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In this work, we demonstrate theoretically and numerically that propagating waves can be fully con-
verted into surface waves, and vice versa, using an aperiodic metasurface composed of simple, electrically
small metallic elements loaded with reactive components. The proposed approach achieves nearly 100%
conversion efficiency and even enables operation in the superdirective regime. We show that these meta-
surfaces can be designed in a modular fashion, allowing for straightforward cascading and the realization
of multifunctional responses without the need for global optimization. Specifically, employing this mod-
ular methodology, we design a metasurface that converts an arbitrary incident propagating wave into a
surface wave, guides it along the surface, and reradiates the received power in any desired direction with
a tailored wave-front shape. The proposed technique can be used in antenna engineering and in advanced

designs of reconfigurable intelligent surfaces.
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I. INTRODUCTION

In the domain of electromagnetic wave manipula-
tion, metasurfaces play an invaluable role, including
versatile control of propagating [1-5] and evanescent
waves [1,69]. One key functionality is the conver-
sion between propagating and surface (guided) waves
[8,10]. Due to the momentum mismatch between propa-
gating waves and surface waves, the conventional real-
ization methods, such as prism [11] and grating [12]
coupling methods, suffer from inherently low conver-
sion efficiency [13]. At microwave frequencies, this
conversion is usually realized by leaky-wave antennas
(LWAs) [8,14-20]. Typically, the radiated field at the
aperture of an LWA does not exhibit a homogeneous
in space amplitude nor a linearly varying phase pro-
file. Hence, the conversion from the surface to prop-
agating waves is not perfect in this scenario. Only
recently, aperiodic nonlocal LWAs requiring global opti-
mization were proposed that rigorously account for
the mutual coupling between the radiating elements,
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providing the opportunity for near-perfect surface-to-
propagating wave-conversion efficiencies [21,22], though
not the reverse.

Space-to-surface wave conversion has been shown with
periodic metasurfaces whose phase gradients partially off-
set the momentum mismatch, but efficiencies were rel-
atively low [13,23,24]. A near-ideal converter using an
anisotropic impedance with quasilinearly growing surface-
wave power was proposed, yet the required profile was
difficult to realize and tune [8]. An omega-bianisotropic
alternative removed the need for anisotropy but still
required a simultaneously excited input surface wave to
reach high efficiency [9]. Moreover, periodic designs are
sensitive to the period and incidence angle, so any change
demands redesign. A complementary approach achieved
nearly 100% efficiency but was confined to electrically
large metasurfaces with slowly varying modulation and
relied on a locally periodic approximation [25]. Further-
more, space-to-surface wave conversion for both incident
wave polarizations was demonstrated in Ref. [26]. More
recently, aperiodic converters designed via global opti-
mization were proposed; however, these methods assumed
ideal sheet impedances that often yielded sharply vary-
ing, hard-to-fabricate surface-impedance profiles [27—30].
Their implementation requires proper consideration of
mutual coupling between the physically patterned unit
cells [31,32].

Once the surface wave is generated, it is crucial to
guide it and at some point relaunch it back into free space
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[1,33,34]. In Ref. [1], the authors proposed the hybrid
metasurface concept to control the surface wave and prop-
agating wave simultaneously, where a planar metamaterial
is used to interact with surface waves and a holographic
metasurface is used to modulate propagating waves. In
Refs. [33,34], the authors demonstrated the conversion of
plane into surface waves, their routing, and converting
them back into an outgoing plane wave. However, their
design suffered from low efficiency (about 10%) due to the
surface-wave dissipation loss, scattering at the metasurface
discontinuities, and limited conversion efficiency.

In this work, we propose aperiodic finite-sized metasur-
faces that can convert between space and surface waves,
guide the surface wave, and relaunch it as a plane wave in
a desired direction or focus it at a specific point, all with
nearly 100% efficiency. The proposed metasurfaces are
modular, meaning they can be designed individually and
cascaded to provide complex desired functionality with-
out the need for global optimization. Moreover, we show
that when the dissipation in the metasurface is sufficiently
small, conversion efficiency can exceed the 100% limit,
reaching the so-called superdirective regime, known in
antenna theory for electrically small antennas and densely
sparsed arrays [35-37]. The metasurface is modeled as
a physically realizable array of impedance-loaded con-
ducting strips with full mutual coupling, and the required
loads can be implemented using an established synthesis
procedure [38]. The values of the load impedances are
determined using the analytical theory empowered by the
multipopulation genetic algorithm (MPGA) optimization
[39,40]. Furthermore, if empowered by tunable reactive
loads such as varactor diodes, the proposed metasurfaces
can maintain very high conversion efficiency, even when
the angle of incidence (or the angle of radiation in the
leaky-mode regime) varies continuously.

