the meta-atom
where deviation between the analytical prediction and the full-wave
simulations is expected due to the finite size of the printed capacitors
[21,22].

corresponding to trace thickness of t = 18 μm; to operate
well within standard PCB fabrication constraints, we set
the copper trace width and separation to w = s = 6 mil =
0.1524 mm [Fig. 1(c)].

We used these values in Eq. (1) and solved the equation
for |ρ| graphically, as illustrated in Fig. 2; the solutions
correspond to valleys in the plot (purple dashed lines), where
|ρ| approaches 0. The graph revealed that perfect anoma-
lous reflection with θin = 70◦, θout = −10◦, and the chosen
h = 60 mil, can be obtained at the working frequency f =
25.18 GHz, implying periodicities along the y and x direc-
tions of � = 10.69 mm ≈ 0.9λ and l = 1.19 mm = 0.1λ,
respectively; in terms of the wavelength, the resulting device
thickness corresponds to h ≈ λ/8. Invoking Eq. (2), the re-
quired capacitance can be assessed, proportional to the printed
capacitor width as discussed therein. Due to the anisotropic
dielectric constant of the substrate, we did not use the ana-
lytical approximation so as to retrieve W from C but rather
conducted a short sweep of the capacitor width around the
estimated value, yielding an optimum at W = 1.39 mm.

The resulting MG was defined in a commercial full-
wave simulation tool (CST Microwave Studio) to verify the
analytical model prior to fabrication. In these simulations,
realistic losses were accounted for using the standard cop-
per conductivity value of σcopper = 5.96 × 107 [S/m] in ad-
dition to the dielectric losses specified above. Figure 3 com-
pares the electric-field distributions as calculated using the
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(a) (b)

FIG. 4. (a) The fabricated MG prototype and (b) zoom-in on
three lateral periods of the MG.

analytical formulation [Fig. 3(a)] and as recorded in sim-
ulations [Fig. 3(b)]. As can be observed therein, excellent
agreement between theory and simulations was obtained,
except for the expected deviation at the close vicinity of the
meta-atoms [21,22]. Overall, these MG simulations imply that
the final PCB layout should exhibit extremely high efficiency,
with 98.3% of the incident power being anomalously reflected
towards θout, limited only by minor absorption by the copper
and laminate of 1.7%.

In order to verify the design and characterize the pro-
totype experimentally, a 9′′ × 12′′ (22.86 cm × 30.48 cm ≈
19.2λ × 25.6λ) MG was fabricated by PCB Technologies,
Ltd., Migdal Ha’Emek, Israel; the resulting board is shown
in Fig. 4. To evaluate the device performance, we have as-
sembled an experimental setup in an anechoic chamber in
Rafael, Advanced Defense Systems, Ltd. (Fig. 5), with the
MG placed on a stand and a pair of standard horn antennas
(Schwarzbeck, BBHA9170) for excitation and measurement.
The transmitter antenna was aligned at θin = 70◦ relative to
the MG, illuminating it from a distance (approximately 2 m ≈
168λ). The 3-dB beamwidth of the antenna around the design
frequency is approximately 15◦ in both the E and H planes.
Accounting for the angle of incidence and the distance from
the transmitter, this beamwidth corresponds to a projection
of approximately 130λ × 130λ at the MG plane. Considering

Receiver (Horn Antenna)

Rotatable Arm

Metagrating

Transmitter 
(Horn Antenna)

FIG. 5. Experimental setup assembled in an anechoic chamber
consisting of a transmitter and receiver standard horn antennas, the
MG prototype board, and a rotatable arm. The transmitter antenna
and the MG are fixed in position while the receiver antenna rotates
and records the scattered power at each angle.

the prototype size (≈19.2λ × 25.6λ), this means that the MG
under testing was well illuminated by the transmitting horn
and a rather uniform excitation of the surface can be expected,
consistent with the scenario considered at the design stage.

The receiving horn was mounted on a plastic arm con-
nected to a rotatable stage, recording scattered signals ap-
proximately 1.2 m ≈ 100λ away from the MG. Therefore,
by rotating the receiver in angular steps of �θ = 0.2◦ while
keeping the transmitter and the MG board fixed and aligned,
we could measure the power scattered towards the region
−90◦ < θ < 90◦. For each angle, the reflected power was
measured as a function of frequency, covering the spectral
range of the horn antennas 15–40 GHz in steps of � f =
30 MHz. Overall, the experiment retrieves the frequency-
resolved (bistatic) scattering pattern of the MG when illumi-
nated from θin, denoted as PMG,θin ( f , θ ). For reference, we
have repeated the experiment with the MG replaced by a
very thin metallic plate (made of aluminum) with the same
dimensions in the xy plane; correspondingly, the recorded
scattering patterns are denoted by PMetal,θin ( f , θ ).

