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Communication
Sparse-Array Metasurface for Beam Scanning

Jonathan Dessy , Modeste Bodehou , Jean Cavillot , and Christophe Craeye

Abstract— Beam scanning is traditionally achieved with phased arrays,
whose application often faces the challenge of high density of antennas
and associated electronic components. Metasurfaces (MTS) allow the
tailoring of pencil and shaped beams with a low-profile radiator, but
scanning with MTSs remains difficult, e.g., reconfiguring each subwave-
length patch of the MTS defeats the initial purpose of simplicity. This
communication proposes a novel design approach to beam scanning
with surface-wave (SW)-based MTS antennas. Both the feeding and
the MTS are made periodic at a scale of a few wavelengths. To avoid
grating lobes, the unit cell of the periodic MTS is designed, such that
the embedded element pattern (EEP) has a nearly rectangular shape
with proper width. The sparsity of the feeding system enables a drastic
reduction of the density of electronics at the expense of a smaller field
of view. The resulting antenna, demonstrated here in 2-D (uniform
antenna versus one space coordinate), has low profile (including the
feeder) and enables continuous beam scanning with high gain. With a
spacing of two wavelengths between feeds, the scan range is +/−10◦.
The MTS is first designed at the surface impedance level, and the
resulting structure has then been validated through full-wave simulation
of a MTS implemented with subwavelength patches. Numerical analysis
versus frequency indicates a pattern bandwidth of the order of 5%.

Index Terms— Beam scanning, embedded element pattern (EEP),
metasurface (MTS), periodic method of moments (MoM), sparse array.

I. INTRODUCTION

Surface-wave (SW)-based metasurface (MTS) antennas are typ-
ically realized with a grounded dielectric slab on which dense
subwavelength metal patterns of varying shape, size, and orientation
are periodically printed [1], [2], [3]. The antenna plane includes
an integrated feeder that generates SWs within the dielectric slab.
The SW is progressively perturbed by a smooth spatial variation of
the shape of the patches. That perturbation generates leaky waves,
potentially producing a well-controlled radiation pattern [4], [5]. The
metallization layer can reliably be modeled as a spatially modulated
sheet impedance lying on the grounded slab [6], [7], [8], [9].

SW-based MTS antennas can be designed to achieve multiple
beams [10], [11], but continuous beam scanning remains a great
challenge with this technology. The first and probably most popular
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Fig. 1. sin (x)/x shape of the electric field contributing to radiation for
excitation of the center feed.

approach to scan the beam with MTSs consists of tuning or switching
each individual printed patch [12], [13]. However, considering the
high number of unit cells, this approach requires an extremely dense
controlling circuit, such that the main advantage over phased arrays,
i.e., sparsity of the electronic circuits, is lost. A second method makes
use of tunable dielectric materials, such as liquid crystals [14], but
those are in general quite lossy and the electronics may become
complex for a local control of the dielectric slab permittivity. A third
approach has been proposed in [11] by combining two patterns with
opposite phase slopes, created with widely separated feeds. However,
the beam scanning capability of this technique is limited to one
beamwidth.

On the other hand, phased arrays are a famous and mature
technology offering an excellent beam controllability. However, it is
well known that phased arrays require a maximum spacing of half-
wavelength (up to one wavelength in case of limited scan range)
between active elements to avoid grating lobes, resulting in a dense
electronic front end [15]. Sparse phased array systems (i.e., with
spacing larger than half-wavelength) with rectangular embedded
element pattern (EEP) able to cut the grating lobes have been
proposed in the literature [16], [17]. It can be shown that such
sharp patterns necessarily result from wide field distributions, which
have a sin (x)/x shape. Consequently, currents and fields due to
different feeds must overlap over multiple array cells to occupy the
entire array aperture [18], [19], as illustrated in Fig. 1. To meet
this constraint, different solutions have already been investigated
in the literature. Initially, tapered waveguide arrays were proposed
to target this kind of current distribution along the antenna [17].
However, such structures are very bulky, and performance is limited,
because no overlapping of the fields over the antenna is possible.
A technique called overlapped subarrays can solve this issue by
enabling the overlapping of the fields along the structure. The most
general approach to form overlapped subarrays consists of applying
multiport beamforming networks arranged between control devices
and radiating elements, such as the Shelton’s [20] network made
with two cascaded Butler matrices [21], [22]. These overlapped
subarray networks provide good pattern control at the expense of an
increased complexity. Other architectures for overlapped subarrays
based on waveguides are described in [19], [21], [23], and [16],
with the disadvantage of being bulky. Solutions based on superstrate
lenses [24], [25] or transmit arrays [26] have also been envisaged.
However, the antenna, including its feeding system, is significantly
thick. Therefore, there is a need of low-profile antennas with high gain
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and capable of beam scanning with relatively few active elements
as compared with traditional phased arrays. This type of antennas
can be used in applications requiring a limited field of view with
cheap hardware, such as sectoral base stations [27], spotlight synthetic
aperture radar (SAR) [28], detection, and surveillance over limited
areas.