II. PRINCIPLE AND METHODOLOGY

We model the aperiodic metasurface as a finite array of
thin conducting strips oriented along the x direction and
located at a distance 4 above an infinite perfect electric
conductor (PEC) ground plane. The configuration of the
proposed structure is shown in Fig. 1. The ground plane
is in the z = 0 plane. This setup is chosen to simplify
the analysis. In practice, such a configuration can be real-
ized by placing the strips on top of a radio-transparent
Styrofoam substrate with relative permittivity ¢, ~ 1 and
thickness 4. Nevertheless, the analysis can be extended
to other substrates using the theoretical framework pre-
sented in Ref. [41]. The strips of width w are uniformly
spaced by a distance d along the y axis. To be more
specific, the very first strip is numbered 0 and placed at
position y = 0, while the nth strip is placed at position
vu = nd. For the analysis, thin conducting strips can be
modeled as equivalent round wires with the effective radius

FIG. 1. A finite-sized array is composed of N metallic loaded
strips over an infinite ground plane under a TE-polarized plane-
wave illumination at an angle 6;. The metasurface is designed
to convert the incident plane wave into a surface wave. The
strips are loaded by bulk complex-valued impedances inserted
periodically with the period / along the x direction.

rer = w/4 [42]. The strips are periodically loaded, with
a period /, by load impedances /Z; ,, where Z;, repre-
sent the load impedances per unit length of the strips (see
Fig. 1). The load impedance per unit length is uniform
along the x direction. It is assumed that / and w are much
smaller than the wavelength in free space. Hence, the peri-
odically loaded strips can be modeled as homogeneous
thin impedance strips with the impedances per unit length
Zyn, where n € {0,1,2,...,N — 1}. While the geometric
arrangement of the strips is periodic along the y axis, the
variation in load impedances along this axis renders the
metasurface aperiodic in the y direction.

The metasurface is illuminated by a plane wave at an
incidence angle 6;. The incident wave is assumed to be
a transverse-electric (TE)-polarized wave with the electric
field given by

EinC(y’ Z) — Eoefjk()(sin 0;y+cos 9,‘2)5“/_’ (1)

where Ej is the amplitude of the incident wave and ko
represents its wave number in free space. Throughout the
paper, the time dependence of the complex-valued fields is
assumed to be in the form of ¢ “’. The specular reflection
of the incident wave from the ground plane has the elec-
tric field E™f = —Eje7kGinfy—costi) The superposition
of the incident wave and the specular reflection of the inci-
dent wave from the ground plane is denoted as the external
field, where the value at coordinate (y,z) is E&'(p,z) =
—j 2E, sin(kg cos 8;z)e /%05 " In what follows, without
loss of generality, the frequency and amplitude of the inci-
dent wave are chosen as f = 10 GHz, and £y = 1 V/m,
respectively. The distance /2 above the ground plane is
chosen A /6 and the width of the strips is w = 1/100.
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To calculate the scattered electric field from the consid-
ered metasurface, we use the approach proposed in Ref.
[43] based on Ohm’s law and the load impedance matrix.
This approach assumes that the effective radius of the strips
is negligible compared to both the wavelength (kyreg << 1)
and the distance between the strips (reg << d), so that we
can replace the field generated by each strip with that of
a line current [42]. For each loaded strip, the relationship
between induced line current and induced voltage on the
loaded strip has to satisfy Ohm’s law. The relationship
between the induced line current and the external voltage

can be bridged through the load impedance matrix Z as

I1=0, )

NIl

where the vector of induced currents is 1 = [10,11, e,
IN_I]T, and the external voltage vector is U= [Ef’“(yo,
—h), EX(r, —h), .. Exn 1, D). Z=Z,+7Z
+ ?m is composed of the diagonal self-impedance matrix
Z. = diag (Zo, Z1, .-, Zns - .., Zy_1), the diagonal load
impedance matrix ?L =diag(Z0,Z11,---,Z1N-1), and
the mutual impedance matrix ?m with the matrix ele-
ments given by Zu, = (kono/[H" (kodum) — H (ko
V2, + 4h?)]. Here, H\? is the Hankel function, and ng
is the free-space impedance.

For a given set of load impedances Z; = diag(Z;.0, Z1.1,
...,ZrN—1), the corresponding induced current distribu-
tion can be obtained by solving Eq. (2). Once the induced
current distribution is known, the electric field generated
by the strip array in the upper half-space can be calculated
analytically as

komno

N-1
Estrips —
m

> I [Hé” (kO\/ O =y + (+ h)2>

=0

—HP (koy & =y + G — h)z)} . (3)

The scattered electric field is calculated by subtracting the
incident electric field from the total electric field. For our
finite-sized array, the scattered electric field E5* is the sum
of the field generated by the strips ES"iP* and the specularly
reflected field E™f:

Esc® — Estrips + Eref. (4)

In this work, the multipopulation genetic algorithm
(MPGA) is used to optimize the load impedances. Com-
pared with our earlier work [43], where the optimization
was performed using function fmincon in MATLAB, MPGA
provides a more robust and flexible approach for han-
dling complex, multimodal objective landscapes, which

504, Nd 504,

FIG. 2. comsoL Multiphysics simulation configuration. The
blue part is the PML (perfect matched layer), while the shaded
area is the air background. The orange line at the bottom is
PEC. The orange circles are used to simulate surface current den-
sity while connected with bulk loads under the illumination of
incident wave with the incident angle 6;.

are common in load impedance optimization problems.
Unlike gradient-based methods, MPGA does not rely on
initial guesses and is less likely to get trapped in local
minima, making it well suited for nonconvex problems
[39,40]. Moreover, MPGA inherently supports parallelism
and population diversity, which enhances its global search
capabilities and convergence reliability.

To keep our design feasible, we introduce the follow-
ing restriction on the imaginary part of the optimized
impedances in all the strips: —9 x 10° Q/m < Im{Z;,} <
—500 €2/m. This restriction ensures that all the optimized
strips will have a capacitive response with realistic capac-
itance values. Once the optimization is completed, we
calculate the distribution of the scattered electric field and
Poynting vector above the metasurface by simulating it in
COMSOL Multiphysics. The simulation domain is shown
in Fig. 2. The line currents with indices from 0 to N — 1
are surrounded by perfectly matched layers on the three
sides and a perfect electric conductor (PEC) boundary at
the bottom.

