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Abstract—This paper describes various possibilities for de-
signing multibeam antennas using a single metasurface (MTS) 
aperture. Both single-source and multi-source feeding schemes 
are considered. For the single-source case, two approaches are 
investigated: i) division of the aperture in several angular sec-
tors (one per beam) and ii) superposition of the individual 
modulations required to obtain the beams in the desired direc-
tions. A configuration based on a multi-source feeding scheme 
is also tailored by a superposition of modulation patterns. Nu-
merical results based on the Method of Moments are presented 
for validation. 

Index Terms—Metasurface antennas, multibeam antennas, 
antenna efficiency, leaky waves. 

I.  INTRODUCTION 

Modulated metasurface (MTS) antennas have undergone 
an unprecedented development in recent years [1]-[5]. Their 
main advantages are the low-profile, light-weight and effi-
cient control of the aperture fields, which make them attrac-
tive for deep space communications in the microwave range 
[2], and for science instruments at submillimeter-waves [5]. 
However, to date, only a handful of works [6]-[7] have treat-
ed the problem of obtaining multiple beams with a single 
MTS aperture. Previous works have used isotropic surface 
impedances, which present a low aperture efficiency, owing 
to the high level of cross polarized fields [2]. Indeed, [7] is 
more focused on beam frequency scanning than on aperture 
efficiency. Since the aperture efficiency is a key parameter in 
many applications, we use here an anisotropic impedance 
instead. This paper builds on the results obtained in [2] and 
[4] to study the generation of multiple beams using either a 
single source or multiple sources. An added value to the pre-
sented approach is the control of the aperture fields’ ampli-
tude such that the aperture efficiency is high. 

Radiation by MTS antennas stems from the interaction of 
a cylindrical surface-wave (SW), excited by a point source, 
with a periodically modulated Impedance Boundary Condi-
tion (IBC). The periodic modulation is tailored in such a way 
that the (-1) indexed Floquet mode falls into the visible re-
gion, thus becoming a leaky-wave. The modulation is 
achieved by changing the shape and orientation of sub-
wavelength patches, printed on a grounded slab (plane z = 0) 
with relative permittivity εr and thickness h (see Fig. 1a). In 

the following, we will represent the cladding as a sheet tran-
sition IBC [8],[9] given by X  as: 

 ( )0 0
ˆ t t tz z

j j+ −= == ⋅ × − = ⋅E X z H H X J   (1) 

where J  represents the difference in the tangential compo-
nents of the H-field on either side of the MTS, and it can be 
viewed as the current flowing in the cladding. tE  is the aver-

age of the E-field on either side of the MTS. Under certain 
assumptions of symmetry in the patches’ shape and in ab-
sence of losses, X  is a Hermitian tensor [10]. 

 
Fig. 1. (a): Reference structure composed of a grounded dielectric slab, 
printed with sub-wavelength metal patches. (b)-(d) X ρρ  component of the 

surface reactance tensor of MTS apertures which provide two beams. Three 
solutions are presented: (b) single source with partition of the aperture in 2 
sectors; (c) single source with aperture sharing by a superposition of modu-
lated impedance patterns, and (d) two sources with aperture sharing by a 
superposition of modulated impedance patterns. 

II. MULTIBEAM METASURFACE ANTENNAS 

Multiple beams will be obtained with a single MTS aper-
ture by means of three different configurations, schematical-
ly shown in Fig. 1(b)-(d). The proposed architectures are: 
A). Single source with aperture partition in angular sectors. 



B). Single source with superposition of impedance modula-
tion. 

C). Multi-source with superposition of impedance modula-
tions. 

In cases A) and B), a single vertical electric dipole (VED) at 
the center of the aperture (red dots in Fig. 1) and on the MTS 
plane is used to create multiple beams simultaneously. Con-
versely, in case C) we have several VED sources in different 
positions, which are used to excite different independent 
beams. We will limit the analysis in this paper to the case of 
two right-handed circularly polarized (RHCP) beams. More 
general cases can be found in [11]. All the examples present 
a 12λ aperture radius, with λ being the wavelength, at 26.5 
GHz, and have been designed for a substrate with εr=9.8 and 
h=0.508 mm. The surface impedance patterns required to 
obtain two beams with solutions A), B) and C), are shown in 
Fig. 1(b), (c), and (d), respectively. We will denote the direc-
tion of each beam by 

 0 0 0ˆ ˆ ˆ ˆsin cos sin sin cosn n nθ ϕ θ ϕ θ= + +r x y z   (2) 

where  =1, 2n , 0 30θ = ° , and 1 20,ϕ ϕ π= = . In turn, ρ will 

be the observation point on the MTS plane, described in cy-
lindrical coordinates ( ),ρ ϕ , and with unit vector ( )ˆ ˆ,ρ φ . 