III. RESULTS AND DISCUSSION

A. Anomalous reflection

Our first goal is to verify that the fabricated prototype
indeed implements the desirable functionality. To this end,
it is required to process the raw data so as to retrieve the
portion of power coupled to the various FB modes scattered
off the MG. As denoted in Sec. I, in order to evaluate the
coupling efficiency to the individual modes as a function of
the frequency, we utilize a beam-integration approach, not
conventionally used at microwave frequencies. According to
this scheme, for each of the considered frequencies, we first
identify the beams corresponding to the various propagating
modes. This is achieved by looking for peaks of scattered
power around the modal propagation angles as predicted by
the FB theorem, namely [22],

sin θ
(m)
out = sin θin + 2πm

k1�
, m = 0,±1,±2 . . . , (3)

where the superscript (m) denotes the mth FB mode.
Figure 6 presents these angles for the MG illuminated

from θin = 70◦ across the frequency range considered in the
experiment, comparing the theoretical predictions of Eq. (3) to
the modal peaks identified in the measured data; it is apparent
that the two agree very well. As can be observed in the figure,
although the modal indices can take arbitrary integer values,
for the considered angle of incidence only the m = 0 and
m = −1 FB modes are propagating for all the frequencies
in the relevant range (consistent with Sec. II), whereas the
m = −2 mode becomes propagating only at high frequencies;
for higher-order modes, θ

(m)
out of Eq. (3) will not be purely real,

indicating their evanescent nature.
Next, we define the beam boundaries for each mode at

these angles around the beam peak where the scattered power
drops below −20 dB of the maximum; we denote these angles
by θ

(m)
− and θ

(m)
+ for the mth-order mode. Subsequently, we

integrate the power over the angular range associated with the
beam and divide it by the total power scattered to all the FB
modes to estimate the fraction of power coupled to each of
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FIG. 6. The angles θ where the peak scattered power is observed
for each of the propagating modes, as a function of frequency, for
excitation from θin = 70◦. The theoretical predictions (solid lines)
following Eq. (3) are compared with the experimentally recorded
angles (dash-dotted lines) for the m = 0 mode (green), the m = −1
mode (blue), and the m = −2 mode (red). Cyan and magenta vertical
dashed lines denote, respectively, the frequencies where optimal
anomalous reflection (Sec. III A) and beam splitting (Sec. III B) are
observed experimentally.

the relevant modes. In other words, considering an excitation
from θin, the coupling efficiency to the mth FB mode can be
assessed, as a function of frequency, via

η
(m)
cpl,θin

( f ) =
∫ θ

(m)
+

θ
(m)
−

PMG,θin ( f , θ )dθ∑
n

∫ θ
(n)
+

θ
(n)
−

PMG,θin ( f , θ )dθ

, (4)

where, as mentioned above, PMG,θin ( f , θ ) is the recorded
scattering pattern for the MG when illuminated from θin at the
frequency f , and the summation in the denominator is over
all the propagating modes in the tested scenario, according
to the FB theorem. It should be noted that although various
definitions for the beam boundaries can be considered, e.g.,
where the scattered power drops to 25 or 30 dB below
the identified beam peak, we found that these do not affect the
evaluated coupling efficiencies very much, as long as the
definitions are applied consistently to all modes. Similarly,
we have verified that the high angular sampling resolution
�θ = 0.2◦ chosen in Sec. II does not interfere with the fidelity
of the results, with negligible effect observed when using
�θ = 1◦ or �θ = 2◦ instead.

Considering the typical evaluation procedure of the cou-
pling efficiencies in recent experimental work involving
anomalous reflection MSs at microwave frequencies [6,26],
it may be worthwhile to highlight two appealing features as-
sociated with the beam-integration approach followed herein.
In previous work, the coupling efficiency was commonly
assessed by comparing the peak power recorded at the an-
gle of anomalous reflection for an MG (single measurement
point) with the peak specular reflection power measured for a
metallic plate of the same dimensions, considering the latter

as a good measure for the total scattered power [analogous to
the denominator in Eq. (4)]. Due to the different observation
angles in which these two peaks (anomalous and specular)
are received, proper calibration of the results is required,
taking into account the difference in effective aperture size
[7,28]. In contrast, the beam-integration approach utilized
herein relies on a large number of measurement points for
the evaluation of the coupled power, corresponding to the
angular range associated with the mth FB mode beam. Thus,
this evaluation method is expected to be more robust to noise
effects, averaging the measured data through the integration
process [Eq. (4)]. Using this scheme has an additional positive
side effect, such as when the overall integrated beam power is
considered, effective aperture size differences are inherently
taken into account [34], rendering explicit calibration unnec-
essary. This can be an advantage, since such a calibration
usually requires certain assumptions on the far-field nature of
the measurement setup which are not always easily met.

Applying the beam-integration methodology to the scat-
tering patterns recorded for the MG upon illumination from
the designated angle of incidence θin = 70◦ yields the re-
sults presented in Fig. 7 (dash-dotted blue curves), where
the modal coupling efficiencies for the m = 0, m = −1, and
m = −2 modes are plotted as a function of the excitation
frequency (the rest of the FB modes for this scenario are
evanescent). First, we inspect the coupling efficiency to the
anomalous reflection mode m = −1 [Fig. 7(b)]. The measured
efficiency reaches a near-unity value of 96.11%, peaking at
f = 26.87 GHz (vertical dashed cyan line), which we con-
sider as the optimal operating frequency of the fabricated
prototype from now on. The performance of the MG as an
anomalous reflector is further verified by the corresponding
scattering patterns recorded at this frequency, presented in
Fig. 8. The beam boundaries for the m = −1 and m = 0
modes as identified by the automated data analysis code
appear as black dashed lines around the predicted angles
(see vertical dashed cyan line in Fig. 6), clearly marking
the dominant scattering from the MG (solid blue) and a
metallic plate of the same dimensions (dash-dotted red).
As expected, the specular reflection from the MG is highly
suppressed with respect to the reference metallic plate, with
the scattered power predominantly coupled to the anoma-
lous reflection mode. Indeed, these findings experimentally
confirm that the analytically designed PCB MG prototype,
featuring a single polarizable particle governed by a single
degree of freedom, implements a highly efficient wide-angle
anomalous reflection. In addition, as predicted by previous
work [5,6,21,22,25], the frequency response of Fig. 7 reveals
a moderate 90% (−0.5 dB) bandwidth of about 8% for the
coupling efficiency.