III. CONVERSION FROM A PLANE WAVE TO
SURFACE WAVES

To obtain a high-efficiency conversion of the incident
plane wave into a surface wave, in our optimization, we
assume that all the strips of the metasurface except the last
one are loaded with purely reactive loads, i.e., Z;, = jX1»
for n € [0; N — 2], where X, denote reactance per unit
length of the nth strip. The last strip is described by a com-
plex impedance Z; y_1 = Ry y—1 +jXn—1, Where Ry y_1
is a positive-valued resistance per unit length, modeling
the input resistance of the receiver. We optimize the values
of the resistance R; y_; and reactances X}, , with the objec-
tive to maximize the power delivered to the last (N — 1)
strip. This objective will ensure that the power incident on
all lossless strips will be directed along the metasurface
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toward its right edge and eventually terminated in the lossy
load Z; y_;. Such channeling of the power along the meta-
surface automatically results in the efficient conversion of
the incident plane wave into the surface (guided) waves
before the whole incident power is absorbed in the last strip
as in a perfectly matched load or transmission line. Of note,
in the following sections, we show that once optimized,
this propagating-to-surface wave converting metasurface
can be used as a module together with other metasurface
modules, in particular, those that are designed to simply
guide surface waves or reradiate them into free space. In
this case, we can use the same optimized load impedance
values and only eliminate the resistance Ry y_; of the last
strip.

Based on the aforementioned observations, we define
the conversion efficiency of propagating into surface
waves as the ratio of the power absorbed in each unit
length of the last strip (collected by the perfectly matched
load) and the incident power Pj,. = (E% /2n)N d cos 9; illu-
minating the geometric area of one unit length of the
metasurface:

Py

£ = P ®)

Here, Py_; = % [Iv_1]? Re{Z; y_1} represents the dissi-
pated power by the last strip connected with lossy loads.
Thus, to optimize the metasurface for the maximum con-
version efficiency, we define the objective function as

1
O = min{—Py_;} = min {—5 \Iv_1l? Re{ZL,N—l}} .
(6)

In this section, we fix the width of the metasurface
to L = Nd = 6.51¢ without loss of generality. First, we
analyze the scenario where the incident plane wave is
impinging on the metasurface at the normal direction, i.e.,
6; = 0°. The distance between the adjacent strips in the
metasurface d strongly influences the achievable conver-
sion efficiency. The optimized conversion efficiencies & for
different values of spacing d are shown in Table I. When
the distance between the adjacent strips is d = A/2 (sce-
nario of traditional reflectarrays), it is impossible to gen-
erate and optimize necessary evanescent waves (same as
surface waves) [5,43]. In this case, the maximum conver-
sion efficiency is 13.7% (see Table I). To effectively excite
the optimal spectrum of evanescent waves, the density of
strips should be increased. It can be noted that the conver-
sion efficiency improves monotonically with the increase
of the strip density, especially when the spacing between
adjacent strips is reduced from X1 /2 to A/4, where evanes-
cent waves are effectively controlled. When the distance
is d = A/8 or less, the strip array exhibits the so-called
superdirective conversion with efficiency above 100%. It

TABLE 1. The space-to-surface-wave conversion efficiency of
optimized metasurfaces with different distances between the
strips.

d/x 172 1/4 1/6 1/8 1/10 1/12
& (%) 13.7 79.6 99.2 101.5 113.4 114.6

is useful to emphasize that the reported conversion effi-
ciencies exceeding 100% do not imply power generation
and are fully consistent with passivity. This outcome is a
consequence of our normalization: Py, is defined using the
incident power illuminating the geometric footprint of the
metasurface. In the superdirective regime, the optimized
subwavelength current distribution enables the structure to
extract energy from a lateral region larger than its physical
extent, i.e., it exhibits an effective collection area (effec-
tive aperture or absorption cross section) exceeding the
geometrical one, which is a well-known property of res-
onant scatterers and superdirective antennas [44—46]. As a
result, the power delivered to the terminal load can exceed
the incident power associated with the geometric area,
even though the total extracted power is still bounded by
the total power carried by the incident wave. Throughout
the paper, we therefore interpret £ > 1 as an indicator of
this superdirective power-collection regime rather than an
absolute energy efficiency. A similar superdirective regime
was recently demonstrated for finite-size electromagnetic
absorbers of plane waves [47—49].

