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ABSTRACT: This paper presents a simple and innovative approach for the design of multibeam scalar metasurface antennas. The pro-
posed method, based on the equivalent currents on the antenna aperture, allows beams to be radiated in arbitrary directions with the
desired polarization. Unlike other solutions available in the literature, this approach uses scalar metasurfaces, which are much simpler
to implement than tensor ones, and also do not require optimizations through ad hoc developed numerical analysis tools. Analytical
design equations based on the physics are introduced, and a block diagram for the designs of such antennas is presented. Two antenna
designs are presented, and the corresponding numerical results demonstrate the flexibility of the presented method. A prototype of a
two-beam antenna with orthogonal circular polarizations, operating at 20GHz, was fabricated and measured. These results confirm the
effectiveness of scalar metasurfaces in creating multibeam patterns, paving the way for various applications in advanced communication
systems.

1. INTRODUCTION

Metasurfaces (MTSs) have recently emerged as a consid-
erable advancement in the fields of optics and telecom-

munications, offering precise control over the propagation of
electromagnetic (EM) waves. These ultrathin two-dimensional
structures, intricately designed with periodic sub-wavelength
patterns, represent a cutting-edge innovation in contemporary
technology [1]. Their close connection to photonic crystals
places them at the forefront of research, sharing fundamental
characteristics [2–6].
Metasurfaces enable detailed manipulation of EM waves at-

tributes such as phase, amplitude, and polarization, leading
to a variety of promising applications including holographic
antennas and leaky-wave (LW) devices [7, 8], demonstrating
novel methods of wave control widely applicable across var-
ious sectors, including metasurface lenses for high-resolution
imaging [9, 10], phase modulators for detection systems [11],
telecommunications such as smart antennas for 5G/6G net-
works [12], metasurface filters for advanced wireless com-
munications [13, 14], and metasurface reflectors for enhancing
beamforming [15].
The pioneering works of Oliner and Hessel [16] introduced

the concept of surface wave (SW) extension adapted to modu-
late surface impedance while Fong et al. [17], presented holo-
graphic metasurface antennas. By judiciously choosing an ap-
propriate modulated surface impedance, it is possible to con-
trol SW propagation or achieve SW-to-LW transition, opening
new challenges in antenna and optical device design [18, 19].
* Corresponding author: Massiliano Casaletti (massimiliano.casaletti@
sorbonne-universite.fr).

Additional research groups have extended these techniques
[8, 20, 21], going so far as to obtain multibeam antennas in far-
[22–24] and near-field regions [25] with polarization control.
The resulting antennas are realized by printing ametasurface on
a single dielectric substrate and connectorizing the back of the
substrate. They represent thin and cheap multibeam solutions
that can be used in low-cost multiple-input multiple-output
(MIMO) sensing applications, wireless communications, in-
cluding satellite systems [26] and next-generation wireless net-
works [27].
However, these design methods for complete control of the

direction and polarization of the beam radiated by the antenna
require the use of tensor metasurfaces and extensive numeri-
cal optimization based on proprietary analysis codes [28, 29].
These aspects limit the use of such techniques because of ei-
ther the unavailability of such dedicated tools or the difficulty
in realizing and characterizing tensor metasurfaces.
In this paper, we present a simple approach to the design of

a holographic scalar metasurface antenna able to radiate mul-
tiple beams in the far-field region at arbitrary directions with
the desired polarization. Scalar metasurfaces have been widely
studied in the literature and realized in different technologies so
that their realization is affordable by not requiring the develop-
ment of dedicated tools. Analytical design equations based on
the antenna aperture field are introduced, and a flowchart for
the designs of such antennas is presented.
Two antenna designs are presented radiating two and four

beams, respectively. The obtained numerical results validate
the presented method. A prototype of a two-beam antenna with
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orthogonal circular polarizations, operating at 20GHz, was fab-
ricated and experimentally validated.
This paper is structured as follows. Section 2 summarizes

the basic phenomenology and design guidelines. Section 3 in-
troduces the antenna design procedure. Section 4 presents the
design of two antennas and numerical/experimental results. Fi-
nally, a conclusion is presented in Section 5 including some
perspectives.

