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Abstract—We extend the current-based metasurface synthesis
of tensorial surface impedance to demonstrate beam switching
with multiple feeds and one-beam-per-feed. The process optimizes
the surface current (as opposed to impedance), and impedance
determination is carried out as a post-processing. The cost
functional encodes tensor-impedance passivity and realizability,
and far-field masks. To achieve beam switching, we add a
functional enforcing pairwise cross-testing constraints among all
excitations to ensure co-existence of multiple currents on the
same aperture due to different feeds. The resulting current-only
problem is solved with a nonlinear conjugate-gradient method
featuring a closed-form line search, and the optimized tensor
impedance is realized using unit cells ad-hoc selected from a
database of precomputed geometries.

I. INTRODUCTION

Metasurface antennas comprise electrically thin, planar ar-
rays of subwavelength unit cells that sculpt aperture fields
and radiation patterns with fine spatial resolution [1]. The
associated design task is inherently large scale—each cell
contributes one or more controllable parameters—so accuracy
and computational efficiency are both critical.

We model the aperture via an Impedance Boundary Con-
dition (IBC) and explicitly synthesize fensorial (anisotropic)
sheet impedances. Anisotropy increases control over the con-
version of bound surface waves into leaky radiation, which
in practice correlates with improved efficiency, reduced side-
lobes, and higher gain [2], [3]. In line with recent formulations
that target tensor impedances directly [4], [5], our work builds
on a current-based framework [6] extended to realistic feeding
[7]. The optimization variable is the surface current, and all
requirements are encoded as functionals of that current.

This paper addresses passive multi-feed beam switching on
a single, fixed aperture; beam reconfigurability is a necessary
feature in modern telecommunication systems [8]. Multiple
feeds are embedded in the same structure; each feed is
designed to excite one predetermined beam, and the scan is
realized by selecting the active feed (no tunable components
or biasing). To ensure that the shared tensor-impedance sheet
guarantees the co-existence of feeds, we introduce pairwise
cross-testing constraints. Let R, := (J,, E,) denote the “cor-
relation” between the equivalent current due to feed p and the
electric field produced by feed ¢; we enforce I2,,;, = R, for all
p # q, which ensures consistency across feeds while remaining
compatible with the current-only formulation. The composite
objective function comprises (i) realizability/passivity terms
and pairwise cross-testing constraints to ensure consistency

of all feeds on the shared metasurface. (ii) far-field penal-
ties enforcing masks on beam-width, side-lobes, and cross-
polarization. The resulting polynomial structure enables a non-
linear conjugate-gradient (NLCG) solver with a closed-form
line search for rapid iterations at scale. After optimization,
the synthesized tensor pattern is realized using anisotropic unit
cells drawn from a precomputed database; rotation of the unit
cells sets the anisotropy orientation [6], [9].

II. METASURFACE WITH MULTIPLE FEEDS

Consider a tensor metasurface (MTS) excited by multiple
feeds f,, n = 1,..., Ny, placed at distinct locations and
independently excitable. Let {E,,J,} denote the tangen-
tial electric field and the equivalent surface current on the
MTS when only f, is active. These quantities are related
by the (position-dependent) surface-impedance tensor. Since
all beams must be produced by the same physical sheet,
the impedance pattern must be identical for all excitations;
equivalently,

Etn(r) :?(T‘) 'Jn(r)v n= 17-~-aNf (D

with Z = jX, I + jX« K + jX, L being the purely reactive
impedance tensor of the passive and lossless MTS [10].
The basis dyadics I, K and L, expressed in the Cartesian
coordinate basis (&, ), are given by:
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Because the impedance pattern is common to all excitations,
we can perform pairwise cross-tests of (1) for any feed pair

(p,q):
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with (a,b) indicating the symmetric bilinear form

(a,b>:AiE/Ea~de, (6)

where X is the surface of interest and Ay is its area. Devel-
oping the products on the right hand side of (5) shows that
every “correlation” integral R,, := (J,, E,) is equal to its
reciprocal, i.e.,

<Jp7th>:<anEtp>7 paqzlava (7)



Thus, enforcing (7) for every feed pair (p, ¢) guarantees the co-
existence of the associated fields {Exp, Jp}, { Etq, Jq} on the
same passive and lossless MTS; accordingly, (7) constitutes
the additional constraint that the current-based synthesis must
impose to accommodate multiple feeds on a passive, lossless
metasurface.

III. CURRENT-BASED IBC SYNTHESIS

Within the current-only metasurface synthesis framework of
[6], [7], [9], the algorithm minimizes a total cost function that
can be written as

f = frad+fibc+fpecu (8)

where each term is a functional of the surface current only.
Specifically, fiaq encodes the radiated—field specifications
(e.g., beam-width, side-lobes, cross—polarization), fip. en-
forces realizability constraints on the IBC region, and fpec
imposes the PEC condition used to model realistic feeding
structures [7].

As explained in Section II, in order to expand this method
to deal with a multi-feed, multi-beam environment, a new
functional f,¢ enforcing (7) must be added to the objective
function (8) to be minimized:
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These constraints must be evaluated locally on the MTS;
specifically, the surface is meshed with a triangular tessel-
lation, and the EFIE-IBC forward problem is discretized
following the Method of Moments approach with Galerkin
testing and L Rao-Wilton-Glisson (RWG) basis functions A;
[11]. When dealing with multiple feeds, the array of unknown
current coefficients that the algorithm aims to optimize con-
sists of the concatenation of coefficients of all surface currents:

where, for every n = 1,..., Ny,

Jn=> LA, I=1,..L.
l

(1)

Therefore, the total number of unknown is N = Ny - L.

