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Near-Field Multi-Beam Generation by Tensorial
Metasurfaces

Ioannis Iliopoulos, Mounir Teniou, Massimiliano Casaletti, Member, IEEE, Patrick Potier, Philippe Pouliguen,
Ronan Sauleau, Fellow, IEEE, and Mauro Ettorre, Senior Member, IEEE

Abstract—The generation of several beams with strict radi-
ation requirements in the near field of a radiating aperture is
demonstrated here. An optimization scheme is adopted to derive
the aperture field distribution generating the required near-
field radiation. The optimization tool is based on a set-theoretic
approach and takes into account field constraints on the radiation
profile and polarization. The challenging case of generating four
independent beams in the near field of a radiating aperture
and with different polarizations is then considered. A tensorial
metasurface is adopted to synthesize the derived aperture field
profile to fully control the amplitude and phase distribution of
the radiating aperture. Measurement results at 20 GHz validate
the proposed approach.

Index Terms—Aperture antennas, metasurfaces, near-field syn-
thesis, optimization techniques

I. INTRODUCTION

Metasurfaces have been introduced in literature as the
2D-equivalent of metamaterials. They allow a non-canonical
manipulation of the electromagnetic fields interacting with the
surface [1], [2], with numerous exotic demonstrators available
in the literature. Flat optics [3], perfect absorbers [4] and
hologram realization [5], [6] are just a few of them. From an
antenna perspective, metasurfaces provide enhanced flexibility
in defining innovative radiating devices. This is clearly demon-
strated by the plethora of scientific production, ranging from
polarization [2], [7] and phase [8] manipulation to radiated
shaped beams [9]–[14]. Metasurfaces have attracted grown
interest for their capability to generate arbitrary radiation
patterns at low cost and with very flat and compact structure.
Nonetheless, as the antenna near field becomes more and more
relevant (sensing, near-field communications, medical imag-
ing, hyperthermia etc.) and the requirements more demanding,
it is of utmost interest to combine the concept of near-field
shaping and metasurfaces. The flexibility provided by the
latter to mold the radiated field can significantly facilitate the
realization of complex near-field distributions. However, very
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few demonstrators exist in the literature, like [11], where a
Bessel aperture distribution is implemented, or [15], where
a rather limiting focusing technique is used. In this work,
we propose a multi-beam metasurface antenna capable of
generating four beams with arbitrary polarization in close
proximity to the radiating aperture. A shaping routine is intro-
duced based on an efficient alternating projections (projections
onto convex sets) optimization scheme. The shaping routine
can synthesize the necessary aperture distribution, capable of
radiating the aforementioned near-field profile. Specifically, it
is capable of enforcing arbitrary upper bounds to the intensity
(norm) of the radiated electric field, assuming a certain near-
field polarization. The synthesized aperture distribution is then
practically implemented by a tensorial metasurface antenna.
The latter is designed based on the methodology of [14],
where a novel design methodology and class of unit cells were
introduced. Thanks to this approach, vectorial aperture field
distributions can be implemented using metasurfaces, used
here to mold the near field.

II. PROBLEM FORMULATION AND SOLUTION

In Fig. 1 a schematic of the problem in hand is illustrated.
The target is to derive the aperture field EAP (electric field)
able to generate a near-field distribution E with specific char-
acteristics. In the following, we use the term “scalar” to denote
the shaping/evaluation of a single field component (Ex, Ey or
Ez) of the radiated field. Whereas, we use the term “vectorial”
to refer to the manipulation of the complete electric/magnetic
field vector. A fast optimization scheme capable of shaping
the intensity (norm) of the electric field of continuous radiating
apertures is here introduced. Despite the fact that the proposed
scheme is not optimal (optimization-wise), as convex ones
are [16], [17], it can mold the near field in complex shapes
extremely efficiently. In the discussion to follow, normal font
characters correspond to scalar quantities, bold symbols to
vectors and bold symbols with a double underscore indicate
dyadics. The over-line tilde corresponds to quantities in the
spectral domain. The coordinate system is Cartesian, thus
vectors are assumed of the form A = Axx̂ + Ayŷ + Azẑ,
unless otherwise specified. An ejωt harmonic time dependence
is assumed and suppressed.

