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Abstract—In this contribution, we discuss the modeling of cylin-
drical Huygens metasurfaces wrapping linear antennas through
the array antenna theory. In particular, it is shown that the
circular array pattern synthesis can be efficiently exploited to
model conformal metasurfaces used for wavefront manipulation
in view of beamforming applications. By considering the meta-
surface unit-cells as the equivalent radiating sources of a circular
array, the shape of the emerging radiation pattern is accurately
predicted. The proposed approach is validated through several
examples where the radiation patterns are modified acting on the
excitation phases of the equivalent circular array sources, and are
compared with full-wave numerical simulations considering ideal
coating metasurfaces designed with conventional techniques. This
innovative design strategy allows to further expands the possibility
enabled by metasurface coatings in radiation pattern manipulation,
potentially improving the functionality of metasurfaces through
full control over the radiation characteristics.

Index Terms—Antennas array, beamforming, coating meta-
surfaces, Huygens metasurfaces (HMSs), metasurfaces.

1. INTRODUCTION

HE current wireless communication scenario of 5G and 6G
T offers great opportunities for the introduction of innovative
communication technologies [1]. Indeed, for overcoming the
limitations of 5G networks, it is crucial to turn the wireless envi-
ronment into an adapted, controlled, sensing, and programmable
system [2]. In addition, to guarantee a sufficient signal strength
and minimize propagation losses due to the use of mm-Waves, it
is necessary to implement a denser base stations coverage. How-
ever, this may not always be a feasible or economically viable
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solution due to the high costs of the acquisition of new sites,
rental fees, maintenance, and power supply [3]. Moreover, the
massive densification of antennas and the changing operational
scenarios required the development of compact add-on solutions
for adapting pre-existing antennas [4], [5].

In this complex framework, metasurfaces are expected to
play an important role as a key enabling technology of fu-
ture communication systems [6], [7], [8], and devices with
reconfigurable capabilities enabled by metasurface coatings can
play a crucial role also for achieving a tunable scattering re-
duction [9], implementing photonic memories [10], increasing
performances of communication systems by implementing both
space- and frequency-division multiplexing [11], or designing
metasurface-coated devices for energy-efficient and secure 6G
communications [12]. Moreover, compared to conventional ac-
tive beamforming solutions for metasurface-based devices (e.g.,
[13], [14]), we recently proposed the concept of a single feed
beam-scanning wire antenna, based on the use of fully passive
Huygens metasurface (HMS) coatings. This solution is able
to modify the original omnidirectional radiation pattern of a
central linear antenna source acting on the precise control of
the amplitude and phase of the output fields. [15], [16]. Indeed,
HMSs consist of unit-cells that guarantee the full transmission
of the impinging field and full control over its phase through a
proper combination of the electric and magnetic dipole moments
[17], [18]. In addition, the possibility of properly tailoring the
electric and magnetic impedances of an HMS allows for a
peculiar unidirectional radiation pattern [19]. Thanks to these
exciting properties, in the last decade, HMSs have shown wide
possibilities in modifying the electromagnetic wavefront and,
among them, the design of phase-gradient metasurfaces for
refracting in unconventional ways the incoming field is one of
the most discussed [20]. More specifically, in [16], we have
shown that thanks to their wavefronts manipulation capability,
cylindrical HMS mounted around a wire antenna can transform
the omnidirectional pattern into multiple beams pointing toward
specific desired directions. Indeed, by properly designing a
gradient HMS, it is possible to modify the phase-insertion on
the H-plane of the wire antenna. In particular, the division of
the HMS in multiple and different cells allows to introduce a
variation of phase response modeled through the ray-tracing
approach, which is simple to implement and use to obtain the
desired pointing directions. However, this approach neglects
several complex aspects to achieve fine and precise control over
the overall radiation pattern shape and direction. Indeed, this
method does not take into account the angular response of the
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Fig. 1. (a) Schematic of the cylindrical HMS structure placed around the cen-
tral antenna source. The different colors pictorially represent the phase-gradient
introduced by the coat. (b) Geometrical schematic of the 2-D metasurface model
based on the circular array theory. The array is composed of N elementary
radiating sources representing the single unit-cells of the metasurface.

HMS cells as well as the superposition of the different wave-
fronts in different directions. To overcome these limitations, in
this letter, we describe how to improve the model of the proposed
system with the use of a circular array synthesis approach. It is
also worth noting that, compared to conventional beamforming
solutions, cylindrical HMS uses passive metasurfaces that do
not require complex, bulky, and power-hungry beamforming
networks. Moreover, this solution does not suffer from typical
mutual coupling limitations arising between the active elements
of the array.