According to Table I, further increasing the strip den-
sity yields only diminishing returns and the conversion
efficiency gradually saturates. In theory, there is no upper
limit on the absorption cross section of linear passive
bodies, e.g., Refs. [45,48]. However, in practice, once d
becomes sufficiently small, the metasurface already has
enough subwavelength degrees of freedom to approximate
the near-optimal current distribution and evanescent spec-
trum needed for coupling into the surface-wave channel.
Beyond this point, the achievable improvement is con-
strained mainly by the large electrical size of the aperture,
for which the effective collection area cannot substan-
tially exceed the geometric area [45,46]. Furthermore, the
superdirectivity effects are limited by inevitable dissipa-
tion losses that dampen excitation of required evanes-
cent modes [45]. In what follows, we select d = A/8 as
the optimal value, balancing conversion efficiency with a
reduced number of strips to facilitate simpler and more
cost-effective fabrication. For this strip spacing, the con-
version efficiency calculated by Eq. (5) reaches 101.5%.
The optimized load impedances of such a metasurface are
depicted in Fig. 3(a). As one can see, all the impedances
have capacitive responses. Their capacitances do not reach
extreme values, which makes them feasible for implemen-
tation. Although the variation of the impedance values
between neighboring current wires is abrupt, it does not
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introduce any challenge for the implementation since our
theory already takes into account the couplings between
all the current strips. The scattered electric field by the
optimized metasurface is plotted in Fig. 3(b). This field
includes the scattering by both the strips and the ground
plane. The scattered field is confined near the surface of
the strip array, which means that the incident plane wave
is indeed effectively converted to a surface wave prior to
being absorbed in the terminating strip of the array. The
incident power illuminating the metasurface is efficiently
channeled along the metasurface as a guided surface mode,
as seen from the Poynting vector distribution of the scat-
tered waves shown by red arrows in Fig. 3(b). Due to the
accumulation of power, the converted surface wave is not
uniform across the metasurface. The intensity of the elec-
tric field becomes stronger as the wave propagates along
the surface and diminishes gradually near the lossy last
strip of the metasurface. Almost all the energy of the con-
verted surface wave is eventually dissipated by the lossy
loads connected to the last strip, which behaves like a
perfectly matched load of a transmission line.

To illustrate the spectrum of wave numbers of the gener-
ated surface waves (evanescent modes) at the metasurface,
we calculate the spatial Fourier transform of the total
induced currents along the surface of the strip array /(y) =

SN L,8(v — y,) given by

400 N-1
fhy = [ 101 dy =Y

o0 n=0

where k; represents the tangential component of the wave
vector. The amplitude of the induced current / as a func-
tion of &, is shown in Fig. 4. For normal incidence, it
is represented by a black solid curve in the figure. The
shaded region depicts the evanescent modes (modes out-
side the light cone). There is a single peak in the free-
space-propagation region precisely at k; = 0. This peak
corresponds to induced space-uniform currents that gener-
ate a propagating reflected wave that destructively inter-
feres with the wave specularly reflected by the ground
plane, nearly completely eliminating it. The peak outside
the light cone, close to its right edge, corresponds to the
dominant surface mode with the normalized wave num-
ber k;/ky = 1.135. It is worthwhile to note that there are
other smaller-amplitude peaks in the region of evanescent
modes, implying that multiple surface waves are gener-
ated along the metasurface. Nevertheless, the effect of
the dominant surface mode with k,/ky = 1.135 can be
seen from Fig. 3(a) where some effective (quasi) peri-
odicity in the impedance values can be observed. It is
easy to show it using the momentum matching condition
k: = ko sin0; + q(27 /degy) degr, Where g is an integer num-
ber (diffraction order) that is typically equal to 1 for the
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FIG. 3. (a) Real and imaginary parts of the optimized load
impedance as a function of strip number » for the metasur-
face converting a normally incident wave (6; = 0° and |E™| =
1 V/m) to surface waves. (b) Real part of the scattered electric
field Re{E**}[V/m] above the metasurface. The red arrows
indicate the Poynting vector distribution of the scattered wave.

dominant scattering mode and d. is the effective (electro-
magnetic) period of the metasurface. Substituting in this
equation k;/ky = 1.135, one can obtain d.g ~ 0.881, that
gives d.g & 7d, where d is the distance between neighbor-
ing strips (we assumed d = A¢/8). Indeed, as is seen from
Fig. 3(a), the impedance pattern has an effective periodicity
of every n = 7 strips in the left half of the metasurface.

We have also optimized the metasurfaces for converting
obliquely incident waves (6; = 30° and 6; = —30°) into
surface waves. For the former and latter scenarios, after
the optimization, we obtained the conversion efficiencies
according to Eq. (5) to be 115.4% and 110.5%, respec-
tively. These values are even higher than for the normal
illumination scenario.

IV. CONTROLLING THE WAVE-NUMBER
SPECTRUM OF THE SURFACE MODES

As is seen in Fig. 4, the generated surface wave is not a
single mode but a group of surface modes, in which the
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[ Evanescent modes —0=0° Evanescent modes
20E — 6;=30° A

k/ky (m")

FIG. 4. The complex amplitudes of the spatial harmonics of
the electric current on the metasurface (z = —#) for three dif-
ferent incident angle scenarios. The shaded area represents the
evanescent modes while the propagating modes exist in the white
area (inside the light cone). The vertical green solid lines are
the light lines. The positive values of k; mean that the generated
wave by the strip array propagates towards the +y axis, while the
negative one means propagating towards the —y axis.

forward and backward traveling surface waves co-exist.
Indeed, although most of the power is carried by sur-
face modes with wave number &,/ky = 1.135, there is also
strong (especially for 6, = —30°) power carried in the
opposite direction with k;/ky = —1.135. This superposi-
tion of the forward and backward surface modes leads to a
partial standing-wave pattern at the metasurface. It may be
expected that the best conversion scenario would be cre-
ation of a single surface mode that would carry the power
to the matched load. However, interestingly, the optimiza-
tion shows that it is optimal to allow some reflections
from the load. In this optimal regime, the array behaves
as a resonant object, where the reactive fields interact
with the incident field at longer times, leading to higher,
even superdirective conversion efficiencies. It is pivotal
that in this case the resonant object is the whole array,
potentially offering better bandwidth compared to more
conventional superdirective arrays formed by many small
resonant elements.

