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Abstract—We present and discuss the synthesis of Leaky-
wave (LW) radiating metasurfaces for near-field applications.
The metasurface sheet transition Impedance Boundary Condition
(IBC) is computed after discretizing the relevant Electric Field
Integral Equation (EFIE) with Fourier-Bessel basis functions.
We have shown that the near-field of the MTS can be con-
trolled with a very good accuracy, down to a height of about
one wavelength from the surface. Several examples have been
successfully designed, which cover Bessel beam radiators for
focusing applications and multiple OAM beams. The designed
MTSs are numerically validated with the Method of Moments
(MoM).

Index Terms—Near-field focusing, OAM beams, modulated
metasurfaces, method of moments, bessel beams.

I. INTRODUCTION

Modern imaging, sensing and communication systems re-
quire an accurate shaping of the near-field radiation. Possible
applications concern the generation of Orbital Angular Mo-
mentum (OAM) beams [1]-[5], non-diffractive Bessel beams
for near-field focusing [6]-[8] or Magnetic Resonance Imag-
ing (MRI) systems [9]. Accurately shaping the near-field is
still a big challenge nowadays and sometimes requires com-
plex/expensive or specific systems, depending on the required
near-field effect. On the other hand, metasurfaces emerge as
a very promising technology due to their unique property
of controlling waves at subwavelength level [10]. This calls
for a proper synthesis of artificial surfaces, which present
in frequency bands, unusual electromagnetic properties. Such
structures have recently demonstrated their effectiveness for
applications involving space waves transmission [11], surface-
wave (SW) wavefront manipulation, and LW antennas [12].
Metasurfaces excited by SWs are of particular interest in space
applications since the structure can be made extremely flat and
low profile [13]. The aperture field synthesis of such surfaces
is carried out after modulating an anisotropic impedance
boundary condition (IBC). The IBC properly describes the
fields at the MTS in the homogenization limit. The present
paper is dealing with electric sheet IBC, which is defined as the
ratio between the aperture electric field and the surface current.
The IBC is synthesized in a circular domain and is excited by
a centered SW launcher [14]. Such a tensorial IBC can be
implemented by means of printed patches with small slots, as
already demonstrated in several papers [13], [15]. As proven
in [16] and [17], a sinusoidal or locally sinusoidal modulation
of a capacitive-sheet IBC leads to the appearance of several
harmonics of the fundamental SW. In antenna applications,
one may design the IBC in order to radiate only one of such
harmonics. However, in the case of near-field shaping, others
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harmonics can play an important role if they are very close to
the visible region. Recently, a formalism based on the Electric
Field Integral Equation (EFIE) has been proposed to design
circular domain [18] (or possibly elliptical domain [19], [20])
MTS antennas. In this framework, the IBC modulation is no
longer necessarily sinusoidal, but it is simply described in
a Fourier-Bessel basis. The Fourier-Bessel functions form a
complete set of orthogonal and entire-domain basis functions,
which serve to describe the current distribution as well as the
sheet IBC modulation. The sheet IBC is printed on top of a
grounded substrate. Our interest in the present paper consists
of proving that the EFIE formalism can be used to accurately
control the near-field of the metasurface down to distances
very close to the surface (about one wavelength). In particular,
we focus our attention on the generation of non-diffractive
Bessel beams, and OAM beams.

This paper is structured as follows. Section II summarizes
the design methodology, section III presents some numerical
results, and section IV draws some conclusions.