The rest of the letter is organized as follows. Section II de-
scribes the design of the HMS using the circular array synthesis.
In particular, the working principle for achieving beam manip-
ulation is discussed and the circular array theory is exploited
for the modeling of cylindrical HMSs used for coating wire
antennas. Then, in Section III, some different beams configura-
tions modeled and designed with the proposed method are pre-
sented, and the corresponding results are compared with the ones
obtained by full-wave numerical simulations considering ideal
coating metasurfaces designed with conventional techniques.
Finally, Section IV concludes this letter.

II. ARRAY THEORY FOR THE METASURFACE COATING DESIGN

In this section, we exploit the antenna array theory for the
modeling, design, and performance evaluation of cylindrical
HMSs used for coating wire antennas and introducing beam-
forming functionality. In our recent publication [21], we im-
plemented this kind of HMSs [Fig. 1(a)], designed around a
half-wavelength dipole, to introduce a phase-gradient on the az-
imuth direction and create a modification on the omnidirectional
pattern. The proposed HMS consists of anisotropic transition
sheets with inhomogeneous unit-cell along the azimuth [22],
which allow manipulating the original omnidirectional pattern
of the antenna on the H-plane direction. Indeed, with this struc-
ture, a distributed phase-insertion on the xy-plane is introduced
[21], leading to a focusing effect and beamforming capabilities
on the azimuth plane. In particular, to achieve beamforming
functionalities, the HMS should tailor its phase-insertion by
transforming the cylindrical wavefront on the horizontal plane
into planar wavefronts. The number of new radiation beams
is regulated by the spatial periodicity of the phase-insertion

IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. 22, NO. 11, NOVEMBER 2023

function. In [21], the phase-insertion function was evaluated
through a ray-tracing approach aiming at defining the phase
insertion introduced by the HMS unit-cells and implemented
through the surface impedance modulation.

Albeit the efficient beamforming capabilities and the physical
working principles of this design approach were demonstrated,
some limitations in the radiation pattern design were present,
such as the inability to predict the final directivity values of
the radiating beams, the sidelobe levels, and the nulls posi-
tioning. These limitations can be overcome by modeling the
HMS structure as a circular antenna array, whose geometrical
representation is shown in Fig. 1(b). In this model, we assume
that each cell of the HMS is represented by an antenna element.
In this way, we can describe the behavior of the cylindrical HMS
using a circular array, consisting of NV isotropic antenna elements
placed on a circle of radius « in the xy-plane.

The total normalized field radiated by the array is given by

N
E, (Ta 9, (b) = Z Qp e_jkPn/Pn (1)
n=1

where k is the wave number, a,, is the excitation coefficient of
the nth antenna element, and P,, is the distance of the nth ele-
ment from the observation point. When considering the far-field
approximation P,, = (r% + a® — 2ar cos wn)l/ 2 hence, (1) can
be specified for the geometry under consideration as

e*jkr
E"L (T7 0, qs) =

N
Z anejka sinf cos(p—pn,) (2)

r
n=1

where ¢,, is the angular position of the nth radiator on xy-plane,
0 represents the elevation angle from the positive z-axis, ¢ is the
azimuth angle from the positive x-axis, and where the excitation
coefficient of the nth antenna element can be rewritten as a,, =
I, et~ with I, and a, the excitation amplitude and phase,
respectively.

From (2), we can observe that the expression of the total
electric field of the array is defined by the field of a single
radiating element multiplied by the array factor [23]

N
AF (07 ¢) — Z Inej[ka sinf cos(p— ¢, ) +an] (3)
n=1
reducing (2) to
e—jkr
E, ('ra 0, ¢) = , AF (9, qb) . )

For pointing the main beam toward (6, ¢¢), the excitation
phases in (3) must be chosen as [23]

«a, = —ka sinfy cos (¢0 - ¢7z,) . o)

In our case, since we focus our attention on steering the radi-
ation pattern on the H-plane of the antenna (i.e., the xy-plane),
0 is assumed to be 90°.