However, the use of resonant metasurface panels may
not be desirable in practical situations. Next, we show
that this resonance is effectively suppressed by introduc-
ing small real parts to the load impedances inside the first
N — 1 strips. These nonzero real parts could be due to
dissipative loss in the loads and/or due to the finite con-
ductivity of metallic strips. In the latter scenario, the real
part of the load impedance can be estimated by Re{Z,} =
p/Setr, where p represents the bulk resistivity of the strips,
while the effective area S.x = 27 r g8 represents the effec-
tive skin surface area of the strip with the skip depth given

by 6 = +/2p/wuy. For example, for copper strips with

%1073
L I L B L B B
[ Evanescent modes Evanescent modes 1
- — 0Q/m —
L — 200 Q/m ]
T — 500 Q/m ]
s — 1000 Q/m 3
z | E
=~ [ B
1 :
O “““ W
-4 -3 =2 -1 0 1 2 3 4
k/ky (m")
FIG. 5. The complex amplitudes of the spatial harmonics of

the electric current on the metasurface (z = —#h) for the intro-
duced different lossy load impedances when the incident angle 6;
equals 30°. All the load impedances except the last one have the
same real parts shown in the plot legend.

ref = w/4 = A /400, at the frequency of 10 GHz, the para-
sitic real parts of the impedance per unit length reaches the
value of Re{Z;} = 55 Q2/m.

In Fig. 5, we plot the spatial harmonics of the electric
current for the optimized metasurface with 6; = 30° when
the resistance per unit length in the first N — 1 strips is
varied between 0 2/m and 1000 /m. We can see that the
backward propagating surface modes with &;/ky = —1.135
are strongly suppressed even with very small resistance
values. Expectedly, the introduction of the resistance leads
to a small drop in the conversion efficiency of plane waves
to surface waves (around 2% for the scenario of 200 2/m).

Furthermore, it is possible to maximize the power car-
ried by a specific mode with some desired tangential
component of the wave vector kqes. This can be achieved
using the objective function defined as

0= _F(kdes)PNfla (8)

B B

where F(k) = ge(|[I(k)], [Ttk — 8)|)ge(|1®)|, |T(k + 8)|)
is used to control the value of &;, § is a small number chosen
to be 1.64 in this study. Logical function ge(xi, x;) returns
1 if independent variables x; and x, satisfy x; > x,, oth-
erwise it returns 0. Function F'(kges) returns 1 if the local
maximum occurs at the position kqes, otherwise it returns
0. To show the effectiveness of the method, several exam-
ples with normal incidence are shown below. To illustrate
the effectiveness of this manipulation, the kq4es is selected
as 1.05ky, 1.10ky, and 1.15ky. The calculated magnitudes
of the induced current spatial harmonics are depicted in
Fig. 6. The corresponding conversion efficiencies in these
cases are 74.3%, 94.1%, and 97.8%, respectively. As one
can see, after the optimization, the desired current spatial
harmonic was strongly enhanced. At the same time, the
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FIG. 6. The complex amplitudes of the spatial harmonics of
the electric current for metasurfaces designed to generate waves
with different desired tangential wave vectors kges. The illumina-
tion is at normal incidence.

standing-wave pattern became more prominent, especially
for kdes = 1.05k().

V. METASURFACES OPERATING AS
TRANSMITTING LEAKY-WAVE ANTENNAS

When fed from the last strip, the designed metasur-
faces are capable of launching a focused beam into free
space due to the reciprocity principle [50]. Moreover, by
reconfiguring the other strips, one can tune the propagation
direction of this beam. In practice, reconfigurable compo-
nents can be realized using components such as varactor
diodes, which introduce dispersion and tunability into the
load impedance [51,52].

Mechanical scanning methods of leaky-wave antennas
require complex driven systems, suffering from high cost
and slow scanning speed [14]. Electronic scanning meth-
ods [53-55] have limited beam-scanning range and aper-
ture efficiency. Here, two different electrically scanning
methods are illustrated for the designed metasurfaces. One
is realized by tuning the reconfigurable load impedances,
keeping the working frequency fixed. Another method is
realized by tuning the working frequency of the feeding
network with fixed load impedances.

A. Scanning method I: Tuning the working frequency
of the feeding network with fixed load impedances

Here the real parts of loads (resistors) are assumed to be
independent of the working frequency, while the imaginary
parts (capacitors are assumed in this work) are dependent
on the working frequency. For the load impedance Z; ,, it
follows Z;, = Ry, + 1/(j wCp,). To create a leaky-wave
antenna, we modify the optimized metasurface shown in
Fig. 3(a) by equating the resistance of the last strip to zero,

Z/}0

-2

FIG. 7. The real scattered electric field

part of the
Re{E}} [V/m] distributions over space. The red arrows
represent the distribution of the Poynting vector of the scattered
wave. The operating frequency is 10 GHz.

i.e., Ry y—1 =0, assuming an ideal voltage source feed-
ing. Now, instead of illuminating the metasurface from the
normal direction, we feed it from the last (N — 1)-s strip.
Due to reciprocity, the metasurface generates broadside
radiation in the form of a beam leaking toward the nor-
mal direction. Although this beam has a quasiplanar wave
front, it is not a plane wave due to its finite waist (the meta-
surface is finite). The radiated electric-field distribution
above the metasurface is depicted in Fig. 7 at the work-
ing frequency of 10 GHz. The wave front of the radiated
wave indeed is nearly planar, exhibiting a space-uniform
radiated beam by the entire metasurface area. The radia-
tion pattern of the metasurface is shown in Fig. 8 with the
black solid curve. Similarly to the conventional LWAs, the
proposed structure also possesses the main beam-scanning
capacity when the working frequency of the feeding net-
work changes. As the working frequency increases from
9.5 to 10 GHz, the steered beam scans from the backward
radiation across the broadside to the forward radiation (see
Fig. 8 with solid curves). This broadside radiation is real-
ized due to the perfect impedance match, and the open stop
band effects are prohibited.