Let us assume a circular aperture situated on the xy-
plane of a Cartesian coordinate system and radiating in
free space (permittivity ε0, permeability µ0), as depicted in
Fig. 1. The aperture field EAP supports only tangential-to-
the-aperture components (EAP

z = 0) and radiates an electric
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Fig. 1. Geometry of the problem.

field E in the positive half space. Our target is to find
the aperture field EAP that generates a near field intensity
I (I = |E| =

√
|Ex|2 + |Ey|2 + |Ez|2), which is shaped

according to customizable constraints at a given horizontal
plane z = z0, denoted as the “shaping plane”. The proposed
shaping routine is schematized in Fig. 1. It consists of three
steps, which are repeated until convergence is reached (E
respects specific requirements). In particular, the optimization
loop starts (step 1) with the calculation of the near field E
radiated by the aperture distribution EAP . This is achieved
by a spectral Green’s dyadic G̃ (see Appendix A). The initial
aperture distribution is typically a uniform one, although a
different choice can be made to facilitate the convergence. E
is then masked (masking is detailed in the following sections)
thus a slightly altered form of E, namely EM rises (step
2). The latter is then linked to a new aperture field through
the inverse dyadic G̃

−1
. Further details on the optimization

scheme can be found in [18]. The masking process (step 2) of
the scheme (Fig. 1) corresponds to slight alterations of the
field, at the points where the latter does not obey the set
requirements. Specifically, in the case under consideration, the
mask is applied at the intensity of the field I = |E|. It is easy
to understand that the correlation of the quantity I with the
individual field components is not straightforward. In other
words, we can construct the quantity I from the individual
field components but not the inverse, without any predefined
relation among the components. To resolve this issue, we make
two assumptions. The first one is to assume that the transverse-
to-the-aperture component Ez has a much lower amplitude
than the tangential ones (|Ez| � |Ex|, |Ey|). This results in
the following simplification

I '
√
|Ex|2 + |Ey|2. (1)

The second assumption is, that, in order to maintain the
phase of the shaped quantity, we define the following complex
quantity

I ′ =
√
E2
x + E2

y , (2)

on which the mask will be actually applied. However, the main
issue of disassembling I ′ to the individual components on
which the back-propagation can be applied is not resolved yet.
The idea proposed here is to impose a specific polarization.

no
rm
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Fig. 2. Illustration of a four-beam mask.

In the following section, the application of a four-beams mask
with radial polarization will be detailed.

III. FOUR-BEAMED NEAR-FIELD INTENSITY

The procedure detailed in section II is here applied in a
multiple-beam scenario. Specifically, we search for an aperture
distribution, capable of producing four beams in the near
field. Additionally, we impose a radial polarization within the
shaping plane (z = z0). The mask applied in the present case
is shown in Fig. 2. The shaping plane is located at a vertical
distance z0 = 5λ over a circular aperture of diameter 10λ,
where λ corresponds to the free space wavelength. The applied
mask (illustrated in Fig. 2) is characterized by
• Beams position: ρ = 2.5λ, φ = 0 : π/2 : 3π/2,
• Half-power beamwidth: 1.2λ,
• Upper bounds:

– Sidelobe level (SLL): -20dB (red zone).
– Beamwidth (BW) level: -3dB (green zone)

The frequency of operation is set to 20 GHz, but the analysis
and the results are inherently scalable.

The imposed radial polarization (necessary to apply the
shaping routine) is here detailed. The transformation from
Cartesian to cylindrical coordinates reads

Ex = Eρ cosφ− Eφ sinφ, (3a)
Ey = Eρ sinφ+ Eφ cosφ. (3b)

In the case of radial polarization, Eφ = 0. Let us denote as
I ′

M
= Mask{I ′} the quantity I ′ after the masking process has

been applied. If we impose EM
ρ = I ′

M the amplitude profile
imposed by the mask can then be translated to the individual
components along x and y as

EM
x = EM

ρ cosφ = I ′
M

cosφ, (4a)

EM
y = EM

ρ sinφ = I ′
M

sinφ (4b)

The third step (back-propagation) becomes then feasible. The
alternating projection algorithm is here outlined for clarity.