A closer look into Fig. 7(b) reveals that the optimal op-
erating frequency found in the experiment deviates by 6.7%
from the design frequency denoted in Sec. II, as can also
be observed by comparison to the coupling efficiency trend
of the simulated design (dotted red curve). Besides minor
fabrication errors and transmitter alignment difficulties, which
could somewhat contribute to such a discrepancy, we associate
this frequency shift mainly with a deviation between the
actual laminate permittivity and the one used for the design.
Indeed, when we consider a modified substrate permittivity of
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(a) (b) (c)

FIG. 7. Coupling efficiency as a function of frequency to the (a) m = 0, (b) m = −1, and (c) m = −2 FB modes for θin = 70◦. The
experimental results (dash-dotted blue line) are compared to the results obtained via full-wave simulation with the designed parameters, i.e.,
εr,xx = 3.39, εr,yy = 3.39, εr,zz = 3 (dotted red line), and those from full-wave simulation with the modified effective dielectric constant
εr = 2.7 (green solid line). Cyan and magenta vertical dashed lines denote, respectively, the frequencies where optimal anomalous reflection
(Sec. III A) and beam splitting (Sec. III B) are observed experimentally.

ε2 = 2.7ε0 [solid green curve in Fig. 7(b)], the simulations
produce a frequency response which is in close agreement
with the measured one across most of the frequency range,
both in terms of the optimal operating frequency and the
measured bandwidth. Moreover, considering the coupling ef-
ficiencies to the specular reflection mode [Fig. 7(a)] and to
the higher-order (m = −2) FB mode [Fig. 7(c)], a very good
agreement between simulations with the modified permittivity
and the measured data is observable as well [35]. Hence, con-

FIG. 8. Experimentally recorded scattering patterns for the des-
ignated angle of incidence θin = 70◦ at the optimal operation fre-
quency f = 26.87 GHz (cyan vertical lines in Figs. 6 and 7). The
received power as a function of θ as obtained for the MG board
(solid blue) is compared to the profile obtained for the reference
metallic plate (dash-dotted red) at the optimal frequency, clearly
showing the expected suppression of the specular reflection and the
efficient coupling to the anomalous reflection m = −1 FB mode.
Inset: Schematic description of the main scattering phenomena.

sidering the expected difference between the manufacturer-
provided values, measured using a microstrip configuration,
and the permittivity values relevant for our scattering scenario,
involving plane-wave-like excitations [36], we regard the
experimentally evaluated value of ε2 = 2.7ε0 as the effective
laminate permittivity suitable for interpreting the measured
scattering patterns.

B. Additional functionalities

As often is the case with experimental work, the mea-
surement setup allows probing the performance of the device
under test (DUT) beyond the nominal operating conditions a
priori considered by design. One such opportunity is provided
by the extended frequency range measured throughout the
experiment. As can be deduced from Eq. (3) and Fig. 6, for
frequencies above 28.9 GHz, the FB theorem indicates that
the second-order mode (m = −2) enters the light cone and
can be detected in the far field. Scanning this high-frequency
region in Fig. 7(a) reveals that the MG features another operat-
ing frequency for which specular reflection almost completely
vanishes. More specifically, at the frequency f = 31.88 GHz
(vertical dashed magenta line in Figs. 6 and 7) the MG
acts as a “perfect” anomalous beam splitter, coupling the
wave incident from θin = 70◦ almost equally to the m = −1
(θ (−1)

out = 4◦) and m = −2 (θ (−2)
out = −55◦) modes [Figs. 7(b)

and 7(c), respectively]. This can be further observed in the cor-
responding scattering pattern (Fig. 9); quantitatively, ∼47% of
the scattered power is coupled to each one of these FB modes
while specular reflection is effectively suppressed, coupling
less than 6% of the scattered power. This indicates the poten-
tial of MGs to meet the demands of multiband applications,
performing different diffraction engineering tasks (different
beam steering) at different frequencies.

Another feature single-element MGs inherently exhibit is
multichannel reflection. This term, as was utilized recently in
the context of MSs [27] and MGs [4], refers to simultaneous
high-efficiency coupling between waves of different angles
of incidence and anomalous reflection. In [27], this concept
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FIG. 9. Experimentally recorded scattering patterns for the
designated angle of incidence θin = 70◦ at the frequency f =
31.88 GHz (magenta vertical lines in Figs. 6 and 7). The received
power as a function of θ as obtained for the MG board (solid blue)
and the reference metallic plate (dash-dotted red) are shown. It is
clear that in this working frequency specular reflection is strongly
suppressed, while the power splits almost equally between the
m = −1 and m = −2 FB modes, indicating the MG acts as a beam
splitter in this frequency. Inset: Schematic description of the main
scattering phenomena.