It is worth noticing that, to correctly model the HMS coating,
the number of radiating elements should be the same as the
HMS cells and the radius a should be equal to the HMS radius.
More importantly, the Huygens cells composing the metasurface
are characterized by a directive element pattern that must be
judiciously taken into account for the proper evaluation of the
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Fig. 2. (a) Pictorial representation of the element pattern in the circular array
schematic when compared to the main look direction of the array. (b) HMS
unit-cell schematic composed by three metasurface layers and two thin dielectric
substrates, and its radiating pattern compared to the cosine function.

overall array pattern. Namely, Huygens cells are characterized
by an element pattern pointing at the boresight with ideally zero
backscattering. In addition, in a circular array configuration, the
element pattern plays an important role in the total array pattern
since each element is facing a different direction depending on
the position of the element itself. In other terms, the element
pattern expression has a different value in each summand of (4).
This concept is graphically illustrated in Fig. 2(a), where the nth
element of the array is schematically shown with its element
pattern. As can be observed, due to the curved geometry of
the array, the single Huygens radiating element points toward
a ¢, direction, which could be different from the pointing
direction of the array. In addition, to define the element pattern,
we have to consider that the HMS cells exhibit a noncon-
stant angular response in the forward direction, as shown in
Fig. 2(b) (blue line). To properly characterize the element pattern
of the single Huygens cell [Fig. 2(b)], full-wave simulations
when considering a stacked configuration of impedance sheets
typically used to properly collocate the electric and magnetic
dipole moments ensuring forward propagation are implemented.
Indeed, this configuration is the one considered in [16] and
used as a reference. Considering a phase-insertion profile on
the azimuthal plane, 6 is assumed to be 90° and by imposing
periodic boundary conditions and considering Floquet modes
excitation, the element pattern from the antenna source can be
extracted. As can be appreciated in Fig. 2(b), the cell element
pattern well fits a cosine function and can be thus defined as

cos (¢ — d,) —90° < @ — ¢, < 90°
0 otherwise '

gn (@) = (6)

As expected, the extracted Huygens cell scattering pattern is
consistent with the results discussed in [24]. Please note that (6)
assumes constant behavior of the element pattern on the 6 plane.
Finally, once derived the expressions for the cell element pattern
and the array factor, the overall array pattern is expressed as

N
AP(§) =Y _ I elthesnocoslomintenlg, () (7)

n=1
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Fig. 3. (a) Schematic of the circular array when it is divided into two semicir-
cular sectors with the main lobes radiating toward ¢¢ = 0° and g = 180°. (b)
Normalized directivity pattern of the proposed configuration evaluated through
the antenna array theory and compared with the response of an equivalent HMS
coat designed through the ray-tracing approach. Colored dots represent the
geometric position of the antennas in the array.

and the directivity of the circular array D(0,¢) can be thus
evaluated as

At | APy |?

D(0,¢) = ——— :
00 2T [TAP (0, 0)d0dg

®)

It is worth noting that for the comparison with our three-
dimensional scenario, (8) returns valid results just for § = 90°
since we assumed the element pattern to be a function just of
the azimuth angle. Still, (8) would return valuable results for
each elevation plane when including in (6) the dependence of
the single element response also on the elevation angle.

III. BEAMFORMING CONFIGURATIONS

In this section, we validate the presented antenna array model
for a circular HMS, discussing three different array configura-
tions.

We compare the analytically derived results in terms of ex-
pected radiation patterns with the ones coming from the synthe-
sis of the HMS through the ray-tracing approach presented in
[16]. In the latter, the unit-cells are implemented in a full-wave
EM simulation tool as subwavelength constituents of the cylin-
drical HMS coat. Hereinafter, without losing generality, the case
of a coating metasurface characterized by aradius a = A /2 and
operating frequency fy = 3 GHz is considered.

A. Two Sectors

As a first example, let us consider the case of an HMS used
to produce two symmetric beams radiating at opposite sides. In
order to create two symmetric beams along the x-axis, in (3),
0o is selected as 90° and ¢q as 0° and 180° [Fig. 3(a)]. Hence,
the array is divided into two semicircular sectors (i.e., M = 2)
and each sector is composed of N/2 = 9 elements as shown in
Fig. 3(a). In other terms, we are considering the case of an HMS
consisting of 18 unit-cells. Once the number of main beams and
their pointing direction is fixed, (5) is used to derive the values
of the excitation phases, while equal excitation amplitudes are
assumed.
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Fig. 4. (a) General schematic of the circular array when it is divided into
three sectors with the main lobes radiating toward ¢g = 0°, ¢g = 135°, and
¢o = 225°. (b) Normalized directivity pattern of the N = 19 configuration
evaluated through the antenna array theory and compared with the response of
an equivalent HMS coat designed through the ray-tracing approach.