2. SCALAR MTS DESIGN OF MULTIBEAM ANTENNA

2.1. Theoretical Foundation
The proposed MultiBeam Antenna (MBA) is illustrated in
Fig. 1. A feeder generates a cylindrical surface wave that prop-
agates along the metasurface which consists of a periodic struc-
ture of conductive elements printed on a dielectric substrate. To
describe the EM behavior of the metasurface, we use the con-
cept of equivalent scalar surface impedance Zs. In the context
of antennas, spatially modulatingZs allows to control the prop-
agation of surface waves. More specifically, we focus on the
transformation of a surface wave (SW) into a fast wave, i.e., a
Leaky Wave (LW) [30].

FIGURE 1. General geometry of metasurfaces: SW propagation con-
version to LW.

Let us consider a feeder emitting an incident SW propagating
in a general direction onto a metasurface placed in the xy-plane
(Fig. 1). For a lossless scalar inductive surface impedance de-
fined by Zs = jX̄s where (X̄s > 0), the dominant SWmode is
a TMz mode (where z is normal to the surface, and TM stands
for transverse magnetic). The magnetic field at the surface can
be expressed as follows [21]:

Hinc
aperture(ρ) = ATM (ρ)e−jkswt (ρ)·ρĥ(ρ) (1)

where ρ = xx̂ + yŷ is a general point on the antenna surface;
ATM is the amplitude; ĥ is the unit polarization vector; kswt =
kswt k̂swt ; and k̂swt defines the propagation direction [30]. The
corresponding propagation constant kswt is obtained by solving
the transverse dispersion problem [31]:

kswt = k0

√
1 +

(
X̄s(kswt )/ζ

)2
> k0 (2)

where ζ is the impedance of free space, and k0 = ω
√
ϵ0µ0.

The tangential electric field is obtained by applying the scalar

impedance boundary condition given by:

Eaperture
inc (ρ) = −ATM (ρ)Zs(ρ)̂z× ĥ(ρ)e−jktsw(ρ)·ρ (3)

Now, consider a periodic modulation of the surface
impedance in the propagation direction, expressed as [30]:

Zs(ρ) = jX̄s

(
1 +M(ρ) cos

(
2π

p(ρ)
kswt (ρ).ρ

))
(4)

whereM is the modulation index, and p represents the period-
icity. WhenM ≪ 1, this modulation constitutes a perturbation
boundary condition, allowing the use of a quasi-geometric optic
approximation to address the propagation problem [8, 19].
The dispersion relation is replaced by a continued fraction

equation [16], resulting in a complex propagation constant kt.
This constant indicates that some energy radiates into space as
a leaky wave (LW). The modulated propagation constant kt(ρ)
can be effectively approximated by the surface wave propaga-
tion constant kswt (ρ), simplifying the modeling of wave prop-
agation and radiation.

2.2. Radiated Fields from Surface Modulations
The locally modulated metasurface can be described by surface
currents as follows [30]:

JM (ρ) = 2E(ρ)× ẑ

= −2ATM (ρ)Zs(ρ)e
−jkt(ρ)·ρĥ

(5)

where JM(ρ) is the equivalent magnetic current. By substitut-
ing the expression for Zs, we obtain:

JM (ρ) = J(0)M (ρ) + J(−1)
M (ρ) + J(1)M (ρ) (6)

where the first and third terms represent non-radiative surface
wave (SW) currents, and the second term can be radiative if
kt(ρ)− 2π

p(ρ) < k0 [18]. By locally varying the impedance pe-
riod p(ρ), SWs can be transformed into radiative waves (LW)
in a desired direction. The far-field radiation is determined us-
ing [30]:

EFF (θ, ϕ)=jk0

∫∫
S

r̂(θ, ϕ)×J(−1)
M (ρ)ejk0ρ·̂rdρ (7)

To achieve a specific radiation pattern, the metasurface pe-
riod p(ρ), average impedance X̄s, and modulation indexM are
optimized. The methodology for tailoring these parameters to
achieve desired beam directions and polarizations is detailed
in [30] and [32].