was demonstrated by designing MSs to implement a discrete
set of reflection channels, harnessing symmetry, reciprocity,
and some postoptimization. For the MGs presented herein, on
the other hand, continuous multichannel reflection is achieved
simply due to the nonresonant working point of the meta-
atoms, leading to a certain insensitivity to deviation from the
design parameters [5,6,21]. In particular, when the angle of
incidence deviates from the designated value of θin = 70◦,
scattering is expected to still be predominantly to the anoma-
lous m = −1 FB mode, now featuring a different θ

(−1)
out as per

Eq. (3).
To probe this hypothesis, we have characterized the MG

response for an excitation arriving from θin = 50◦, namely,
20◦ away from the nominal one. The corresponding coupling
efficiencies to the anomalous reflection (m = −1) FB mode
appear in Fig. 10(b), showing, once more, that good agree-
ment between simulation and measurements is achieved when
the modified (effective) permittivity extracted in Sec. III A
is used (green solid curve). For the same illumination sce-
nario, Fig. 11 presents the predicted [Eq. (3)] and measured
scattering angles of the various modes, which, again, are
in a very good agreement. This figure also highlights one
possible reason for the discrepancies between simulation and
measurement observed for f > 32 GHz in Figs. 10(a) and
10(c), attributed to partial blockage of the transmitting horn
under retroreflection θ

(−2)
out ≈ −θin = −50◦ (Fig. 11), causing

underestimation of the coupling to the m = −2 mode.
At the operating frequency f = 26.87 GHz found in

Sec. III A (vertical dashed cyan line), Fig. 10(b) indeed
demonstrates that efficient anomalous reflection is retained
even for a substantial deviation from the designated angle
of incidence, with coupling efficiencies to the m = −1 mode

approaching ∼90% (accompanied by a notable bandwidth of
about 15%). The corresponding scattering pattern is presented
in Fig. 12, where it can be clearly seen, by comparison
to the scattering from the reference metallic plate, that the
MG greatly suppresses the specular reflection while fun-
nelling the scattered power to the anomalous reflection beam
at θ

(−1)
out = −16◦.
Finally, we quantify in Fig. 13 the ability of the MG

to perform as a continuous multichannel reflector for dif-
ferent angles of incidence at the operating frequency f =
26.87 GHz. Full-wave simulation results (solid lines) indicate
that for a broad range of angles θin ∈ (45◦, 74◦), highly ef-
ficient anomalous reflection (above 90%) can be achieved,
funnelling the power to the angular range θout ∈ (−20◦,−5◦).
The measured data points for the scenarios probed in the
course of this work, θin = 70◦ and θin = 50◦ (diamond
markers), indicate a very good correspondence with the simu-
lation results, corroborating the concept experimentally. Reci-
procity implies similar multichannel reflection to be observed
also for the range θin ∈ (−74◦,−45◦), unless substantial
power absorption occurs [37]. Even in the face of such dissi-
pation losses, the single-element MG presented herein would
still possess the aforementioned symmetrical multichannel
reflection due to its symmetry with respect to the ŷz plane.
Overall, the ability of MGs for multifunctionality, whether in
terms of frequency or angle of incidence, is demonstrated.

C. Loss mechanisms

To complete the MG prototype characterization, we seek
to quantify its losses. In previous work related to reflecting
MSs [6,26,27], this was typically achieved by comparing the
anomalous reflection peak power scattered off the MS with
the specular reflection peak power scattered off a metallic
plate with the same dimensions. Assuming the receiver and
transmitter are located in the far-field region with respect
to the DUT and measurement noise is sufficiently low, it is
expected that for an ideal (namely, lossless and with unitary
coupling efficiency) MS, the ratio between these two power
maxima would correspond to the ratio between the respective
effective aperture sizes of the two measurements (these are
different due to the different observation angles [7,28]).

Alas, even if these assumptions are valid, the measure-
ment technique described above can only yield the product
of the two contributions to the total anomalous reflection
efficiency ηtot = ηscatηcpl, namely, the scattering efficiency
(ηscat, the fraction of incident power that is scattered overall,
and not dissipated, for instance), and the coupling efficiency
(ηcpl, the fraction of scattered power that is coupled to the
m = −1 mode, and not to spurious modes). In contrast, the
beam-integration approach employed in Sec. III A enables
decoupling these two contributions, evaluating ηcpl solely
based on the MG scattering patterns; this allows verification
of the diffraction control properties of the MG independent
of the losses, if any exist. At the same time, however, the
MG measurements alone do not allow quantification of the
scattering efficiency.

Consequently, we utilize the scattering patterns mea-
sured for the reference metallic plate (dash-dotted red lines
in Figs. 8, 9, and 12) to estimate ηscat for the various
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(a) (b) (c)

FIG. 10. Coupling efficiency as a function of frequency to the (a) m = 0, (b) m = −1, and (c) m = −2 FB modes for θin = 50◦. The
experimental results (dash-dotted blue line) are compared to the results obtained via full-wave simulation with the designed parameters, i.e.,
εr,xx = 3.39, εr,yy = 3.39, εr,zz = 3 (dotted red line), and those from full-wave simulation with the modified effective dielectric constant
εr = 2.7 (green solid line). The cyan vertical dashed line denotes the optimal operating frequency observed experimentally for the designated
angle of incidence (Sec. III A), f = 26.87 GHz.