The metasurface can also be designed to operate as
a LWA in the forward-radiation and backward-radiation
regimes [56,57]. The former regime is also referred to as
an anomalous (or fast-wave) radiation regime. In this sce-
nario, the main radiation beam is directed away from the
source (the last metasurface strip). The intensity of the
scattered electric field and its Poynting vector show an
exponential increase along the broadside direction. First,
we optimize the metasurface to convert an incident plane
wave from 6; = 30° into surface waves absorbed by the
last strip. Next, we remove the resistance of the last strip
and feed it with a wave port. The radiated electric field and
its Poynting vector distribution are shown in Fig. 9 for a
working frequency of 10 GHz. One can observe the beam
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for three different metasurfaces. Initially, the metasurfaces were
designed to convert incident plane waves at angles 6; = —30°,
0°, and +30° into a surface wave absorbed by the last strip.
By reciprocity, in the transmitting regime, the metasurfaces were
fed from the last strip, generating leaky waves with planar wave
fronts propagating towards angles 6, = —30°, 0°, and +30°,
respectively. Hereafter, the radiation patterns are normalized by
the maximum value of each pattern.

radiation toward angle 6., = 30°. When scanning the fre-
quency of the fed signal, the radiation direction can be
conveniently tuned, as shown in Fig. 8 with dashed curves.

In the backward-radiation (or slow-wave) regime, the
main beam of radiation is directed backward, toward the
source. For the metasurface designed to operate in this
regime, the radiated electric field and its Poynting vector
are depicted in Fig. 10. The radiated electric field has an
exponential decay along the —z axis. The radiation pattern
of the metasurface as the working frequency increases is
represented by the dotted lines in Fig. 8.

Z/%0

-2

FIG. 9. The real scattered electric field

part of the
Re{E{®} [V/m] distributions over space. The red arrows
represent the distribution of the Poynting vector of the scattered
waves.

Z/%0

-2

FIG. 10. The real part of the scattered electric field
Re{E*} [V/m] distributions over space. The red arrows repre-
sent the distribution of Poynting vectors of the scattered waves.

B. Scanning method II: Tuning the reconfigurable
load impedances at a fixed frequency

The first scanning method requiring a change in work-
ing frequency typically provides narrow scanning angle
ranges. When the working frequency deviates significantly
from the designed frequency, the performance of the meta-
surface will deteriorate, especially when the expected radi-
ation direction is very oblique. To handle this problem,
the scanning method II can be used. Here, we tune the
impedances of reconfigurable loads between several pre-
computed sets of values while the operating frequency
is fixed. The radiation patterns for the same metasurface
under this scanning method are shown in Fig. 11. In this
example, the radiation direction is tuned from —75° to 75°.
Generally, this scanning method can cover the full angular
range over the ground plane.

To fully leverage the attributes of both scanning meth-
ods, scanning methods I and II can be jointly utilized.
Scanning method II provides “coarse” scanning across a
broad spatial angle, making it useful for object detection,
while scanning method I offers a faster scanning technique
within a narrower spatial angle, ideally suited for object
tracking. Theoretically, this combined approach can result
in highly efficient beam scanning.

VI. MODULAR APPROACH FOR
MULTIFUNCTIONAL METASURFACES

We have shown that a subwavelength strip array can
effectively convert a propagating wave into surface waves.
Next, we investigate how to reconfigure the array for guid-
ing surface waves. In this study, we assume that the total
number of strips is equal to 2. The first half of the strips is
denoted as the first section, and the remaining N strips are
denoted as the second section. Only the first section of the
entire strip array is illuminated by propagating waves. The
first section works as a surface wave launcher, while the

034095-8



SUPERDIRECTIVE SPACE-TO-SURFACE WAVE...

PHYS. REV. APPLIED 25, 034095 (2026)

0F
b/
—
1
v
¢
20 BF
/M /
= r
& F
- 40
Sk
s -
g
Z 60
o - - —
S ZL‘H:75' """ ZL|Hl:45° _____ ZL‘HZSO’
- — — - -
E ZL|H:U """"" ZL|H: 3007 ZL|[7':—4S """"" ZL‘H:—73
_gobl v b b b b b b b 1
-80 -60 -40 =20 0 20 40 60 80
Radiation direction (degree)
FIG. 11. Radiation patterns of the same metasurface with dif-

ferent sets of optimized load-impedance values. Initially, the
metasurface was designed to convert an incident plane wave
coming from one of the incident angles 6; (0°, £30°, +45°,
or +75°) into a surface wave absorbed by the last strip. By reci-
procity, in the transmitting regime, the metasurfaces were fed
from the last strip, generating leaky waves with planar wave
fronts propagating towards angles 6, = 6;. The radiation pat-
terns are normalized by the maximum value of each pattern. The
vertical green solid lines represent desired radiation directions.
The operating frequency is 10 GHz.