The goal of this communication is to propose and to show that
the required sharp EEP can be produced with a sparse-array MTS,
as the current induced by each excitation can naturally propagate over
the whole structure and, thus, overlap the currents generated by the
other feeding points. In other words, array-fed MTS antennas offer
the possibility to target sharp EPPs, as the shared dielectric layer
enables the propagation and overlapping of wide field distributions,
which would not be possible with a discrete array of antennas. The
structure consists of a smooth MTS aperture and fully takes advantage
of the mutual coupling between patches along the MTS structure.
Simulations of the proposed structure are carried out to provide a
design of the MTS and support the feasibility of the concept idea, but
the practical implementation of the antenna and its feeding network
is beyond the scope of this communication. The reduced number of
active feeds, and hence of electronic channels, results in an antenna
that combines the advantages of phased arrays (reconfigurability),
with those of MTSs (low-power losses, low profile, low cost, and
simplicity of fabrication), while offering a high gain.

The remainder of this communication is structured as follows.
Section II describes the considered MTS antenna structure and
presents the tools for its analysis. Section III describes the consecutive
steps toward the design of the surface impedance as well as the
feeding required to obtain a nearly ideal EEP. A full-wave simulation
of the surface impedance is carried out to validate the optimized
design. Section IV evaluates the impact of array truncation, along
with the bandwidth of the MTS antenna implemented with printed
patches. Conclusions are drawn in Section V.

II. ANALYSIS OF 1-D PERIODIC MTS ANTENNAS

The analysis as well as the designs provided in this communication
are carried out in two dimensions (2-D problem) in order to highlight
the fundamental principles on a simplified version of the problem.
The work can then be extended to the analysis of 3-D problems with
scanning in elevation and azimuth. In a classical Cartesian system of
coordinates, the considered antenna is oriented along the x-direction
and translationally invariant along the y-direction (see Fig. 1). This
type of MTS will be named 1-D MTS. It consists of a MTS array,
modeled as a sheet impedance printed on a grounded dielectric slab
with relative permittivity ϵr and thickness dslab. The sheet impedance
is made periodic with period equal to the array cell size a. The
antenna is excited with a SW launcher invariant along y. In this
communication, the launcher is modeled as a vertical elementary
dipole (VED) wall (along y) placed at the center of each cell and in
the middle of the substrate (z = −dslab/2). The VED model has
been proven to be accurate in predicting the radiation pattern of
SW-based MTS antennas [4], [29]. The excitations are all of the same
amplitude but carry a phase shift −ψ between consecutive array cells,
as illustrated in Fig. 2, where the reference cell and the corresponding
reference feed are highlighted in red.

An analysis of infinitely periodic structures with the method of
moments (MoM) has been widely studied in the literature [30],
[31]. In this type of problems, the discretization of the relevant
unknown (the current distribution) can be limited to one array cell,
called the reference cell, while explicitly enforcing periodic boundary
conditions. As we assume a structure invariant along y, the analysis
can be carried out in one dimension. Moreover, a purely transverse
magnetic (TM) source with respect to the z-direction with isotropic

Fig. 2. 1-D infinite periodic MTS antenna, where the reference cell and the
corresponding reference feed are highlighted in red.