configurations and investigate through it the possible loss
mechanisms. In particular, we assume the metallic plate
possesses negligible losses such that the overall (integrated)
power scattered off it serves as a good reference to the overall
power incident upon the MG. (Recall that the MG and the
metal plate have the same dimensions and are illuminated
from the same angle of incidence.) Hence, the scattering
efficiency can be estimated via

ηscat,θin ( f ) =
∫ π/2
−π/2 PMG,θin ( f , θ )dθ∫ π/2

−π/2 PMetal,θin ( f , θ )dθ
= 1 − Lossθin ( f ), (5)

FIG. 11. The angles θ where the peak scattered power is ob-
served for each of the propagating modes, as a function of frequency,
for excitation from θin = 50◦. The theoretical predictions (solid lines)
following Eq. (3) are compared with the experimentally recorded
angles (dash-dotted lines) for the m = 0 mode (green), the m =
−1 mode (blue), and the m = −2 mode (red). The cyan verti-
cal dashed line denotes the optimal operating frequency observed
experimentally for the designated angle of incidence (Sec. III A),
f = 26.87 GHz.

where Lossθin ( f ) is defined as the fraction of incident power
that is lost in the sense that it is not scattered off the MG, as
per the recorded patterns at f , and thus cannot contribute to
the desirable anomalous reflection.

The loss as evaluated by applying Eq. (5) to the measured
scattering patterns for θin = 70◦ and θin = 50◦ is presented
in Figs. 14(a) and 14(b), respectively. At the operating fre-
quency f = 26.87 GHz (dashed vertical lines), we observe
that Loss70◦ ∼ 15% and Loss50◦ ∼ 30%. (The small negative
loss values observed in the frequency range of 21.5–23.5 GHz
in Fig. 14(a) are attributed to experimental noise errors.) In the

FIG. 12. Experimentally recorded scattering patterns for
θin = 50◦ at the optimal operation frequency f = 26.87 GHz
resolved in Sec. III A for the designated angle of incidence (cyan
vertical lines in Figs. 6 and 7). The received power as a function
of θ as obtained for the MG board (solid blue) is compared to the
profile obtained for the reference metallic plate (dash-dotted red)
at this frequency, indicating that the MG manages to suppress the
specular reflection well, even for such a considerable deviation from
the designated angle of incidence. Inset: Schematic description of
the main scattering phenomena.
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FIG. 13. The MG as a continuous multichannel reflector for
different input angles at operating frequency f = 26.87 GHz. The
efficiency towards mode m = −1 given by full-wave simulation is
presented in blue (corresponding to the left y axis) while the output
angle θout from the analytical calculation [Eq. (3)] is presented in
red (corresponding to the right y axis). The experimentally measured
data points corresponding to incident angles 50◦ and 70◦ are denoted
with diamond markers.

full-wave simulations presented in Sec. II for the prototype
design, however, we received losses in the order of ∼2%.
These are contributed by dielectric losses in the substrate
of the MG and conduction losses in the copper, realistically
accounted for in these simulations.

In order to examine the origin of the increased loss values
estimated from the experimental data, we show in Fig. 15
the results of full-wave simulations for enhanced losses, in
the dielectric as well as in the conductors. For both angles of
incidence considered in the experiment, θin = 70◦ [Fig. 15(a)]
and θin = 50◦ [Fig. 15(b)], we present the predicted Lossθin ( f )
when the loss tangent is gradually increased by an order of
magnitude from the nominal tan δ = 0.001 to tan δ = 0.01,
and the wire conductivity is reduced by a factor of 5 with
respect to the typical copper conductivity. In all cases con-
sidered, it can be observed that even for unrealistically large
material loss parameters (e.g., see green curves with tan δ =
0.01 and σ = 0.2σcopper), the dissipated power as predicted by
full-wave simulations does not reach the values extracted from
the experiments, nor do they exhibit similar trends (Fig. 14).
Thus, we infer that even if the dissipation in the fabricated MG
board is somewhat increased with respect to the manufacturer-
provided parameters, this alone cannot account fully for the
large values of power loss deduced from the experimental
data (Fig. 14); it is evident that an additional mechanism
substantially contributes to these observations.

We propose here that the alleged losses presented in Fig. 14
do not correspond to dissipation in the MG, as one may
initially suspect, but are mainly a result of edge diffraction.
It is well known that finite surfaces, such as the MG and
metal plate in our experiment, suffer from edge diffraction
effects, stemming from the inevitable distortion of the fields
towards the edges and corners (with respect to the scattering

(a)

(b)

FIG. 14. The experimentally evaluated loss of the MG according
to Eq. (5) for (a) θin = 70◦ and (b) θin = 50◦. The cyan dashed
vertical line denotes the optimal operating frequency defined in
Sec. III A.

solution of the ideal infinite periodic surface) [38]. Following
the common physical optics approximation, for instance, a
plane wave propagating in the ŷz plane impinging upon the
DUT will not scatter only to the ŷz plane, as in the case
of an infinite surface [Fig. 1(a)], but would also generate
scattered waves with nonvanishing ±x̂ wave-vector compo-
nent. As the transmitting and receiving horn antennas in our
experimental setup are horizontally aligned with the center
of the DUT (Fig. 5), namely, situated at the plane x = 0, the
edge-diffracted power radiating towards x > 0 and x < 0 will
not be recorded and might be interpreted as losses. In fact, due
to the fact that the MG and metal plate are shorter along the x
dimension, these edge diffraction effects are actually expected
to be more pronounced along this axis.