2.3. Far-Field Multibeams Antenna
The design of scalar metasurface antennas is critical for gener-
ating well-polarized beams in both the far-field and near-field
zones. We assume that the feeder can be approximated as a
point source located at the origin, resulting in an incident SW
characterized by a cylindrical wavefront [30]:

Haperture
inc (ρ) = ATMH

(2)
1 (ktρ)ϕ̂ (8)
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The corresponding equivalent magnetic current is directed in
the ϕ̂ direction:

JM (ρ) = ATMZs(ρ)H
(2)
1 (kt(r)ρ)ϕ̂ (9)

This formulation allows the modulation of the surface
impedance, which is essential to extracting the radiation
patterns of the antenna.
To generate a circularly polarized (CP) beam pointing at θ0

and ϕ0, we use the following azimuthal magnetic current dis-
tribution:

JM (ρ′, ϕ′) = e±jϕ′e−jk0ρ
′ sin θ0 cos(ϕ′−ϕ0)ϕ̂ (10)

In this context, the upper (+) and lower (-) indices correspond
to left-hand and right-hand circular polarizations, respectively.
The linear phasing described in (10) ensures coherent optical
paths for each surface current element directed toward the in-
tended point. Additionally, the term e±jϕ effectively manages
the polarization [30].
Using the previous results, a multiple beams pattern antenna

could be obtained by using as aperture magnetic currents a sum-
mation of terms of the form (10) as:

JM (ρ′, ϕ′) =

Nbeams∑
n=1

e±jϕ′
e−jk0ρ

′ sin θn cos(ϕ′−ϕn)ϕ̂ (11)

where Nbeams represents the total numbers on beams and
(θn, ϕn) the direction of the n-th beam, while the polarization
is selected by acting on the e±jϕ′ term. In the previous formula,
linearly polarized beams can be created as a linear combination
of two CP beams in the same direction having orthogonal po-
larizations.
The corresponding impedance law can be derived substitut-

ing the following relation in Equation (4):

cos
(

2π

p(ρ)
ρ

)

= Re

{
ejArg[H

(2)
1 (ktρ)]

Nbeams∑
n=1

e∓jϕe−jk0ρ sin θn cos(ϕ−ϕn)

}

=

Nbeams∑
n=1

cos (ktρ+ k0ρ sin θn cos(ϕ− ϕn)± jϕ)

(12)

Leading to:

Zs(ρ)

=jX̄s

(
1+M(ρ)

Nbeams∑
n=1

cos (ktρ+k0ρ sin θn cos(ϕ−ϕn)±jϕ)

) (13)

By employing this latter expression, it is possible to design
scalar metasurface antenna able to radiate multiple beams with
different polarizations and directions. The physical implemen-
tation of the previous impedance can be done using squared

patches thanks to a numerical optimization or using analytical
formulas available in the literature as presented in [33].
The far-field radiation pattern is directly impacted by the lo-

cal impedance modulation via the radiation Fourier-type inte-
gral (7). At each surface point, the impedance is determined
by three key parameters: average impedance (X̄s), modulation
index (M ), and spatial period (p). All of these parameters de-
fine the propagation constant (kt). The modulation index (M )
must remain small (M < 1) so that the modulation represents
a small perturbation of the mean impedance and verifies the as-
sumptions of Subsection 2.1. Furthermore, the product X̄s ·M
impacts the amplitude of the aperture field amplitude, while the
spatial period (p) primarily controls its phase. This interplay
enables the precise tailoring of the radiation pattern. Further
insights into these mechanisms can be found in [32].