The far-field mask-type constraints are set independently
on each set of currents, according to the desired pattern and
polarization, in the same way as in the case of a single feed
outlined in [6]. On the other hand, the strategy for enforcing
the tensor impedance realizability constraints introduced in
[9] must be adapted to a multi-feed scenario; specifically, the
impedance components X;, X and X, must be expressed
as functions of all sets of fields coexisting on the MTS.
Similarly to the procedure outlined in [9], we cross-test (1)
for every feed p = 1,..., Ny against the testing functions

Tro(r) = T - Ji(r), with T being equal to I, N, K or

f, for every other ¢ = 1, ..., Ny. After some calculations, we
find the following expressions for X;, X and X :

XI = 7PN/«.7N7 (12)
Xy = —P, /T, (13)
X, = P/, (14)
where
Po=Re{3[(7; N Biy) +(J; N Ey)]}, (15)
p,q
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The tensor impedance constraints are then enforced with the
same functionals as in [9]. The tensor impedance pattern
computed from the optimized currents can be implemented by
selecting a suitable anisotropic unit cell from a precomputed
database [9].

IV. RESULTS

The prototype is a circular metasurface designed at f =
38.5 GHz with radius of R = 78 mm = 10)\g (Where )\g is
the free-space wavelength at 38.5 GHz). It is implemented on
a grounded Rogers RO3003 substrate with relative permittivity
e, = 3.0 and thickness h = 0.635 mm. The excitation is
modeled as the fundamental TMj cylindrical surface wave
supported by the grounded substrate, which captures the
dominant contribution from practical feeds (e.g., a vertical
probe/pin) to the launched tangential electric field over the
metasurface.

Our experiments demonstrate the coexistence of multiple
beams on a single passive aperture, enabling passive beam
switching, in two scenarios: (i) multi-beam with separated
beams for discrete switching, and (ii) multi-beam with over-
lapping beams to support continuous beam coverage.

The first experiment demonstrates a multi-beam configu-
ration with two separated beams, generated by two feeds
spaced by 8\ center-to-center on the metasurface. One feed
is designed to produce a squinted beam at § = —30°, while
the other generates a broadside beam. As shown in Fig. 1, the
synthesized tensor-impedance distribution yields two clearly
separated beams excited by their respective sources. The re-
alized surface current and the realized impedance distribution
are shown in Figs. 2 and 3, respectively. The realized peak
gain is about 31 dB for both beams, and the first sidelobe for
squinted beam lies 19dB below the peak. This value for the
broadside beam is 25 dB below. The aperture efficiency is 33%
for the squinted beam and 34% for the broadside beam.

The second experiment realizes multibeam with two over-
lapping beams for continuous coverage in beam switching. we
evaluate the feasibility of closely spaced beams with sufficient
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Fig. 1. Separated beams: realized gain pattern in the plane ¢ = 0° for two
feed sources, generating a squinted beam at —30°, and the other at broadside.
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Fig. 2. (a) Surface current for squinted beam at —30° (b) Surface current
for broadside beam

overlap (the usual —3 to —5dB crossing point [12]). In view
of providing several beams and thus separated feed points,
we have introduced a rectangular slot in the metasurface to
enable repositioning of the feed sources. In this experiment,
two closely spaced beams were designed with the feeds placed
at a center-to-center spacing of 1)\g, and the patterns were
specified to intersect at —5 dB. As shown in Fig. 4, reducing
the feed separation and introducing the slot limits the degrees
of freedom in the impedance pattern, which results in elevating
sidelobe levels. The resulting surface current for one feed,
in the presence of the second, is reported in Fig. 5, while
Fig. 6 shows the corresponding synthesized tensor-impedance
distribution.

The maximum realized gain of beams is 30 dB for broad-
side, and 31 dB for squinted beam. The aperture efficiencies
of the squinted and broadside beams are 22% and 24%,
respectively. The reduction of aperture efficiency with respect
to the previous experiment is attributed to the slot. To obtain
clean separation between closely spaced beams, a good initial-
ization of the surface current is essential. Our procedure is: (i)
independently optimize the metasurface current and synthesize
the (tensor) impedance for each target beam; (ii) compute the
geometry-aligned average of the resulting impedance maps;
and (iii) solve the EFIE on this averaged sheet (with the
intended multi-feed excitation) to generate the initial currents
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Fig. 3. Synthesized surface tensor components of the circular MTS antenna
radiating a circularly polarized broadside beam and a squinted beam at —30°,
with a rectangular slot used to position multiple feeds for beam scanning.
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Fig. 4. Overlapping beams: realized gain pattern in the plane ¢ = 0° for
two feed sources generating a squinted beam at —4°, and at broadside.

for the joint optimization.

V. CONCLUSIONS

In this work, we extend a current-based synthesis of tensor
metasurfaces to enable passive beam switching with multiple
coexisting feeds, where switching is performed by exciting a
selected feed on a single fixed aperture. We verify two cases:
(i) multi-beam with separated beams for discrete switching,
and (ii) multi-beam with overlapping beams to support con-
tinuous switching. Demonstrations on a circular metasurface
producing a pencil beam and a squinted beam confirm the
efficacy of the proposed method.
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Fig. 5. (a) Surface current for squinted beam at —4° (b) Surface current for
broadside beam
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Fig. 6. Synthesized surface tensor components of the circular MTS antenna
radiating a circularly polarized broadside beam and a squinted beam at —4°,
with a rectangular slot used to position multiple feeds for beam scanning.
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