Following Eq. (5), however, the estimation of losses in
the MG is obtained via comparison to the overall scattering
by the reference metal plate. Therefore, if the metallic plate
and the MG feature similar edge diffraction characteristics,
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(a)

(b)

FIG. 15. MG loss as evaluated from full-wave simulations for
various values of dielectric loss and copper conductivity for angles
of incidence (a) θin = 70◦ and (b) θin = 50◦. Increasing substrate
loss tangent values are considered, starting from the manufacturer-
provided tan δ = 0.001 (blue), through tan δ = 0.005 (red), to
tan δ = 0.01 (green); in all of these simulations the nominal copper
conductivity was used for the wires σ = σcopper. To demonstrate that
even highly unrealistic loss parameters cannot fully account for the
losses deduced experimentally (Fig. 14), the magenta curve considers
a reduced copper conductivity by a factor of 5, σ = 0.2σcopper, and
loss tangent larger by a factor of 10, tan δ = 0.01, with respect to the
nominal. The cyan dashed vertical line denotes the optimal operating
frequency defined in Sec. III A.

proportional to the incident power, then the division in Eq. (5)
should calibrate these effects out. Nonetheless, as we discuss
in the following, the edge diffractions from a thin metallic
sheet and the MG are fundamentally different. Scattering from
a metallic plate is local in essence: the incident power is
immediately being reflected (or diffracted) at the point of
incidence and the scattered power is generally proportional
to the local field components impinging at this point [39,40].
MGs, on the other hand, rely on a metal-backed dielectric
configuration, which partially guides the incident power in the
substrate while reradiating it as reflected waves away from

the point of incidence [15,26,27,41]. While the latter nonlocal
phenomenon does not affect the power balance for an infinite
MG (the incident, guided, and reflected modes exchange
power periodically to form a uniform response), when finite
MGs are considered, the guided power might abruptly meet
the edge of the MG before full reradiation has been achieved.
If this guided power is substantial, such an event could cause
increased edge diffraction with respect to the locally reflecting
metallic plate, subsequently interpreted by Eq. (5) as loss.

Before providing further support to this hypothesis, three
comments are in place. First, we note that the edge diffrac-
tion phenomenon as described in the previous paragraph is
completely consistent with the full-wave simulation results
shown so far, indicating that essentially all of the incident
power is coupled to anomalous reflection considering typ-
ical dielectric and conductor parameters (Fig. 15). Indeed,
when an infinite periodic MG is considered, no such “scat-
tering losses” are expected (there are no edges to cause
edge diffraction). Second, while power guided in the MG
substrate is the apparent reason for the “losses” estimated
based on the experimental data (Fig. 14), this phenomenon
is far more general, expected to reveal significant edge
diffraction differences between any finite-size metal-backed
dielectrics and thin metallic plates of the same dimensions.
In fact, in order to reduce the complexity of analysis and
simulations, we use this simpler configuration to demon-
strate said physical effects. Third, while it was not possi-
ble for us to measure the backward-scattered fields (x = 0,

|θ | > 90◦) due to constraints of the experimental setup, we
did verify using full-wave simulations of finite samples that
these x = 0 diffracted fields are not significant with respect to
the values recorded for the diffracted power radiating towards
x > 0 and x < 0, and thus would not qualitatively interfere
with the proposed explanation for the observed “losses.”

Correspondingly, we calculate analytically the power
guided in the substrate (relative to the incident power im-
pinging the surface in a single period) for the scenario of
Fig. 1(a) but excluding the conducting wires (see Appendix).
More specifically, the relative y-propagating real power in
a dielectric slab of thickness h = 60 mil when excited by a
plane wave incoming from either θin = 70◦ or θin = 50◦ is
evaluated as a function of the excitation frequency and plotted
in Figs. 16(a) and 16(b), respectively; due to the uncertainty in
the substrate permittivity, the results for the two limiting val-
ues of ε2 = 2.7ε0 (solid blue) and ε2 = 3.39ε0 (dash-dotted
red) considered herein are presented. As can be observed, the
variation of the losses estimated based on the measurements
with frequency and angle of incidence (Fig. 14) qualitatively
correspond to the trend of the relative power guided in the
substrate, especially for ε2 = 3.39ε0. In particular, in both
Figs. 14 and 16, the loss peaks corresponding to θin = 70◦ are
higher and narrower than those corresponding to θin = 50◦,
and appear at higher frequencies [42].

Although the agreement is only qualitative (recall that
we use a very simplified model here), it clearly ties the
alleged “losses” of Fig. 14 with the guided power, causing
increased edge scattering for the MG with respect to the metal
plate; similar correspondence is observed when considering
the power guided in the substrate of the full MG structure,
i.e., including the loaded wires (not shown). Combining these
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(a)

(b)

FIG. 16. The power guided in the dielectric substrate relative to
the incident power impinging in a single period as calculated analyt-
ically (see Appendix) for (a) θin = 70◦ and (b) θin = 50◦. In view of
the uncertainty in the substrate permittivities, the two limiting cases
of ε2 = 2.7ε0 (blue solid line) and ε2 = 3.39ε0 (dash-dotted red line)
considered in this paper are presented.

observations with the results presented in Fig. 15, indicating
that dielectric and conductor losses cannot on their own
explain the frequency response plotted in Fig. 14, provides
supporting evidence to the hypothesis that increased edge
diffraction is the main mechanism contributing to the reduced
overall scattered power to the x = 0 plane, as recorded for the
MG, relative to the reference metal plate.