MTS Zs(x) is considered for simplicity. Therefore, the current dis-
tribution and the tangential electric field on the aperture are oriented
along the x-direction. To effectively discretize the current distribution,
we used, in this communication, Gaussian basis functions as done, for
example, in [7] for the analysis of finite MTSs. Each basis function
Fn

b is defined as follows:

Fn
b (x) =
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where σ and µn are the standard deviation and the mean of the
nth Gaussian function, respectively. Then, the periodic MoM equa-
tions can be formulated to efficiently compute the current distribution,
as detailed in [32]. Once the current distribution is computed, the
x-directed spectral electric field on the aperture Ẽ x is derived. For
the considered 2-D problem, it can be shown that, in the far-field, the
electric field E and the resulting EEP F can be obtained as follows:
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with (R, θ) being the classical polar system of coordinates ((x, z) =

(R sin θ, R cos θ)) and k0 = 2π/λ is the free-space wavenumber,
with λ the free-space wavelength. Finally, the 2-D directivity can be
derived as follows:

D(θ) =
π |F(θ)|2

ηPrad
[−] (3)

where η ≈ 376.7 � is the free-space impedance and Prad corresponds
to the total power radiated by the MTS antenna per unit length along y
and is given by
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1

2η

∫ π

2
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2
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]
. (4)

Well-know results from the literature have been efficiently reproduced
with the presented MoM formulation in [32].

III. DESIGN OF 1-D PERIODIC MTS ANTENNAS

A. Ideal EEP

As explained in the introduction, we are looking for a sparse-array
MTS able to generate the rectangular EEP required to cut the grating
lobes of the array factor (see Fig. 3), taking into account the effect of
the array of excited elements. The EEP must be centered on θ = 0◦

to enable symmetric beam scanning. Such a sparse-array MTS will
be able to scan with significantly fewer active elements as compared
with phased arrays. As a consequence, the electronics will be less
complex, cheaper, and lighter. Of course, those benefits come with a
reduction of the field of view. The latter is given by [18], [19]

|θmax | = arcsin
(
π

ak0

)
(5)

where θmax is the maximum allowed elevation angle consistent with
the array cell size a. In the following, we consider a dielectric slab
with relative permittivity ϵr = 3.66 and thickness dslab = 1.524 mm.



8090 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 72, NO. 10, OCTOBER 2024

Fig. 3. Sharp filtering of the grating lobes of the array factor (AF, dashed
with scanning) by the EEP, along the spectral coordinate kx . The array has a
feed spacing a and a phase shift −ψ between consecutive elements.

The MTS is operating at 24 GHz with cell size a = 2λ . That would
increase the feed spacing by a factor of 4 (in 1-D), while still allowing
a scanning range of the order of about 28.96◦. This range is very
convenient for many applications, such as car traffic radars, sectoral
base station antennas, and spotlight SAR.

B. First MTS Design Approach

We know that the unknown surface impedance should be purely
imaginary in the absence of losses and ideally capacitive to facilitate
the implementation with subwavelength printed patches [4], [33].
It should also be periodic at the scale of the array cell a = 2λ , in a
regular array. Given the excitation source, the impressed impedance
should not be symmetrical versus x , because this symmetry imposes
a zero radiation at broadside. Finally, as explained in Oliner’s
paper [34], the periodicity of the modulation dictates the radiation
angle. Considering all these constraints, we propose a capacitive
impedance with a periodicity that evolves linearly along x , so that
the covered range of periodicity allows one to spread the beam over
the entire radiation sector dictated by the desired rectangular EEP
(i.e., k0| sin θ | ≤ π/a), while ensuring a nonsymmetric reactance
versus x . This impedance is given by

Zs(x) = j X0

(
1 + M sin

(
2π
(

±
f2 − f1

a
x2

+ f2x
)))

(6)

on the reference cell, where the “+” sign is used for the negative
space coordinates (−a/2 ≤ x < 0) and the “−” sign is used for the
positive space coordinates (0 ≤ x ≤ a/2). X0 = −772.5 � is the
average reactance, M = 0.95 is the modulation depth, and f1 and
f2 are the spatial modulation frequencies at the edges and the center
of the cell, respectively. Targeting the ideal EEP requires that

f1,2 =
ksw − k0 sin

(
θp1,2

)
2π

(7)

where θp1 = −14.48◦ and θp2 = 0◦ are the limits of the desired
radiation sector, and ksw = 1.35 k0 corresponds to the supported
SW wavenumber in absence of modulation. Finally, the impedance is
decomposed into Fourier series with 31 coefficients so as to explicitly
impose the continuity and periodicity at the array cell level. Using the
analysis tool presented in Section II, the simulated EEP directivity
generated by the proposed periodized version of impedance (6) is
given in Fig. 4 (see “periodized chirp” label). It can be observed that
the global behavior of the EEP is as desired, but the pattern is not
wide enough.

