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Fundamentals, realizations, and perspectives.

recent synthesis paradigm for tailoring the far-field radi-

ation of leaky wave (LW) radiating metasurface (MTS)

antennas is reviewed and experimentally validated. The

considered antennas are realized with electrically small
patches printed on a planar grounded dielectric slab. The patch
layer is modeled as an impedance sheet whose spatial variation
is initially designed to provide the desired LW effect from a pre-
specified surface wave (SW) excitation.

The synthesis method is based on the direct numerical solu-
tion of the surface integral equation enforcing the sheet imped-
ance boundary condition (IBC), the latter of which accurately
describes the wave-MTS interaction in the homogenized limit.
The class of synthesizable anisotropic impedance profiles is very
general and enables the generation of shaped beams with control
of the amplitude, phase, and polarization. The method has been
extended toward the generation of multiple-beam and multi-
functional operation. The obtained designs are translated into
the distribution of small patches based on an efficient periodic
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method of moments (MOM) solver. Numerical and experimental
validations are provided, showing the effectiveness of the meth-
od. Short- to medium-term perspectives are also summarized.

INTRODUCTION

Shaping the radiation pattern of an antenna is an appealing
functionality in many applications, including radar [1], space
[2], and mobile communications [3]. In addition, the global
trend in wireless systems development is toward compactness.
This calls for low-profile electromagnetic (EM) structures with
extreme beam-shaping capabilities, i.e., with a good control on
the amplitude, phase, and polarization of the radiation pattern.
In this sense, recent developments on MTS technology are very
promising [4]-[7].

MTSs are thin surfaces composed of electrically small ele-
ments arranged so as to exhibit unusual macroscopic properties in
a given frequency band [8]. At the wavelength of operation, those
surfaces can be accurately described as a modulated electric sheet
impedance, which can possibly be cascaded to achieve more elab-
orate EM properties: generalized sheet transition conditions [9].
MTSs can be used to control the transmission of a pre-established
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wave so as to arbitrarily transform this wave on the other side
of the surface [10]-[12]. They have also found applications in
manipulating reflected waves [13]. A reflecting-beam MTS can
be used as an antenna [14] or to control the propagation channel
in the context of mobile communications [15].

When dealing with MTS antennas, one technology is of
specific interest due to its particularly low-profile shape: LW
MTS antennas [4]. Indeed, contrary to MTSs operating in trans-
mission or reflection, which require a noncoplanar feeder, LW
MTS structures are fed with an integrated SW launcher. The
MTS is designed to progressively transform the SW provided
by the feed into properly radiated LWs. Even if the theoretical
intuition behind this technology goes back to the work of Oliner
and Hessel [16] several decades ago, many new developments in
MTS engineering were necessary to reach practical implemen-
tations.

The first antenna design based on this technology was pro-
vided by the group of Sievenpiper [17], who proposed an holo-
graphic technique in which the MTS characteristics are derived
from the interference between the desired beam and SW field.
Along the same lines, Patel and Grbic [18] addressed the syn-
thesis of 1D sinusoidally modulated MTS antennas. Progress in
this technology has rapidly taken place over the last decade, in
particular with the contributions of Maci’s group, which has suc-
cessively introduced amplitude-based synthesis [19], aperture
field synthesis [20], multibeam [21], wideband operation [22],
and so on.

In those works, the anisotropic MTS modulation is assumed
to be locally sinusoidal; i.e., the period of the sinusoid as well as
its amplitude can be smoothly modulated. This allows one to
describe the local MTS modulation as a sinusoid, consequently
supporting an infinite set of Floquet modes. The propagation
constant of each mode and attenuation factor of the SW as well
as the energy transfer toward the radiating and evanescent Flo-
quet modes can be extracted locally using a proposed flat optics
theory [23]. The latter models the MTS as a sheet impedance
that linearly relates the averaged electric field and homogenized
electric current at the level of the metallization.