3. ANTENNA DESIGN PROCEDURE

3.1. Scalar Metasurface Design Process
The metasurface implementing the impedance boundary con-
dition is realized by printing a periodic pattern (with periodD)
of square metallic patches of size w on a dielectric substrate of
height h and relative dielectric constant ϵr. The geometry and
the equivalent transmission line for TMz mode are shown in
Fig. 2.
The grounded dielectric substrate is equivalent to a short-

circuited transmission line of length h and characteristic
impedance ZTM

d (kt) = ζ0
√

k20εr − k2t /k0εr, and the free
half-space above themetasurface is described by a semi-infinite
transmission line of impedance ZTM

0 (kt) = ζ0
√

k20 − k2t /k0.
Finally, the patches are described by an equivalent lumped
elementZTM

grid . This latter can be rigorously found by full-wave
numerical analysis of the periodic grid or, in the case of square
patches, by analytical formulas [33]:

ZTM
grid = j

πη0

k0(εr + 1)D ln
(
sin

(
πw
2D

)) (14)

Therefore, the total impedance of the metasurface Zs is given
by

Zs(kt) =
jZTM

grid ZTM
d (kt) tan

(√
k20εr − k2t h

)
ZTM
grid + jZTM

d (kt) tan
(√

k20εr − k2t h
) (15)

The previous expression depends on the propagation con-
stant kt. To determine the impedance relative to the surface
wave, we must first determine the wave number relative to the
surface wave by imposing the transverse resonance of the trans-
mission line:

Zs(k
sw
t ) + ZTM

0 (kswt ) = 0 =⇒

jZTM
grid ZTM

d (ksw
t ) tan

(√
k2
0εr−ksw

t
2h
)

ZTM
grid +jZTM

d (ksw
t ) tan

(√
k2
0εr−ksw

t
2h
)+ ζ0

√
k2
0−ksw

t
2

k0
=0

(16)
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(a) (b)

FIGURE 2. (a) Geometry of the metasurface. (b) Equivalent TMz transmission line.

The previous equation must be solved numerically, after
which the metasurface impedance is obtained from Equation
(15) as Zs(k

sw
t ).

For our application at the working frequency of 20GHz, we
used the low-cost dielectric substrate FR-4 with a relative per-
mittivity of εr = 4.7 and a thickness of h = 1.6mm. The
periodD must be smaller than half a wavelength in both media
to have only one propagating plane wave. Our choice was to
use a period D = λ0

15 − λd

7 = 1mm. The obtained impedance
as a function of the filling factor (w/D) for the TMz surface
wave is reported in Fig. 3.

0 0.2 0.4 0.6 0.8 1

Filling Factor (w/D)

300

350

400

450

jX
s

FIGURE 3. Equivalent metasurface impedance as a function of the fill-
ing factor w/D.

We must now make a proper choice of average impedance
X̄s. Typical values of M modulation indices of metasurface
antennas range between 0.05 and 0.35 [8, 17, 18, 21, 30]. We
thus chose X̄s = 382 (D = 0.762mm) so that we could cover
the dynamics of the impedance values needed for a modulation
indexM ≤ 0.2.

3.2. Design of the Feeder
The geometry of the feeder is shown in Fig. 4. A circular patch
of radius r2 is excited at the center by a coaxial cable. An annu-
lar slot of widthw and centered at r1 is added to add geometrical
degrees of freedom for the antenna matching. A parametric op-

timizationwas performed using the commercial softwareAnsys
HFSS. To speed up the process, we considered a simpler geom-
etry composed of the feeder surrounded by a limited portion of
the metasurface, then adding absorbing boundary conditions.
Each geometrical parameter was individually analyzed to as-
sess its influence on antenna matching.
Figure 5 shows the influence of the outer patch radiusR2 on

the reflection coefficient |S11| while keeping the other param-
eters fixed (r1 = 1.17mm, w = 0.38mm). The curves show
that a change in parameter r2 causes a significant shift in the
resonant frequency.
The effect of changes in the inner radius r1 is shown in Fig. 6

(r2 = 4.2mm, w = 0.38mm). The results indicate that r1 has
a small impact on the resonance frequency, but still manages
to change the amplitude of |S11|. These aspects suggest that it
could be used for final fine-tuning.
Figure 7 presents the variation of the reflection coefficient

|S11| in dB for different values of the slot’s width w. This
geometrical parameter primarily affects the amplitude of |S11|
close to the resonance, while its influence on the resonant fre-
quency itself is minimal.
To summarize, the antenna matching is done by initially im-

posing the central resonant frequency by a proper choice of the
parameter r2, and then minimizing the |S11| acting on the pa-
rameters w and r1. After this procedure, we selected the fol-
lowing geometrical parameters (r1, r2, w) = (1.17; 4.2; 0.35).