C. Optimization

To improve the quality of the result, an optimization is conducted
on the Fourier series coefficients of the previously proposed periodic
chirp impedance using the fminsearch routine [35] of MATLAB [36],
based on the Nelder–Mead simplex algorithm. The optimization
results show that a purely sinusoidal impedance provides better results

Fig. 4. Directivity of the EEP obtained with the initial periodized chirp
impedance and with the two optimized sinusoidal impedances defined in (8):
optimized 1 (X0 = −1200 � and M = 1.2) and optimized 2 (X0 = −900 �
and M = 1.3).

than the chirp as soon as the average reactance and the modulation
depth are properly adapted. The optimized impedance is given by

Zs(x) = j X0

(
1 + M sin

(
3

2π
a

x
))

(8)

with X0 = −1200 � and M = 1.2. Note that, depending on the
definition of the cost function and the optimization tool, slightly
different solutions with similar performance may be obtained. For
example, taking X0 = −900 � and M = 1.3 provides also
comparable performance. Fig. 4 compares the EEP directivity given
by the periodized chirp impedance with the two optimized solu-
tions. As can be seen, a significant improvement is achieved after
optimization at the cost of an unusually high modulation depth
(M > 1). The optimized reactance is antisymmetric, thus enabling
broadside radiation. Comparing the two optimized solutions, one
can conclude that there is a trade-off between the flatness and the
sidelobe level (SLL) of the EEP. This trade-off should be carried
out according to the specifications of the desired application. In this
communication, we prefer a relatively flat pattern at the expense of
a slightly higher SLL. Therefore, in upcoming analyses, the design
with X0 = −1200 � and M = 1.2 will be used.

D. Physical Interpretation

To acquire a better intuition for the radiation mechanism of the
optimized impedance profile, we compared the pattern obtained when
only the right half part (with respect to the reference feed) of the
MTS is excited with that obtained after exciting the left half part
only. The results are provided in Fig. 5. As can be seen, the left
MTS part mainly contributes to the right-side pattern, and the right
one contributes to the left-side pattern, which denotes a backward
leaky wave radiation. The high modulation depth enables a significant
leakage that helps to enlarge the pattern. Note that in the case of a
sinusoidal modulation, the array cell size a should be a multiple of
the impedance periodicity b (e.g., a = 3b in this case) so as to
also impose a periodicity at the array cell level. This observation
allows one to simplify the design procedure by only selecting the
odd periodicity of the impedance that will generate a −1 field
harmonic [34] near the edges of the desired radiation sector. Then, the
average impedance X0 and the modulation depth M can be optimized
to reach the best performance. The same methodology can be applied
for other cell sizes, but it becomes more challenging to obtain a flat
and sharp pattern in the desired radiation sector for smaller cell sizes,
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Fig. 5. EEP is the sum of three contributions: the current propagating in
the right half part of the MTS, the current propagating in the left half part of
the MTS, and the direct radiation of the VED excitation.

as the field of view is larger and the number of degrees of freedom
in the impedance profile is smaller. In that case, further optimization
with impedances that are not necessarily sinusoidal may be required.
This aspect will be investigated in the future. Regarding the quality
of the obtained EEP in Fig. 4, we observe that the transitions at the
edges of the radiation sector are very sharp; as desired, the level
of the sidelobes is 15.92 dB below the maximum directivity, and
there is a drop of 1.62 dB (with respect to the maximum directivity)
at broadside. Improving the flatness of the pattern may be achieved
with a more advanced feeding design.