1) Evaluate the field in the region of interest
2) Mask and enforce polarization

a) Apply masking on |I ′| = |
√
E2
x + E2

y |, maintain-
ing the phase of I ′
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b) Enforce EM
ρ = I ′

M

c) Calculate EM
x and EM

y (equation (4))
3) Back-propagate EM

x and EM
y to synthesize a new aper-

ture distribution
At each iteration, the relative error is calculated at the points

where |I ′| is higher than the required mask level. The error is
evaluated by

e =
1

Np

|I ′(x, y)| −Mask(x, y)

Mask(x, y)
(x, y) ∈ Ωe, (5)

where Ωe = {(x, y) ∈ ΩUB

∣∣|I ′(x, y)| > Mask(x, y)} is the
set where the intensity is higher than the upper bounds of
the mask and Np = n(Ωe) is the cardinality of this set. The
domain ΩUB corresponds to the points (x, y) ∈ R2 where
upper bounds are applied to |I ′|. The algorithm stops when the
error remains lower than a given threshold (typically 5%). The
initial aperture distribution is generated by back-propagating
the mask. At step 2, except for masking the field, it is also
possible to apply symmetry constraints or to enforce a certain
smoothness to the field (in the form of a Gaussian or other
type of filters). The same conditions can be also applied
(if necessary) to the aperture field. The procedure outlined
above can be adapted to different scenarios and polarizations
according to request.

A. Application of the algorithm

We may now proceed in applying the proposed algorithm
in the four radially polarized beams scenario presented above.
The algorithm, implemented in MATLAB, converges in 6
iterations (<5% error) in less than 1.5 sec on our test computer
(Intel Xeon E5-2650 @ 2.6 GHz, 128GB RAM DDR3-1866).
It should be noted that the performance is not expected to
deteriorate in a lower-end computer since no parallelization
was applied and the memory consumption is less than 53MB.
An illustrative picture of the near field profile is depicted
in Fig. 3, where the intensity I is plotted for a horizontal-
and a vertical-to-the-aperture plane. We notice (Fig. 3a) that
the beams on the x(y)-axis are x(y)-polarized, since the
mask forces a radial field polarization at the shaping plane.
Besides, the two beam pairs (beams along the same axis) have
orthogonal polarizations. We may appreciate the appearance of
the four beams at the requested plane, as well as the SLL that
remains lower than -20dB. The peak-to-peak distance between
the beams is 5λ, as required.

It should be reminded that the target of the proposed
approach is to shape the field intensity. Some assumptions
were made concerning the amplitudes of the various field
components. Specifically, we expect that the tangential-to-the-
aperture components are dominant and thus Ez is sufficiently
low. This is indeed valid, as illustrated in Fig. 4. Not only
we notice that Eρ is dominant, but also that the mask is very
well respected. Besides, the intensity of the field respects the
requirements and the Ez component plays a minimal role to
the intensity (except for a small region at the center).

By also observing Fig. 5, the same conclusions can be
reached. Specifically, a comparison between |Eρ|, the in-
tensity of the tangential field (Et =

√
|Ex|2 + |Ey|2 =

(a) (b)

Fig. 3. 2-D illustrations of the normalized field intensity I in dB at (a) the
plane z = z0 = 5λ, (b) the xz-plane. The yz-plane is identical and is omitted
for brevity. The white arrows correspond to the field polarization.

-6 -4 -2 0 2 4 6
-30

-20

-10

-3
0

Fig. 4. Comparison of the field components along x-axis on the shaping
plane. The components are normalized to the field intensity I .

√
|Eρ|2 + |Eφ|2) and the total field intensity I is illustrated.