In Fig. 3(b), the normalized directivity polar pattern of the
array configuration (violet line) is compared to the radiation
pattern coming from the design of an HMS structure obtained
with the ray-tracing approach (black dashed line). A very good
matching between the two curves can be observed. The array
model accurately predicts the shape of the radiation pattern, the
beamwidth, and the sidelobe levels. Moreover, through (8), it
is possible to calculate the maximum directivity value which is
6.88 dB. As expected, this is a higher value compared to the
maximum value returned from the full-wave results (6.03 dB)
since in the latter a realistic HMS configuration is considered.
Remarkably, (8) gives an indication of the maximum directivity
values that a realistic HMS setup can achieve, expanding the
antenna designer possibilities.

B. Three Sectors

Here, we want to evaluate a more complex case to demon-
strate the versatility of our approach in accurately modeling the
beamforming functionality of HMS coatings. In particular, we
consider a three-beam HMS coated linear antenna with N = 19
(the number of elements was increased compared to the previous
case to ensure an integer number of elements per sector), in
which half of the metasurface is pointing toward ¢y = 0° and
the second half has two main directions, respectively, to 135°
and 225°.

The full-wave numerical results of the designed HMS struc-
ture compared to the array pattern obtained using the array
synthesis approach are reported in Fig. 4(b). Here, once again,
the excitation phases of the circular array are derived through
(5), while the realistic HMS is designed through the ray-tracing
approach. It can be observed a very good agreement between
the curves, although a slight deviation of the secondary beams
from the full-wave results is reported, mostly due to the mutual
coupling between the realistic cells. Moreover, in this scenario,
the maximum directivity value analytically evaluated is 6.72 dB,
while the directivity value of the secondary lobes points toward
¢o = 135°/225° is 5.89 dB. We remark that with the approach
proposed in [16], it was not possible to accurately predict the
directivity values obtained, as well as the magnitude and pointing
directions of the side lobes.
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Fig. 5. (a) General schematic of the circular array when it is split in two
sectors with the main lobes radiating toward ¢g = 0°, ¢g = 135°, ¢pg = 225°,
and ¢g = 315°. (b) Normalized directivity pattern of the proposed N = 20
configuration evaluated through the antenna array theory and compared with the
response of an equivalent HMS coat designed through the ray-tracing approach.

C. Four Sectors

Finally, we report the scenario of an HMS structure able to
shape the original omnidirectional pattern of the central antenna
element in four different beams. The case of an HMS imple-
mented through 20 unit-cells elements is considered while the
pointing direction of the beams are ¢y = 45°; 135°; 225°; 315°,
following the design schematic reported in Fig. 5(a). As can be
appreciated from the polar plots in Fig. 5(b), also in this scenario,
the radiation pattern is accurately predicted by the antenna array
model. Namely, the four radiation beams are identified (with an
expected maximum directivity value of 5.55 dB). We remark
here that this array model allows simplifying the design of
cylindrical HMSs excited by wire antennas and, compared to
a ray-tracing approach, provides more information about the
overall radiation pattern, such as the maximum directivity, the
beamwidth of the main lobes, or the magnitude and pointing
directions of the side lobes. In addition, it could be exploited
to apply the well-established array synthesis algorithms to the
design of HMSs, allowing further tuning capabilities.

IV. CONCLUSION

In this letter, we have presented an antenna array model for a
circular HMS used for introducing beamforming functionalities
in linear antennas. Through a rigorous model of the single
HMS unit-cells acting as the radiating elements of an equivalent
circular array, the excitation phases are analytically derived,
which correspond to the phase-insertion values to be introduced
by the HMS cells once fixed the desired pointing direction of
the radiating beams. Moreover, by exploiting the antenna array
theory, the beams’ shape and the directivity values are predicted.
As aresult, we are able not only to design the HMS for specific
pointing directions but also to predict, with good accuracy, the
beamwidth of the main beams and the side lobes of the overall
radiation pattern. The presented model allows further expand
the possibility enabled by HMS coatings in manipulating the
radiation properties of wire antennas, offering the possibility for
acomplete synthesis of the radiation pattern. Moreover, it allows
for the engineering of the radiation characteristics through the
conventional algorithms for array synthesis, an application that
may find particular interest in the design of reconfigurable
antennas for next-generation communications.
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