Now, the (-1) term of the Floquet-wave expansion, which 
provides the tangential electric field in the aperture plane, 
can be written as: 
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where 1 0ˆ ˆcos , jθ= +e x y  2 0ˆ ˆcos jθ= − −e x y , and k is the free 

space wavenumber. 

A. Case A): single point source with aperture partition 

The design method in [4] is adopted to provide two 
beams by writing the tensor surface reactance as the sum of 2 
angular sectors 
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where ( )AU u a ρ= − , with u(x) being the unit step function, 

and ( )nU ϕ  represents each of the two sectors which result 

from dividing the aperture along the y axis. The functions Un 
provide the partition in angular sectors. In addition, the ten-
sor elements for sector n will be modulated to provide a 
beam in direction ˆnr . Such modulation can be written as 
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where swβ  is the radial wavenumber of the SW excited by a 

VED on a MTS with surface reactance X0, namely, the aver-
age impedance in (5) [2]. In all the examples, / 1.38sw kβ = . 

The normalized modulation function ( )m ρ  has been ob-

tained as in [4], to increase the aperture efficiency. The mod-
ulated reactance tensor in (4) has been simulated with the 
Method-of-Moments code in [12]. Fig. 2(a) and (b) present 
the obtained RHCP and left-handed circularly polarized 
(LHCP) components of the far-fields in the ( ),u v  plane, 

where sin cosu θ ϕ=  and sin sinu θ ϕ=  are the cosine direc-
tion of the principal axis. Each beam presents a 28.8 dBi 
gain, and the maximum cross-polar (X-Pol) level is 12.3 dBi. 

 
Fig. 2. (a) RHCP and (b) LHCP gains in the u-v plane for the reactance 
tensor given by (4). 

B. Case B): single source with aperture sharing 

Now, instead of dividing the aperture in independent an-
gular sectors, the individual modulation patterns for every 
beam are added up at each point of the aperture. Namely, the 
transparent surface impedance tensor reads as 
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where the components of the tensor are defined as in (5). The 
difference between (5) and (6) is that in (6) the partition 
function nU  is omitted, i.e., the four elliptical modulation 

patterns coexist on the same aperture. The results for the 
MoM simulation of the reactance tensor in (6) are shown in 
Fig. 3(a) and (b), which show the RHCP and LHCP far-
fields, respectively. In this case, the beams’ gain is 31.5 dBi 
and the maximum X-Pol level 12.6 dBi. 

 
Fig. 3. (a) RHCP and (b) LHCPs gain in the u-v plane for the reactance 
tensor given by (6). 

C. Case C): multiple sources with aperture sharing 

The main difference with respect to (6) is that each ( )nX  



will be referred to a local coordinate system centered at its 
corresponding feeding point. Hence, the observation point in 
the aperture plane will be given by n n= −R ρ ρ , where nρ  

is the position vector of the n-th source. The unit vectors 
centered at the sources are  

 ( ) ( )ˆ ˆ ˆˆ/ ,nnn n n n nnnR= − = ×κ ρ ρ γ z κ   (7) 

where n nR = −ρ ρ , and the surface reactance tensor can be 

written as 
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where the expressions for ( ) ( ) ( ), ,n n nX X Xκκ κγ γγ  can be obtained 

from (5) by formal substitution of the subscripts ,ρ ϕ  by 
,κ γ , respectively. 

Fig. 4(a) and (b) show the u-v plane RHCP and LHCP 
far-fields, respectively, obtained by exciting the VED locat-
ed at 1 ˆ1.375λ=ρ x , whereas the other source is passively 

terminated. With this configuration, we obtain one beam 
with 31.1 dBi gain, and X-Pol levels below 12.7 dBi. 

 
Fig. 4. (a) RHCP and (b) LHCPs gain in the u-v plane for the reactance 
tensor given by (8). 

III. CONCLUSION 

Next, we will discuss the performance of the three solu-
tions. To that end, the “beam efficiency” is defined as the 

quantity 2
0/ [cos ( ) ]b NG kaε θ= , where N=2 (number of 

beams) and 2
0cos ( )kaθ  is the maximum gain provided in the 

direction 0θ  by a uniformly illuminated circular aperture of 

radius a. For case A) in Fig. 2, we have 30.8%bε = , while 

with case B) one obtains 57.4%bε = . This is expected, given 

that in case B) each beam is formed by the entire aperture 
instead of by just one sector. Finally, in case C) one has 

52.3%bε = . As opposed to the single-source case A) and B), 

independent control of the beams is obtained by introducing 
multiple sources. By exciting each source one will activate 
one beam at a time. The produced beams are quasi-
orthogonal, which offers a significant advantage for pro-
cessing signals impinging from different directions. Applica-
tions of the antennas presented here are found in Doppler 
radio-guides and radio altimeters. 
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