We may, therefore, conclude that the shaping goals have
been met since the intensity of the field has been success-
fully shaped. Additionally, we may also notice the success-
ful enforcement of the requested polarization, since the Eφ
component (Fig. 5b) is less than -30dB along the whole
shaping plane. The limitation of this technique stems from
the assumption concerning the low power carried by the Ez
component. This assumption might not hold for distances very
close to the aperture (less than the aperture radius). In fact,
Ez can be dominant in this region and possibly different
assumptions should be made in the first place. Nevertheless,
the shaping distance for this example is half aperture diameter,
showing that this shaping scheme can be applied to rather close
to the antenna distances, rendering the technique sufficiently
versatile. Up to this point, only the resulting near field has
been investigated. It has been shown that the shaping process
was successful since the resulting field intensity obeys the
provided mask. However, the aperture field that generates this
near field is of utmost importance and will be now discussed.
The field over the aperture plane is plotted in Fig. 6. Despite
the fact that the near field at the shaping plane is strongly
radially polarized (|Eφ| � |Eρ|, Fig. 5b), the aperture field
appears to have regions where the φ-component affects the
vector orientation. This is clearly illustrated in Fig. 6, where
we notice that max{|EAP

φ |} ' 0.7 max{|EAP
ρ |}, with max

the maximum operator. This shows that despite the fact that
the near-field distribution in radially polarized, the aperture
field necessary to radiate it has an important φ component.
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(a) (b)

(c) (d)

Fig. 5. 2-D illustrations at the shaping plane (z = z0 = 5λ) in dB of (a)
|Eρ|, (b) |Eφ|, (c) the tangential field Et and (d) the intensity of the field
I . We notice that the amplitude of Eρ is almost equal to I . The plots are
normalized to the total field intensity I .

(a) (b)

Fig. 6. Comparison between the (a) ρ and (b) φ component of the aperture
distribution. |EAP

φ | is normalized to the maximum of |EAP
ρ |.

IV. REALIZATION OF THE APERTURE FIELD

We now consider the practical implementation of the derived
aperture distribution (EAP). Metasurfaces are here adopted to
approximate in the best possible way a continuous aperture.
Such a solution also offers the freedom of controlling not only
the field orientation and phase over the aperture, but also the
amplitude [14], [19].

A. Metasurface Design

The metasurface is designed based on the local holography
and variable impedance modulation procedure detailed in [14].
The unit cell consists of a V-shaped cut out of a circular
patch depicted in Fig. 7. The periodicity (unit cell lateral
dimension) is d′ = λ/12. The geometrical parameters θ, g
and ψ (corresponding to the angle, width, and orientation of
the cut, respectively) control the tensorial surface impedance
of the unit cell. A detailed explanation of the complete design
process and the unit cell properties have been presented in
[14] and will be avoided here for brevity.

θ ψ

dd ′

pgg

Fig. 7. Unit cells ( d is the patch dimension, d′ is the spatial periodicity of
the lattice, θ is the patch rotation angle). The slot is described by the opening
angle ψ and its width g.

Fig. 8. Top view of the designed metasurface.

The resulting metasurface is illustrated in Fig. 8. It consists
of a total of 10732 unit cells (double this number for the
elements) and its diameter is 150 mm (or 10λ at 20 GHz).
The metasurface is supported by a Rogers TMM6 substrate
of 1.27 mm thickness. The central disk and the surrounding
annulus, serve for matching the antenna to the input coaxial
connector (ΣRI 25-130-1000-90, 2.92 mm).

In order to simulate the structure, we used the HFSS
3D Layout of the ANSYS Electronics Desktop Suite.The
radiated near field of the antenna is evaluated form the current
distribution provided by the full-wave simulator.

In Fig. 9 a comparison with the near field generated by the
theoretical continuous aperture is presented. The main beams
are reproduced by the metasurface accurately, but we observe
the appearance of higher sidelobes. While the sidelobes on the
external sides of the beams are relatively close to the -20dB
requirement imposed in the theoretical work, at the center,
they almost reach -10dB. The latter can be associated with
the feeding mechanism (which was not taken into account in
the theoretical calculations) [20].