3.3. Antenna Design Flowchart
The flowchart in Fig. 8 summarizes the design process of the
multibeam scalar metasurface antenna. The described algo-
rithm was implemented in a MATLAB code. Intermedial (for
feeder optimization) and the final geometries were exported in
a DXF (Drawing eXchange Format) file and subsequently im-
ported into commercial analysis software.

4. SIMULATION AND EXPERIMENTAL RESULTS

4.1. Two-Beam MTS Antenna Simulation and Measurements
This section presents an antenna radiating two beams with or-
thogonal circular polarization (RHCP and LHCP) at two dif-
ferent angles (θ1 = −25◦, ϕ1 = 0◦), (θ2 = 15◦, ϕ2 = 0◦)
working at 20GHz. The metasurface antenna has a radius of
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(a) (b)

FIGURE 4. Overview of feeder structure: aerial and frontal views.
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FIGURE 5. Reflection coefficient magnitude |S11| in dB for different outer patch radius (r2) with constant feeder geometric parameters (r1 =
1.17mm, w = 0.38mm).

18 18.5 19 19.5 20 20.5 21 21.5 22
Frequency [GHz]

-30

-25

-20

-15

-10

-5

R
ef

le
ct

io
n 

C
oe

ffi
ci

en
t |

S 11
| [

dB
]

r
1
=1.11mm

r
1
=1.15mm

r
1
=1.17mm

r
1
=1.19mm

r
1
=1.23mm

FIGURE 6. Reflection coefficient magnitude |S11| in dB for different
inner patch radius (r1) with constant feeder geometric parameters (r2 =
4.2mm, w = 0.38mm).
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FIGURE 7. Frequency-dependent variation of reflection coefficientmag-
nitude |S11| in dB for different annular slot widths (w) with constant
feeder geometric parameters (r2 = 4.2mm, r1 = 1.17mm).

6 wavelengths (90mm) and has been implemented by 25356
conducting elements on an FR4 substrate. The modulation in-
dex varies with linear law between the value Mmin = 0.15 at
the center of the antenna andMmax = 0.2 toward the periphery.
Furthermore, in a region at the edge of the antenna, a high mod-

ulation ofM = 0.35 is used to make sure that the surface wave
is fully radiated. The antenna was simulated using HFSS and
then manufactured using a laser etching machine (LPKF Proto-
Laser S4). The final antenna layout and prototype are presented
in Fig. 9. The measurements setup is shown in Fig. 10. Stan-
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FIGURE 8. Metasurface design flowchart.

(a) (b)

FIGURE 9. Two-beam MTS antenna final design: (a) Structure designed on Ansys HFSS designer and (b) Fabricated structure.

dard 20 dBi horn antennas were used in an anechoic chamber
connected to a Rohde& Schwarz ZVA 67GHz 4-ports vectorial
network analyzer (VNA).
The results for the reflection coefficient (S11) are reported

in Fig. 11. The antenna is matched within a 5GHz bandwidth
around the operational frequency of 20GHz in both simulated
(red line) and measured results (dotted blue line). A frequency
shift (about 1.5GHz) is apparent between simulations and mea-

surements probably due to the actual value of the dielectric per-
mittivity of FR4 at 20GHz (estimated at 4.3) compared to the
nominal value of 4.7 provided by the manufacturer at 2GHz.
Figure 12(a) presents the numerical results for the radiated

gain in the ϕ = 0 cut-plane obtained using the commercial soft-
ware Altair FEKO. As expected, the radiation pattern exhibits
two beams with the correct circular polarization in the expected
directions (indicated by the dashed lines). Experimental results
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FIGURE 10. MTS antenna in the anechoic chamber.