II. METASURFACE DESIGN
We consider a circular domain sheet transition IBC Z S(p)
of the following form:

Zg (p,¢) = 25" + P (p, ¢)

8 (p,¢) = 2§ (p,8) = P**(p, ) (1)
where Z, = diag(Z{”, Z$?) is the average impedance, p and
¢ are the cylindrical coordinates of a given point. Since we
are dealing with TM excited SWs, Z  is assumed to be purely

capacitive. Such IBCs can be projected into the Fourier-Bessel
basis as follows:

Zg,pz Z [K§p<m5,n5)+X§p(mS7ng)} Rong s (2)

ns,mgs

Zg¢ ~ Z Xspd)(m&ns) Rygns 3)
ns,ms

2§~ 3 (KL (ms,ns) = XE(ms,ns)] Bmsns ()
ns,ms

where KZ°(mg,ng) and K§¢(nzg,ns) correspond respec-
tively to the expansion coefficients of the average impedances
Z0 and Z3?. X5 and X5 are the unknown IBC reactance
modulations discretized into FBBFs. Finally, R, »s are the
FBBFs defined over the whole circular domain of radius a as
follows:

R (B0) =0 (22
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where A" is the m-th positive zero of .J,,(x) (the first kind
Bessel function of order n). In the absence of modulation,
namely considering only the average impedance Z_ , a TM
SW can be supported by the MTS. The wavenumber of
such a wave is kg, = ko + (Xop/m0)? where jX,, is
the impenetrable surface impedance, and 7 is the free-space
impedance. X, is obtained after adding to Z_ the contribution
of the grounded substrate. For near-field applications, k..,
should be taken as far as possible from kq since the excited
SW exhibits an exponential decay e~ ** from the surface,
with o = \/k2, — k%. In this way, the SW contribution can
be neglected, even staying very close to the surface. This
implies the choice of a high value of the opaque (impenetrable)

impedance.
The IBC satisfies the following integral equation [21], [22]:
J(p)| =-2xE;

ix | [] 600 Z,(p)
(6)

where QE 7 is the substrate Green’s function, E; is the MTS
excitation, and J is the surface current distribution.

As proven in [18], expression (6) can be solved to derive,
from the knowledge of the current J and that of the excitation
E;, the needed tensorial IBC Z 5 Moreover, the IBC can be
constrained (in a least-squares sense) to be anti-Hermitian
(property required in the absence of loss), which leads to the
following operator:

J(p') dS" —

Xs =1s.{EFIE"'(J)} (7

The reader is referred to [18] for more details.

The objective of the present paper consists of synthesizing
a given aperture electric field E(z,y). We assume that the
maximum spectral component k. of E(x,y) is lower than
ko, i.e E(kx, ky) = 0 for k, > ko with ko being the free-space
wavenumber. The difference with the procedure described in
[18], lies in the way the current J is found. Indeed, since the
desired aperture field is known, one can directly project it into
FBBFs and add the contribution of the SW, rather than starting
from the radiation pattern as done in [18], [19].

ITI. RESULTS

We present the design of Bessel and OAM beams. The
antenna is excited at the center (p = 0) by a vertical point
source, as in [18]-[22]. The operating frequency is 20 GHz.
The substrate has a relative permittivity of ¢, = 3.66 and a
thickness d = 1.52 mm. The antenna radius is a = 10\ and
the average reactance is Xy = —383 .

A. Non diffractive bessel beams

This section discusses the synthesis of a propagating Bessel
beam launcher. Such beams have already been designed in [23]
with metasurfaces using a Geometrical Optics approximation.
The desired radiated aperture field is [7]:

where k2 + k2 = kg, and ko is the free-space wavenumber.
Jn(z) is the first kind Bessel function of order n. As shown in
[7], such a tangential aperture electric field is consistent with
a z-directed electric field

E, = Jo(k,p)e =7 ®)

This means that the electric field profile does not
change/diffract with respect to z. However, one needs an
infinite aperture size to generate (8). The truncation of the
radiating aperture leads to the definition of a non-diffractive
range along z [23]:

2
Zmaz = @ <Zz> -1 (9)

where @ is the antenna radius. In this paper, we choose
k, = 0.51ko, which leads to z,,q4, =~ 16.8 A. Once the MTS
IBC computed, the z-directed electric field is calculated as
follows. First, the MoM algorithm presented in [22] is used
to compute the surface current J. Then the tangentlal agerture
electric field is computed as E = G J +E;, where G