In addition to the analysis of the guided power variation
with frequency and angle of incidence for the infinite struc-
ture, we have also performed a parametric study examining
the scattering off a finite-size surface, this time using full-
wave simulations (Fig. 17). To enable simulations of large
samples approaching the size of the fabricated prototype, we
have again considered the simplified metal-backed substrate
formation, excluding the conducting wires from the simulated

FIG. 17. The loss associated with finite-size metal-backed di-
electric substrate when illuminated from θin = 70◦, evaluated from
full-wave simulations for different surface areas and aspect ratios
of the slab: 20 × 100 mm (dash-dotted cyan line), 25 × 100 mm
(dash-dotted magenta line), 50 × 100 mm (solid blue line), 75 ×
100 mm (solid green line), 100 × 100 mm (solid black line), and
60 × 240 mm (solid red line). Note that while Ly is fixed on 100 mm
for most of these configurations, Lx is modified to inspect increasing
aspect ratios (denoted in brackets in the plot legend). Finally, the
25 × 100 mm (dash-dotted magenta line) and the 60 × 240 mm
(solid red line) curves share the same aspect ratio [1 : 4] but different
surface area, indicating that both surface area and aspect ratio are
of importance in determining the edge scattering losses as defined
herein.

configurations. Denoting the finite dimensions of the struc-
tures along the x and y axes as Lx and Ly, respectively, we
have thus simulated several slabs with different Lx : Ly ratios
and various overall surface area A = LxLy. Each of these slabs
was illuminated by a plane wave incoming from θin = 70◦,
and the scattering pattern along the x = 0 plane was extracted
from the simulated 3D scattering pattern to emulate the exper-
imental conditions. Subsequently, the numerical “experiment”
was repeated with a corresponding finite-size metallic plate,
and the expression in Eq. (5) was used to calculate the loss,
consistent with the methodology used to generate Fig. 14.

This parametric study leads to several important conclu-
sions. First, one can observe that the edge diffraction losses
can indeed surmount to significant fractions of the incident
power (above 20% for some configurations and frequencies),
and they become more severe as the aspect ratio Lx : Ly and
the overall area A become smaller. In other words, the off-
plane scattering becomes more dominant for the MG when
the edges along the x axis are closer to the center of the
surface and thus play a more crucial role in the scattering
phenomena. However, this also points out a possible way to
mitigate this effect by utilizing square MGs with large areas.
Second, it can be observed that for the aspect ratio relevant
to the prototype characterized herein, Lx : Ly = 3 : 4 (green
solid line), the edge scattering losses are predicted to be quite
moderate with respect to those found experimentally (Fig. 14).

125101-12



EXPERIMENTAL DEMONSTRATION AND IN-DEPTH … PHYSICAL REVIEW B 99, 125101 (2019)

Therefore, we conclude that the transmitting and receiving
horns were not perfectly aligned with respect to the MG,
and nonuniform illumination of the surface has formed in
practice a different effective aspect ratio for the illuminated
areas, featuring increased asymmetry leading to increased
edge diffraction. Third, although the edge scattering losses as
interpreted following Eq. (5) can be very significant for certain
aspect ratios and surface areas, when the overall integrated 3D
power scattered from the dielectric slab and reference metallic
plate are compared, simulation results indicate that the overall
dissipation in the substrate is minor for the finite structure (not
shown), consistent with the results obtained for the infinite
structure (Fig. 15).

These combined observations imply that the fabricated MG
prototype indeed succeeds in implementing a highly efficient
anomalous reflection, not only in the sense of spurious scatter-
ing (Sec. III A), but also in the sense of power dissipation. Al-
though it is hard to provide a quantitative limit to the amount
of power absorbed in the MG, the investigation presented in
this section clearly demonstrates that it is expected to be mild.
A more reasonable mechanism to explain the observations of
reduced overall scattered power with respect to the reference
metallic plate (Fig. 14) would be edge diffraction effects due
to substrate-guided power. Nonetheless, our analysis shows
that this effect does not diminish from the MG performance
as an anomalous reflector; it merely provides some x̂ directed
momentum to the anomalous reflection mode, without affect-
ing the overall (3D) power balance. Furthermore, simulation
results imply that these effects are expected to become less
and less dominant as the prototype size increases and the
Lx : Ly aspect ratio approaches unity and thus can be mitigated
in practical applications.

For completeness, we note that from a functional per-
spective, if one relates the overall device efficiency to the
beam power anomalously coupled via the MG to the receiver
at the nominal operating conditions, this quantity can be
defined as the product of the scattering efficiency ηscat and
the coupling efficiency ηcpl. Summarizing the data collected
in this work [Figs. 7(b) and 14(a)], at the operating frequency
f = 26.87 GHz, for the designated excitation θin = 70◦, this
overall efficiency would correspond to ≈96% × 85% = 81%.
Nonetheless, we stress again that this value is not limited
by inevitable dielectric or conductor losses but rather can be
enhanced by proper selection of the MG surface aspect ratio
and area so as to alleviate the dominating edge diffraction
losses.