A closer investigation has been performed by modeling
our antenna using a 2.5d Method of Moments algorithms.
This latter, using an infinite dielectric Green’s function cannot
model the edge diffraction of the surface wave, as a result,
the artifacts present in the radiation pattern are essentially
due to the feeder. Fig.10 presents the near-field obtained
with the commercial software ANSYS Designer. In Fig.10a a
horizontal cut at a height z = 5λ is represented, while Fig.10b
shows the vertical cut-planes of the near field. It can be seen
a higher level of the field amplitude close to the metasurface,
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Fig. 9. Comparison between HFSS 3D Layout (denoted “Des.”, as of
Designer) and the near field generated by the continuous aperture distribution
along the x and y axis.
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Fig. 10. 2.5d MoM radiated near-field. (a) Horizontal cut-plane and (b)
Vertical cut-plane.

especially at its center (feeder position).

As second step, a non-modulated metasurface excited by the
same feeder is modeled. As the surface impedance is constant,
only a surface wave component is supported by the metasur-
face. As a consequence, the field above the metasurface is
mainly due to the feeder. The idea is to subtract this near-
field from the antenna near-field patterns. Even though this
approach is not exact, it can give an idea about the spurious
effects of the feeder.

Fig.11 shows the results of this procedure applied to the
horizontal and vertical cut-planes. We can conclude that the
metasurface radiates a near-field pattern very close to the
ideal one, while the feeder significantly affects the near field,
leading to higher sidelobes.

In general, we acknowledge an overall satisfactory agree-
ment (taking into account the complexity of the aperture
distribution).

Et
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(b)

Fig. 11. 2.5d MoM radiated near-field without the feeder contribution. (a)
Horizontal cut-plane and (b) Vertical cut-plane.

Fig. 12. Picture of the manufactured prototype. Visible in the insets are the
connector on the back side of the antenna and its connection at the top surface.

B. Experimental Validation

In order to experimentally validate the shaping process
and the metasurface design, a prototype was manufactured
and measured. The prototype was fabricated using an LPKF
ProtoLaser S laser system. The final prototype is depicted in
Fig. 12.

The measurements of the prototype took place in the
near-field test range of IETR. The measurements set-up is
illustrated in Fig. 13. The used near-field probe is a WR-
42 probe from Flann Microwave. The flange of the probe
is parallel to the metasurface plane, as a result, we measure
only tangential-to-the-aperture components. A standard probe-
correction technique for planar near-field measurements [21],
[22] was applied in order to remove the effect of the measuring
probe. The measurement step in all directions was set to 2mm
or λ/7.5 at 20 GHz.

The measured near field at the shaping plane (z0 = 75 mm)
is presented in Fig. 14 in terms of the Eρ component. We
observe the four beams, two per polarization. The relatively
“noisy” is due to spurious radiation originating from edge

Acc
ep

ted
 M

an
us

cri
pt



6

Fig. 13. Details of the measurement set-up.

(a) (b)

Fig. 14. Illustrations of the measured (20 GHz) near-field at the shaping plane
z0 = 5λ =75 mm. 2-D plots of the normalized amplitude of (a) Eρ and (b)
Eφ.

effects. This results also to some oscillations in the measured
reflection coefficient depicted in Fig. 15. Nevertheless, the
agreement between measurement and simulation of the S11

is quite satisfactory.
A comparison between simulation and measurement is de-

picted in Fig. 16. A good agreement can be appreciated when it
comes to the locations of the beams and the sidelobes close to
zero for both axes. Especially along the y-axis, the agreement
is very satisfactory. However, a certain disagreement is present
when it comes to the outer sidelobes. Specifically, we observe
sidelobes around -8dB and -12dB along the x- (black) and
y- (red) axis, respectively. This is the result of the truncation
of the antenna, which cannot be taken into account in the
simulations.

For completeness, the field on the two main vertical planes,
namely xz and yz is illustrated in Fig. 17. We observe that the
field on the xz plane is slightly asymmetric.On the contrary,
the shape of along the yz plane is very satisfactory.

An estimation of the antenna efficiency has been obtained
by integrating the z-component of the Poynting vector. The

15 20 25

-30

-20

-10

0 Simulation

Measurement

Fig. 15. Measured and simulated (HFSS) reflection coefficient.