FIGURE 11. Simulated and measured S11 parameters.

are shown in Fig. 12(b). The measured RHCP beam is directed
in the θ1 = −24.1◦ direction expected θ1 = −25◦ with a gain
of 16.49 dBi (18.4 dBi in simulation), while the LHCP one in
the θ2 = 16.8◦ direction expected θ2 = 15◦ with a gain equal
to 15.52 dBi (18.3 dBi in simulation).
A higher level of cross-polarization than that predicted by

simulations can be observed from the measurements. We also
attribute this fact to the variation of the dielectric constant of
the substrate. The real average impedance of the prototype at
20GHz is different from that used in the design, which causes
the surface wave to propagate with a propagation constant dif-
fering from the expected one. Since the local periodicity of the
metasurface is unchanged, it implies that the holography con-
dition is verified at a higher frequency (estimated at 20.6GHz).
Figure 12(c) shows the gain measured at 20.6GHz, where a

lower level of cross-polarizations can be seen in both beams.
The gain in the two directions of the antenna beams is higher
than the numerical simulations. It is important to note that
the numerical analysis of such antennas is a challenging task
even for recent workstations (we used a CPU with 16 cores and
256Mb of memory). So a compromise must be made between
computation time/memory space used and mesh quality. In ad-
dition, at the operating frequency of 20.6GHz, the radiating

area of the prototype is larger in terms of wavelengths (6.2λ)
than that of the simulated antenna (6λ).
Figure 13 highlights the gain observed in the frequency range

19–21.5GHz, relative to the main beam directions. The pattern
as a function of the frequency is shown in Fig. 14 where the
beam’s nominal directions are indicated by the dashed lines.
The measured axial ratio in the beam directions is shown in
Fig. 15. The 3-dB AR beamwidth for both beams is measured
as 20.2GHz–21.43GHz. The measured aperture efficiency for
each beam is shown in Fig. 16. It is important to note that this
curve reports the efficiency of the prototype compared with a
uniform antenna of the same size capable of radiating only one
of the two beams.

4.2. Four-Beam MTS Antenna

This section presents a four-off-axis beam antenna with differ-
ent polarizations: two orthogonal CP beams pointing at θ1 =
25◦ and θ2 = −30◦ in the ϕ = 0◦ plane and two linearly po-
larized (LP) beams along the ϕ direction pointing at θ3 = 25◦

and θ4 = −30◦ in the ϕ = 90◦ plane, respectively. As ex-
plained in Subsection 2.3, the LP is obtained by superimposing
two CP beams with orthogonal polarization in the same direc-
tion, thus the value of Nbeam = 6 has been used in Equation
(13). The feeder and metasurface have the same size and av-
erage impedance as the previous antenna. The antenna layout
and the 3D pattern provided by Altair FEKO are shown in Fig.
17. The corresponding reflection coefficient (S11) is reported
in Fig. 18. A good matching is obtained in the 19.3–22GHz
frequency band.
Figure 19(a) presents the antenna gain pattern simulated at

20GHz in the ϕ = 0◦ cut-plane. The results reveal two CP
beams pointing at θ1 = 24.5◦ and θ2 = −30.5◦. The first
beam shows a maximum gain of 16.8 dBi, while the second
beam achieves a maximum gain of 16.9 dBi, with a 3 dB gain
bandwidth of 5◦.
The ϕ = 90◦ cut-plane is reported in Fig. 19(b). The two LP

beams are directed at θ3 = 24.48◦ and θ4 = −30◦. The third
beam exhibits a maximum gain of 18.54 dBi, while the fourth
beam has a maximum gain of 18.6 dBi, with a 3 dB gain band-
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FIGURE 12. Antenna gain in the ϕ = 0◦ cut-plane. (a) Simulated gain at 20GHz. (b) Measured gain at 20GHz. (c) Measured gain at 20.6GHz.