E. Feed Configuration

This section shows how an appropriate configuration of the feed
can help to improve the antenna performance. The key is to take
advantage of the periodic aspect of the impedance profile. As the
actual periodicity of the sinusoidal impedance is 2λ/3, any translation
of the feed by a multiple of λ/3 will have no impact on the
amplitude of the EEP. The idea is, hence, to use a passive array
of subfeeds within each cell. The subfeeds inside each passive array
are fed with the same phase so as to improve the gain at broadside
and, thus, reduce the drop observed in the EEP at broadside. Note
that this passive array feeder spacing will not increase the number
of needed active ports, because the active phase shift is applied
only between consecutive cells. The subfeeds within a cell can, for
instance, be realized with a corporate feeding network. Therefore,
there is still a large reduction of the density of electronic components,
as compared with classical phased arrays. Many feeder configurations
can be envisaged, and each of them will lead to a specific EEP. As an
illustration, the three following subfeed configurations (defined on the
reference cell) will be selected: two unitary subfeeds located at x =

±λ/3, two unitary subfeeds located at x = ±2λ/3, and four subfeeds
of amplitudes A = [0.5, 1, 1, 0.5] located at x = [−λ ,−λ/3, λ/3, λ].
The amplitudes for the four subfeeds case have been chosen, so that
all the subfeeds have a unitary amplitude when scanning at broadside.
This design would require a combiner for subfeeds located at the
edges of the array cell, since they receive power from active sources
located in two consecutive cells. So, the use of four subfeeds
somehow corresponds to a limit case at the boundary with overlapped
subarrays. The actual design of the feeding networks is beyond the
scope of this communication. The EEPs simulated with those three
feeding techniques are shown in Fig. 6. We can conclude that the

Fig. 6. EEP directivity for different feed configurations: one unitary
feed located at x = 0, two unitary subfeeds located at x = ± λ/3 and
x = ± 2λ/3, and four subfeeds of amplitudes A = [0.5, 1, 1, 0.5] located at
x = [−λ ,−λ/3, λ/3, λ ].

Fig. 7. Meshed patches used for implementing one 2λ/3 period of the MTS
(along x): rectangular patches (capacitive) and meander lines (inductive) of
varying sizes.

passive array feed design significantly impacts the EEP. In particular,
we clearly observe a reduction (or disappearance) of the drop at
broadside, a reduction of the SLL, and a flatter pattern. Depending on
the selected feed design, a compromise can be found among feeder
complexity, SLL, pattern sharpness, and/or flatness with regard to the
specificities of the application.

F. Full-Wave Validation of the MTS

The synthesized impedance profile with X0 = −1200 � and
M = 1.2 is now implemented with subwavelength patches following
a procedure similar to the one used in [5]. Capacitive impedances
have been implemented with rectangular patches, and the inductive
ones are realized with meander lines [37]. It is worth mentioning that
although the literature on SW MTSs usually assumes a capacitive
sheet impedance for TM excitation [4], [5], an inductive sheet
impedance can support a TM SW as long as the SW wavenumber
is large enough. The patches are meshed with well-known Rao–
Wilton–Glisson (RWG) basis functions [38] and are arranged in
a Cartesian rectangular grid of size λ/12 along x and λ/7 along
y (λ = 1.25 cm is the wavelength at 24 GHz). The meshed patches
used for implementing one 2λ/3 period of the MTS (along x) are
shown in Fig. 7. The MTS antenna size is fixed to 14λ along x
and 5λ along y. In order to emulate feeds invariant along y, each
subfeed at a given position x is realized with an array of 21 VEDs
placed in the middle of the substrate and arranged with λ/4 spacing
along the y-direction. The EEP is computed for excitation of the
center cell. The simulation is carried out with an in-house MoM
solver exploiting the block-Toeplitz structure of the MoM matrix. The
latter has already been validated against commercial software in [39]
and [29]. The simulation results are shown in Fig. 8 for the case
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Fig. 8. EEP normalized directivity for the design with four subfeeds, for three
cases: 1-D MTS of infinite length, 1-D MTS of length 14λ , and full-wave
simulation of a 2-D MTS of size 14λ × 5λ .

Fig. 9. EEP directivity for excitation at different cells, for an antenna of
length 22λ (11 cells, cell 6 is the center cell) with four subfeeds per cell,
compared with the EEP obtained for a MTS of infinite length.

of four subfeeds per cell. The normalized EEP from the full-wave
simulation of the physical structure of the MTS is compared with
that from the surface impedance analysis. As the directivity is defined
differently for 2-D and 3-D problems, results have been normalized
to ease the comparison between both cases. A very good agreement
is observed, thereby proving the practical realizability of the MTS.