Very recently, another synthesis approach was proposed and
successfully applied for shaped-beam [5], [6], multibeam [6],
[24], and multiband operation [25]. Contrary to the previous
techniques, this approach does not require the determination of
the attenuation factor or propagation constant, as are tradition-
ally established when designing LW antennas. Moreover, no
locally sinusoidal modulation is assumed; i.e., the MTS’s surface
impedance can be arbitrarily modulated. That is made possible
because this synthesis method is directly based on the surface
integral equation, as is traditionally the case for an EM analysis
with MOM [26].

Another synthesis method relying on the surface integral
equation was also proposed very recently [27]; so far, it has been
demonstrated with MTSs that are infinitely periodic in one
direction in a reflectarray-type configuration. The algorithm
presented here can be used to generate arbitrarily shaped 3D
patterns and multiple-shaped-beam, multiband [25] patterns
from a single ultralow profile structure including the feed.
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Let us consider an MTS antenna modeled as an impedance
sheet lying on a infinitely extended grounded slab (see Figure 1).
It appears that it is possible to numerically compute the sheet
impedance modulation from the desired aperture current: this
constitutes the basic block of the direct numerical inversion
method, the key point being the explicit enforcement of the EM
boundary conditions at the level of the sheet impedance. The
goals of this article are to review this novel approach in a more
intuitive way, provide a new numerical and physical perspective
on this approach, and showcase the experimental validation.

FROM NUMERICAL ANALYSIS TO DIRECT INVERSION

As a first step, the analysis of MTSs with MOM is reviewed,; it
is used to understand the solution of the inverse problem. We
consider an MTS represented as an impedance sheet distribu-
tion on a grounded slab (see Figure 1). The sheet impedance
Z, (assumed to be capacitive in this article) imposes the ratio
between the total electric field and surface current J at the
MTS. The surface integral equation to be solved is, therefore,

given by
2x[[ [€Y(p.p))(p)dS ~Z,(p) J(p)|=~2 X E, (1)

where Z is the unit vector normal to the surface, G¥ is the
spatial Green’s function of the grounded slab, and E, is the
antenna excitation. Finally, the source and observation points
at the surface are p’ and p, respectively, and the integration
is carried out over the MTS aperture [29]. When analyzing the
MTS, the current J is unknown and is expanded into a set of
basis functions F; ie.,

N
J= 2 iF, @)
n=1
where the coefficients of expansion i, are determined after
forcing the integral equation with a set of testing functions.
The latter are usually the same as those used as basis functions
(Galerkin testing).

The integral equation is, therefore, transformed into an
algebraic linear system of equations, which can be represented
graphically as shown in Figure 2. In that figure, Z¢ is the so-
called substrate matrix and represents the fields radiated by
each basis function in the presence of the substrate, tested by
each testing function; each row stands for the use of a different
testing function. Details regarding the calculation of the sub-
strate matrix Z¢ with the slab Green’s function can be found in

FIGURE 1. An LW MTS antenna.
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[29]. Zipc is the IBC matrix, translating the sheet IBC. More
precisely, each element of Zizc is the field associated with each
basis function current, given the presence of the sheet imped-
ance (i.e., the product between the basis function and sheet
impedance), tested by a given testing function. Each element of
Zc is given by

Ziscn,w') = [ [[F,(p) Z,(p) F,(p)ds, 3)

where the indices n” and n represent a given scalar basis/test-
ing function, respectively, and the integration is carried out
over the MTS [29].

Now, assuming that the sheet impedance is modulated
around an average Z, the modulation can be expanded into
a set of basis functions [5], although it is presented here with a
somewhat generalized notation:

K
L=7,+B~Z,+ Yok, @
Substrate I IBC Matrix I Excitation
Matrix (Zige) (V)
(Zg)

FIGURE 2. The system of equations to be solved for the
analysis problem.

(o

FIGURE 3. The system of equations to be solved for the analysis
problem after the discretization of the surface impedance.