IV. CONCLUSION

To conclude, we have presented a complete demonstration
and thorough experimental investigation of a single-element
PCB MG for anomalous reflection. The analytical design,
fabrication, and testing of a MG prototype was described in
detail, verifying its performance as predicted by the analytical
model. In addition to exploring the angular and frequency
dependence of the prototype, pointing out its potential for
implementing multifunctional and multichannel planar re-
flectors, our report highlights two experimental aspects with
relevance to the broad field of reflecting MSs and MGs. First,

we have utilized an effective beam-integration approach to
evaluate the coupling efficiency to the various propagating
FB modes, uncommon in similar experiments conducted in
the microwave regime. This assessment methodology, which
was found to agree very well with full-wave simulations, is
expected to be more resilient to measurement noise and does
not require explicit calibration with respect to changes in the
effective aperture for different observation angles, nontrivial
at times. Second, we shed light on the origin of alleged
prototype losses estimated based on the comparison to a
reference metal plate. In contrast to the common notions,
we showed that it is not plausible that the reduced scat-
tering stems from dissipation in the dielectric substrate and
metallic traces; rather, we presented evidence to support a
different mechanism to generate similar reductions, namely,
edge diffraction due to power guided in the MG substrate.
Such a phenomenon, which can be observed in every finite-
size device supporting guided modes, could be relevant to ex-
perimental characterization of planar scattering formations in
general.

It is worthwhile clarifying that although perfect anomalous
reflection has been experimentally demonstrated recently for a
seemingly similar structure [6], the MG prototype investigated
herein and the MS reflector considered therein emerged from
fundamentally different design schemes. In [6], the design
methodology was led by the concept of aggressive discretiza-
tion of homogenized MS constituents, yielding a device with
two meta-atoms per period whose reflection coefficient phases
differ by 180◦. While this physically intuitive approach pro-
vides an important perspective on the working mechanism
of such anomalous reflection devices, it is completely differ-
ent from the analytical synthesis followed in our work. By
rigorously modeling the full interactions between the loaded
wires in the presence of the dielectric substrate and ground
plane, we are able to identify those parameters in the physical
configuration that allow control over the scattering properties
of the structure, thereby reducing the number of meta-atoms
per period while facilitating semianalytical resolution of the
substrate dimensions and meta-atom geometry.

Consequently, the practical demonstration of efficient an-
alytically designed MGs presented herein forms a crucial
step in establishing the viability of this emerging concept
for implementing realistic diffraction engineering devices. It
indicates that as little as a single degree of freedom in the
polarizable element (the printed capacitor width) is sufficient
for achieving near-unity coupling of the incident power to a
desirable mode, if the proper analytical model is harnessed
to this end. In light of the other recently proposed rigorous
theoretical designs of MGs for more complex functionali-
ties, including multimode anomalous refraction, reflection,
and focusing [23–25], the experimental proof of concept
and systematic study reported herein serve to indicate the
applicability of a manifold of related components, providing
the necessary fidelity assurance to continue their development
for a wide range of applications. These results, together with
the more basic observations regarding the experimental char-
acterization of such devices, are expected to contribute to the
development of future MG-based components for advanced
beam manipulation.
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APPENDIX: POWER GUIDED IN
THE DIELECTRIC SUBSTRATE

For completeness, we present here the derivation of the
analytical expressions for the power guided in a metal-backed
dielectric substrate relative to the impinging power over a
single period, used in Sec. III C to investigate the expected
edge diffraction effects in the corresponding MG structure.
For the configuration under consideration, namely, that of
Fig. 1(a) without the conducting wires, the electric field in
the dielectric substrate (−h < z < 0) is given by [22]

Ex,2(y, z)=−Ein
2 jγ0

1+ jγ0 tan β0,2

sin(β0,2z)

cos(β0,2h)
e jβ0,1he− jkt,0y,

(A1)

where Ein is the amplitude of the incident field, Ex,1(y, z) =
Eine− jβ0,1ze jkt,0y, kt,m = k1 sin θin + 2πm

�
, and the parameters

γm, βm,p are defined in Sec. II. (Note that for this scenario,
where the periodic wire array is absent, only the zeroth-order

mode contributes to the scattered fields.) Consequently, the z
component of the magnetic field is given by

Hz,2(y, z)

= − kt,0

k2η2
Ein

2 jγ0

1 + jγ0 tan β0,2

sin(β0,2z)

cos(β0,2h)
e jβ0,1he− jkt,0y.

(A2)

Thus, the overall real power traveling in the dielectric in the y
direction can be calculated using

Py,2(y, z) = 1

2

∫ 0

−h
	{Ex,2H∗

z,2}dz

= 2|Ein|2 |γ0|2
|1 + jγ0 tan β0,2|2

1

cos2(β0,2h)

× kt,0

k2η2

[
1

2
h + 1

4β0,2
sin(−2β0,2h)

]
, (A3)

which is independent of y and z. We normalize this quantity
to the power impinging the MG in a single period �, given by

Pz,1(y, z) = 1

2

∫ �/2

−�/2
	{Ex,1H∗

y,1}dy = β0,1

2k1η1
�|Ein|2, (A4)

which is also independent of y and z. Overall, the relative
power guided in the dielectric substrate is given by Py,2/Pz,1,
by which the plots presented in Fig. 16 were generated.
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