IV. PERFORMANCE ANALYSIS

This section aims at evaluating the performance of the scanning
antenna developed in Section III. In particular, the impact of array
truncation (from infinite to finite antenna) and the bandwidth of the
antenna will be closely analyzed. The MTS is modulated using a
sheet impedance given by (8), with X0 = −1200 � and M = 1.2.

A. Impact of Array Truncation

To analyze the impact of the array truncation, we consider an
antenna of length 22λ (i.e., realized with 11 cells), with the set
of parameters retained above (2-D analysis), and for the feed con-
figuration with four passive subfeeds per cell (see Section III-E).
The EEPs for cell feeders located in the left half of the antenna are
simulated and provided in Fig. 9. As expected, the EEP of the middle
cell feeder (cell 6) matches well with the infinite array prediction.
However the EEP deteriorates, as the feed gets closer to the rim
of the antenna, because the infinite array assumption is no longer
valid. A similar behavior is observed for cell feeders located in the

Fig. 10. MTS array pattern for various scanning directions θscan , for an
antenna of length 22λ (11 cells) with four subfeeds per cell.

Fig. 11. 2-D full-wave simulation of the impact of the frequency on the
EEP of a finite MTS of size 14λ × 5λ with four subfeeds per cell. The black
dashed lines correspond to the edges of the ideal rectangular EEP at 24 GHz.

right half of the antenna. Cells close to the edges may be optimized
to better account for edge effects. Nevertheless, we have observed
that this final optimization is not really necessary. Indeed, the ability
of the finite antenna to perform scanning is illustrated in Fig. 10.
The scanned beam is computed after imposing a phase shift −ψ

between consecutive array cells and using the EEP of each feed,
taking into account the finite size of the antenna. The EEP of the feed
in the center cell is superimposed on the graph to ease understanding.
It can be observed that a scan range of +/−10◦ with 15-dB grating
lobe suppression is achieved. The observed scan losses are due to
the EEP shapes associated with each excitation. Note that a similar
behavior but with higher SLLs can be obtained with two subfeeds
per cell. Therefore, a compromise should be made between feeding
complexity and scanning performance.

B. Pattern Bandwidth of the Antenna

To analyze the antenna pattern bandwidth, the EEPs are simulated
at different frequencies with the full-wave analysis of the physical
structure of the MTS (i.e., with printed patches; see Section III-F).
This analysis tool accounts for the sheet impedance variation versus
frequency and the edge effects. The EEPs are shown in Fig. 11 for
the case of four subfeeds per cell. It can be observed that the obtained
EEP directivity is better in terms of SLLs and flatness of the pattern
at 23 GHz than at 25 GHz, leading to a nonsymmetric behavior of
the pattern bandwidth with respect to the frequency. Defining the
operating frequency limits as the frequencies at which a 3-dB differ-
ence with respect to the reference pattern (at 24 GHz) is observed
at any position in the radiation sector, it can be concluded that our
antenna operates on a bandwidth of the order of 5%. It is worth
mentioning that this bandwidth is sufficient for many applications,
such as frequency modulated continuous-wave (FMCW) radars and
base station antennas. Upon finer feed implementation, an active
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impedance analysis will be carried out, both versus frequency and
scan angle [40], [41].

V. CONCLUSION

A sparse-array MTS for beam-scanning applications has been
proposed. The antenna combines the advantages of MTSs (low profile
including the feeder, low cost, low-power losses, and so on) with
that of phased arrays (continuous scanning), while providing a high
gain and an operating bandwidth of the order of 5%. The sparsity of
the array (2λ spacing between elements in the provided examples)
is the essential improvement with respect to classical phased arrays.
The latter requires a maximum spacing of λ/2 between cells to avoid
grating lobes/ambiguity. In this communication, the grating lobes
have been filtered out owing to a proper design of the MTS along
with its feeding points. It is worth mentioning that the increase of the
array cell size, and consequently the simplification of the electronics,
comes with a reduction of the field of view. Therefore, this antenna
technology is particularly useful for applications, such as surveillance
of lanes, spotlight SAR, and sectorized base stations, where scanning
with a high-gain beam is required over a 5◦–50◦ field of view using
a cheap and low-profile hardware.
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