second section works as a receiver. Here, we do not use
a plane wave as an incident propagating wave anymore,
as the electric field at the edge of the first section of the
array significantly affects the power received by the sec-
ond section. We assume that the first section is illuminated
by a Gaussian beam, which should be converted into sur-
face waves. By properly controlling the waist radius of the
Gaussian beam, the field at the end edge of the first section
of the strip array will be close to zero, and the effect of
the reflection from the bare ground plane can be neglected.
Here, for simplicity, the incident wave propagates along
the z axis and is specified as [58]

2 2
¥ . . y . n(z)
0 ——5——Jkoz—Jkosgnt "5 A

e w2 2) 2R(z) 2 x, (9)

E; (v,z) = E ad
mc 2 0
w(z)

where Ey = 1 V/m, w(z) = wo\/ 1+ ((z — po)/20)* repre-
sents the spot radius for different positions along the
propagation axis, the focal plane is placed on the PEC
ground plane, i.e., at po = 0, and the Rayleigh range
zo = kow}/2, while the Gouy phase shift is given by
n(z) = arctan((z — pg)/zp). The minimum input beam
waist radius is set as wy = Nd/6 = 13Ay/12. Here, it is
assumed that the delayed fields at the edge of the axis
away from the first half of the strip array, where the field
amplitude falls to 0.012% of the peak value, are essentially
Zero.

Before delving into guiding the received surface wave,
let us first assume that the strip array only has the first
section (N strips in total, i.e., 52 strips). To simplify the
simulation model, here the center axis of the strip array
is shifted to coincide with the z axis, while the Gaus-
sian beam is along the z axis, i.e., at normal incidence.
The design process for conversion of a Gaussian beam
is similar to the above-considered plane-wave illumina-
tion. Efficient conversion of a Gaussian beam to surface
waves is also achieved by globally optimizing the load-
impedance distribution with the same objective function
shown in Eq. (6). Equation (2) is used to obtain the induced
currents.

For the case where all the strips except the last one are
connected with pure reactive load impedances, the real
part of the scattered field is shown in Fig. 12(a). The
required load-impedance distribution (except the one in the
last strip) for such conversion is shown in Fig. 13(a) with
the shaded area, where the last strip is loaded by a com-
plex impedance per unit length 2085.6 — j40280.7 2 /m.
The conversion efficiency calculated by Eq. (5) gives
94.6% (Matlab), while the simulation results of COMSOL
Multiphysics give 94.9%. We see that in this case the
whole array is resonant, as there is a superposition of
forward- and backward-traveling surface waves; see the
black dashed curve in Fig. 12(b).

As has been shown above, the resonance can be sup-
pressed by introducing loss into the load-impedance densi-
ties. We also have a similar observation for Gaussian beam
illumination, as depicted in Fig. 12(b). Here, we chose the
real parts of all load-impedance densities (except the last
one) equal 100 2/m. The optimized imaginary parts of the
load impedances are depicted in the shaded area in Fig.
13(c). In this case, the optimized load impedance of the last
strip is 6409.5 —j43661.0 2/m. The corresponding scat-
tered electric-field distribution is depicted in Fig. 12(c).
The efficiency found from Eq. (5) gives 82.5% (Matlab),
while the simulation results of COMSOL Multiphysics give
85.2%.

VII. GUIDING THE SURFACE WAVE AND
RERADIATING IT AS PROPAGATING WAVES

In practical applications, the surface wave often needs
to be guided. To show a possibility to reconfigure arrays
for this function, we consider strip arrays formed by two
cascaded sections, where each section has N strips. Specif-
ically, the first section is the considered above converter
of a Gaussian beam to surface waves (a receiving leaky-
wave antenna and a surface-wave launcher), while the sec-
ond section operates as a surface-wave waveguide and/or
propagating-wave launcher. Here, for simplicity, the cen-
tral axis of the first section of the strip array coincides with
the z axis. Of note, only the first section is illuminated
by a Gaussian beam, that is, the second section receives
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FIG. 12. Real part of the scattered electric field (with units of
V/m) for lossless receiving array (a) and for an array with the
load impedances having the real parts 100 Q2/m (c). Panel (b)
shows the induced current amplitude as a function of the tan-
gential component of the wave vector for load impedances with
different values of resistance per unit length.

the signal predominantly from the first section and not
from the incident wave. The required load impedances for
conversion from the Gaussian beam to surface waves are
already known, as mentioned in the previous section. The
required load impedances of the second section are found
by a global optimization.

A. Surface-wave waveguide

When the second section of the strip array works as a
surface-wave waveguide, it should collect as much power
as possible and carry it from left to right. Hence, the
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FIG. 13. (a),(b) The load impedances and the scattered

electric-field distribution (with units of V/m) for lossless sur-
face waveguide. (c),(d) The same for the real parts of the load
impedances equal 100 2/m.

objective function is also given by Eq. (6). Now we have
2N strips and only the load impedances of the second
section need to be optimized, as the first section is already
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known. This is totally different from Ref. [29], where the
optimization is done for all unit cells.

First, we consider the scenario where all the strips
except the last one are loaded with lossless impedances.
The first section is the same as in Fig. 12(a) with the only
difference that we set the real part of the load impedance of
the Nth strip to zero. By optimizing the load impedances
of the second section (only the last 2N'th strip is loaded
with a complex load impedance), we find the required
load impedance distribution depicted in Fig. 13(a), while
the scattered electric field is depicted in Fig. 13(b). The
total conversion efficiency is as high as 93.1% (COM-
soL), while the Matlab model gives 91.9%. We observe
that this high total conversion efficiency corresponds to
a resonant regime with a superposition of forward- and
backward-traveling surface waves.