E; correspond respectively to the spectral Green’s functlon of
the substrate and the spectral electric field of the excitation
on the MTS. In spectral domain, the z-component of the
electric field is related to the x and y components through
Emkm + Eyky = fEZkz. From there, one can compute the
spatial field E, through a simple Fourier transform:

e —j(kex+kyy+k. z) 5
7r 2
(10)

Since the fields are TM polarized, (E, (ks k,) =
Eo(k,) cosa, Ey(ks k,) = Eo(k,)sina), where k, and o
are the spectral variables in cylindrical coordinates. After in-
serting the latter expression in (10) and analytically integrating
along «, the 2D integral (10) reduces to a 1D integral
1 < Jo(k pP)
Bz = o k.
Integral (11) can be evaluated over a contour in the complex
plane to avoid the poles appearing at k£, = 0 and those from
the substrate Green’s function. Note that the integrand rapidly
converges to zero for non-negligible heights z due to the
presence of the exponential factor. Fig. 1 illustrates a map
of F, in the plane ¢ = 0° corresponding to the desired bessel
beam. Fig. 2 shows the designed IBC modulation. It can be
seen that the p¢ component of the IBC is almost zero, which
is consistent with the purely TM nature of the Bessel Beam.
Fig. 3(a) shows a map of E, in the plane ¢ = 0°, generated
by the designed MTS. One can observe the focusing effect
over the whole non-diffractive region (z < 16.8)\). Fig. 3(b)
compares cuts (corresponding to the axis (z = 1A, ¢ = 0°)
and (z = 16\, ¢ = 0°)) with the one obtained from equation
(8), which assumes an infinite aperture size. One can observe
a good agreement on the main lobe and first side lobes at
z = 1. Differences are mainly due to the finite size of the
structure and the direct space wave radiation of the feed. The
latter issue could be solved to a large extent by designing
a specific SW launcher. Closely to the non-diffractive range,

e %% Eo(ky) k2 dk,  (11)
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Fig. 1: Normalized electric field z-component (in dB) of the desired bessel
beam.
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Fig. 2: IBC Modulation for the synthesized Bessel beam radiating MTS (a)
Xpp — Xo (b) X,4.

namely at z = 16, the differences are more important,
specially on the side lobes, due to the diffraction effects.

B. Multi-OAM beams

The second example concerns a MTS antenna radiating
two circularly polarized OAM beams. Multiplexing with OAM
beams is essentially limited to near-field links [3]. The desired
radiated aperture field is given as

Eo=ai (M ) e 10 0y (30 £) e
Ey =jE;

where A7 is the m-th positive zero of the the first kind Bessel
function of order n. Those beams correspond to the Fourier-
Bessel Basis functions as defined in (5) and are therefore
orthogonal on the disk. In [24], the transmittance between
antennas radiating such OAM beams have been rigorously
analyzed and a closed form expression of the transmittance has
been proposed. Fig. 4 shows the derived modulation required
to obtain the multi-OAM beams. Fig. 5(a), (b) illustrate the
obtained radiation pattern in the (u,v) plane and Fig. 5(c)
compares a cut in the plane ¢ = 0° with that of an ideal
antenna of the same radius, radiating the same beam. This ideal

z/\

z

Normalized E_ (dB)
>

(®)

Fig. 3: Normalized electric field z-component (in dB) of the designed MTS
Bessel beam radiator (a) Map in the plane ¢ = 0° (b) Comparison of a cut
in the axis (z = 1\, ¢ = 0°) and (z = 16X, ¢ = 0°), with the fields (8).

antenna radiation pattern has been computed after discretizing
the desired field with Fourier-Bessel basis functions defined
over the whole circular domain. One can observe an excellent
agreement between the designed MTS radiation pattern and
the desired one.

IV. CONCLUSION

Near-field shaping with LW modulated MTSs has been
discussed through the synthesis of Bessel and multiple OAM
beams. The obtained results demonstrate the capabilities of
modulated MTSs for near-field applications down to distances
of about one wavelength from the surface. The effectiveness
of the method appears despite the fact the radiation originates
from a surface-wave.
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