FIGURE 13. Simulated and measured maximum gains in the frequency
range spanning between (19 and 21.5GHz) withmain beam directions.

width of 5.25◦. The corresponding cross-polarization levels are
−9.43 dB for the third beam and −9.2 dB for the fourth beam.
A small inaccuracy of the pointing angle appears when the

beam deviates significantly from the broadside direction. Nu-
merical investigation of other antenna designs confirms this
kind of behavior. This fact agrees with the difficulty of radi-

ating grazing beams with planar aperture antennas. The cross-
polarization level is higher in the first beam than in the other
three. Numerical investigation shows that the level of cross-
polarizations is inversely proportional to antenna size. This can
be explained by the fact that the beam angular width and sec-
ondary beam levels of each beam radiated by the current distri-
bution (11) are inversely proportional to the size of the antenna.

4.3. General Performance Considerations
Table 1 provides a comparison of the measured performance
of the two-beam antenna with some solutions available in the
literature. As may be noted, the majority of these solutions
make use of multiple ports. By optimizing the location of each
port, it is possible to use the entire antenna surface almost in-
dependently of the other ports, allowing the optimization of the
aperture efficiency at the expense of increasing the complex-
ity of the antenna and control electronics. The only solution
that has only one port uses a tensor metasurface. This type of
metasurface, which is more technologically complex to imple-
ment, provides control over the direction of the antenna’s aper-
ture field, so in principle it allows a higher aperture efficiency
than antennas using scalar metasurfaces. Our solution turns out
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(a) (b)

FIGURE 14. Antenna gain as a function of the frequency. (a) RHCP component. (b) LHCP component.
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FIGURE 15. Measured axial ratio of two-beam metasurface antenna.
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FIGURE 16. Measured aperture efficiency vs. frequency.

FIGURE 17. Multibeam antenna layout and 3D pattern.
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FIGURE 18. S11 parameter variation for the four-beam MTS antenna.
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FIGURE 19. (a) Simulated right-hand circular polarization and left-hand circular polarization components. (b) Simulated theta cross polarization and
phi co polarization components.

TABLE 1. Performance comparison of multibeam MTS antennas.

Ref. Freq (GHz) Aperture Area Ports Beams Gain (dBi) Aperture efficiency
[34] 12 9.6λ0 × 8λ0 2 2 16 4.1%

[35] 28 0.5π(9.4λ0)
2 1 1TM + 1TE 18 for TM

17.3 for TE
3.6%
3.1%

[36] 14 10λ0 × 10λ0 7 7 20 8%
[37] 24 π(10λ0)

2 4 2 21 (Simulation) 3.2% (Simulation)

[38] 17
20

13.5λ0 × 13.5λ0

15.9λ0 × 15.9λ0
2 2 18.3

22.4
3%
5.5%

This work 20.6 π(6λ0)
2 1 1RHCP + 1LHCP 19.48 for RHCP

19.64 for LHCP
5.9% for RHCP
6.1% for LHCP

to be very competitive from a performance point of view but
has the advantage of structural (single port and scaled metasur-
face) and design simplicity. Thus, scalar metasurface antennas
can be considered an interesting solution for the realization of
planar multi-beam antennas.

5. CONCLUSION

In this paper, we present a simple and innovative procedure
to design multi-beam planar antennas using scalar-modulated
metasurfaces. The expression of the metasurface impedance is
presented in analytical form for an arbitrary number of beams
and arbitrary polarization, while a numerical optimization is
presented for the feeder. The resulting design procedure has
been presented in a block diagram scheme. A physical pro-
totype of a two-beam CP metasurface antenna was fabricated
and tested, demonstrating a good agreement between simulated
and experimental results in terms of S parameters and radiation
patterns. A second antenna design, radiating four orthogonally
polarized beams in different directions, was validated through
numerical simulations. The future work aims to incorporate re-
configurable printed elements, to achieve dynamic control of
the radiation pattern, enabling adaptive beamforming and in-
terference mitigation.
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