To dampen the resonance, lossy load impedances can
be introduced. As is shown in Fig. 12(b), the backward-
traveling surface waves are effectively suppressed by
adding resistance per unit length equal to 100 Q/m. We
add the real parts equal to 100 2/m to all previously loss-
less strips and optimize the load impedances of the second
section of the strip array. In other words, the variables to be
optimized are the imaginary parts of the load impedances
of the whole second section and the real part of the load
impedance of the last (2Nth) strip. The determined load-
impedance distribution is depicted in Fig. 13(c), while
the real part of the scattered electric field is shown in
Fig. 13(d). The conversion efficiency is 70.4% (COMSOL
model) and 68.4% (Matlab model). The fluctuations of the
required load impedance of the second section in Fig. 13(c)
are much smaller compared to those in Fig. 13(a), and the
surface wave moves smoothly to the right direction.

B. Anomalous reflectors

Apart from the function of guiding surface waves, the
second section can also work as a launcher of a propagating
wave traveling in a desired direction. This way the whole
device realizes the functionality of an anomalous reflec-
tor, where a wave incident on the first section is effectively
reflected to an arbitrary direction when launched from the
second section [59]. Regarding the function of anomalous
reflection, the objective function is defined as

O = —max. {|E™©6,,1(Zy))|}, (10)

where 6, represents the desired radiation direction.

The scattered electric field of two examples that corre-
spond to the desired radiation angles equal 75° (forward
radiation) and —75° (backward radiation) are shown in
Figs. 14(a) and 14(b), respectively. Here, the impedance
loads of the first section of strips correspond to the result in
Fig. 12(a) after removing the real part of the Nth strip load
impedance. The variables to be optimized are the purely
imaginary-valued load impedances of the second section.
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y

FIG. 14. The real part of the scattered electric field
Re{E*} [V/m] distributions over space for the desired radiation
angle equal (a) 75° and (b) —75°.

The efficiency of the anomalous reflection is evaluated by
integrating the Poynting vector of the scattered field along
the dashed line shown in Figs. 14(a) and 14(b), and then
dividing it by the input power. The anomalous reflection
efficiency for 75° (forward radiation) equals 94.6%, while
for —75° (backward radiation) 87.9%.

The normalized radiation patterns for the case of loss-
less arrays for different radiation directions are depicted in
Fig. 15. By changing the load impedances, the beam can
be scanned over the full upper space.

C. Focusing lens

The second section of the array can act also as a focus-
ing lens for the scattered field. For this functionality, the
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FIG. 15. Normalized far-field radiation patterns for different

radiation directions. The green vertical lines indicate the desired
radiation directions.
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|Ej°a(f/0,20)| [V/m]? (a) over the space and (b) along the focal
plane [see the horizontal white dashed line in subfigure (a)].

objective function is defined as

O = —max. {|E)ica()’>(),20)

b an

where the coordinate (3, Zo) represents the position of the
desired focal point. Here, the strips of the first section are
loaded by impedances that correspond to the result in Fig.
12(a) shown in the shaded area. The variables to be opti-
mized are the purely imaginary-valued load impedances of
the second section. To show a near-field focusing possibil-
ity, the focal point is chosen at (6.5A, —2A¢). The intensity
of the scattered electric field is shown in Fig. 16(a). The
position of the focal point is placed at the central axis [see
the vertical white dashed line in Fig. 16(a)] of the sec-
ond section of the strip array, and the focal plane [see the
horizontal white dashed line in Fig. 16(a)] is away from
the PEC ground plane by 2Aq. It is worthwhile to note
that the position of the focal point can be controlled by
tuning the load impedances.

The reflection efficiency is calculated by integrating the
Poynting vector along the horizontal white dashed line as
is shown in Fig. 16(a) and dividing by the input power,
which gives 96.9%. The spot size is measured from the
central maximum to the first minima in the diffraction pat-
tern, which gives 0.4631o. The FWHM gives 0.423,.
The focusing efficiency is defined as the flux of the total
Poynting vector over the spot size along the focal plane
normalized by the input power, which gives 83.1%.

VIII. CONCLUSION

To conclude, an effective method for converting propa-
gating waves into surface waves and vice versa has been

demonstrated, which can be used for designing propagat-
ing and surface wave converters and bidirectional scan-
ning LWAs. The superdirective conversion is realized by
using a subwavelength strip array, and the required load
impedances for various conversions are found by globally
optimizing the load impedances. The demonstrated high
and superdirective conversion efficiency is often accompa-
nied by a resonance of the whole array. This resonance can
be suppressed by introducing loss into load impedances, if
the goal is to excite a single surface wave traveling in one
direction.

The designed LWAs allow two different scanning meth-
ods. One of them is realized by tuning the operational
frequency, and the other by tuning the load impedances of
the unit cells. From the theoretical point of view, the con-
sidered arrays have the ability to scan into all directions on
the broadside of the strip array. The investigation on guid-
ing surface waves is made for illuminations by a Gaussian
beam, by cascading two sections of strips array with the
same structure, that is, by fixing the load impedances of
the first section and globally optimizing the second section.
The first section works as a surface-wave launcher, while
the second section can play the role of a surface-wave
waveguide, an anomalous reflector, or a focusing lens.

Our findings promise to be a valuable asset for many
applications in the field of antenna and microwave engi-
neering. Of note, the developed modular approach is not
limited to only two sections at the same plane. There can
be more sections, for example, a guiding surface between
the receiving and reradiating ones, and the sections can be
in different planes, allowing guiding over corners and other
functionalities.
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