-100 -50 0 50 100

-30

-20

-10

0

Simulation

Measurement

Fig. 16. Measured and simulated (HFSS 3D Layout) near field at 20 GHz on
the shaping plane z0 = 5λ = 75 mm along the x (black) and y (red) axis.

(a)

(b)

Fig. 17. Amplitude of the measured |Eρ| component on the (a) xz-plane and
(b) yz-plane. The red line corresponds to the shaping plane z = z0.

radiated power (Prad) is obtained by performing the inte-
gral at the aperture plane (metasurface currents), while the
power associated with the beams (Pbeams) is calculated at
the shaping plane (z = 75mm) integrating within the area
defined by the focal spot of the four beams. The radius
of each circular spot has been defined as for the Gaussian
beams case, namely w (z) = FWHM(z)√

2 ln 2
= 0.875λ. The ratio

Pbeams/Prad = 68.56% gives us an estimate of the power
confinement efficiency of the metasurface (in the ideal case of
4 Gaussian Beams the ratio Pbeams/Prad = 86.5%).

V. CONCLUSION

The capability to shape the intensity of the near field
generated by a tensorial metasurface on 2-D planes has been
demonstrated. The proposed technique involves an alternating
projection method which can apply a requested mask on
the field intensity, subject to a specified field polarization.
To demonstrate the efficacy of the algorithm, a near-field
distribution presenting four radially polarized beams at a
vertical distance of half an aperture diameter was successfully
engineered. The beams present a beamwidth of 1.2λ =18 mm

Acc
ep

ted
 M

an
us

cri
pt



7

and are separated by a horizontal distance of 5λ = 75 mm. The
achieved SLL is -20 dB. Despite the choice for this specific
distribution, different field masks can be used.

The theoretical results have also been experimentally vali-
dated. Specifically, an anisotropic metasurface was designed,
fabricated and measured. The measured fields show a good
agreement with the predictions, thus validating the overall
design process.

APPENDIX A
EVALUATION OF THE NEAR FIELD

Let us assume a circular aperture situated on the xy-
plane of a Cartesian coordinate system and radiating in
free space (permittivity ε0, permeability µ0), as depicted in
Fig. 1. The aperture field EAP supports only tangential-to-
the-aperture components (EAP

z = 0) and radiates an electric
field E in the positive half space. Our target is to find
the aperture field EAP that generates a near field intensity
I (I = |E| =

√
|Ex|2 + |Ey|2 + |Ez|2), which is shaped

according to customizable constraints at a given horizontal
plane z = z0, denoted as the “shaping plane”.

In order to accelerate the evaluation of the near field we
adopt a spectral approach, where the spectral representations
of the aperture (ẼAP) and radiated near field (Ẽ) are linked
by a spectral dyadic Green’s function G̃ as

Ẽ = G̃ · ẼAP. (6)

The Green’s dyadic is given by [23, sec. 12.9]

G̃(z) = e−jkzzx̂x̂ + e−jkzzŷŷ

− kx
kz
e−jkzzẑx̂− ky

kz
e−jkzzẑŷ, (7)

where kx, ky and kz =
√
k2 − k2x − k2y (−π < arg{kz} ≤ 0)

are the spatial frequencies and k = ω
√
ε0µ0 is the wavenum-

ber of free space.
The calculation domain (square of length A, as of Fig. 1)

is therefore discretized by N = 2n discrete points (n ∈ N∗).
The spatial frequencies are then given by

kx = ky = (−N/2 : N/2)× π/A. (8)

The constructed Fourier pair for the near field can be written

Ẽ = F{E}, (9)

E = F−1{Ẽ}, (10)

where F and F−1 stand for the forward and inverse Fourier
transform, respectively.

The inverse dyadic G̃
−1

is defined as

G̃
−1

(z) = e+jkzzx̂x̂ + e+jkzzŷŷ. (11)

This operator, referred in the following as back-propagation
(step 3), is restrained in the visible spectrum (k2x + k2y ≤
k2) to avoid extreme amplification of the invisible spectrum
(R{e+jkzz} > 0, with R the real part operator). It is easy to
notice that only the tangential-to-the-aperture components are
back-propagated.
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