Z; I v

(o

- ZIBCO -

g

FIGURE 4.The system of equations to be solved for the
inverse problem.
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where ck represents the coefficients of expansion, P is the
anisotropic modulation, and F represents the tensorial basis
functions used for the sheet impedance modulation expansion.
Each element of the IBC matrix can, therefore, be obtained as

K
Zsc(n,n') = Zmco(n,n') + C’Cf fs F, F F.dS (5
k=1 s =

which can be written in matrix form as
Zipc =Zipco+U-C, (6)

where Zisco is the IBC matrix calculated with the average
and U is a 3D matrix of size (N, N, K), whose
[F, ¥, F,ds. Finally,
LT

C is a vector containing the coefficients cx of the surface

impedance Z ,

elements are given by U(n, n’, k) =

impedance expansion. The matrix—vector product between U
and C is carried out along the indices k. That means that the
representation of Figure 2 is equivalent to the one in Figure 3.
From there, the solution of the inverse problem, i.e., the deter-
mination of the ck coefficients in (4), becomes intuitive. Indeed,
assuming that the current is known, the impedance can be
retrieved from the current, as illustrated in Figure 4. The math-
ematical details of the method can be found in [5].

FROM THE INVERSE PROBLEM SOLUTION TO THE
SYNTHESIS ALGORITHM

Up to now, we have explained how to compute the surface
impedance consistent with a desired current distribution. In
practice, however, the desired current distribution is not known.
What is known is the desired radiation pattern, which can be
translated into the visible spectrum of the desired current (see
Appendix B of [5]). Decomposing the aperture fields into plane
waves with the wave vector (ku, ky, k=), the visible spectrum
is the part of the spectrum for which k% +kj < ko, with
ko = 27/A being the free-space wavenumber. The fundamental
question is, therefore, what about the invisible spectrum of cur-
rents that produces the evanescent fields?

When designing arbitrarily shaped beams, those currents
cannot be inferred from the far fields. This issue has been
studied in [31] for the design of reflectarrays satisfying a user-
defined geometry. The physical principles of the MTS antenna
are based on an SW transformed into a LW; the invisible part
of the spectrum is quite substantial, and an initial assumption
will consist of obtaining that part of the spectrum from the
unmodulated reactance, i.e., based on the analysis of an MTS
characterized by the constant sheet impedance Z .

The objective current is, then, obtained as the sum of the
estimate of the invisible current and the desired visible cur-
rent. Note that the visible current should be rescaled with
respect to the desired radiated power. The latter is obtained
from the total power delivered by the feed in the absence of
modulation. This power can be calculated with one of the two
algorithms proposed in [28]. Based on the objective current,
the impedance modulation can be derived as explained in the
“From Numerical Analysis to Direct Inversion” section while
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algebraically imposing the surface impedance tensor to be anti-
hermitian (i.e., without losses).

It is worth mentioning that the grounded substrate has
been assumed to be infinite so as to enable the use of Green’s
functions for layered media. Since, in practice, the grounded
slab is not infinite, one should pay attention to the possible dif-
fraction or reflection effects at the substrate rim. The limita-
tion of those effects requires a high conversion efficiency, i.e.,
a high ratio between the radiated power (assuming an infinite
slab) and the power delivered by the feed. Therefore, once
the impedance modulation has been computed, the conver-
sion efficiency should be checked. If the conversion efficiency
is high enough (> 80%), the prediction of the infinite slab
model is relatively accurate, as experimentally demonstrated in
[4] and [28].

In case the conversion efficiency is not high enough, two cor-
rections can be envisaged. The first one corresponds to increas-
ing the ratio between the visible and invisible currents (i.e.,
increasing the desired radiated power). The second correction
consists of increasing (optimizing) the modulation depth, bear-
ing in mind that it may slowly degrade the fidelity to the desired
pattern as well as reduce the aperture efficiency since the sur-
face wave will leak sooner. Note that, at this step, a more accu-
rate estimate of the invisible current spectrum can be obtained
based on the one computed after numerically analyzing the pre-
viously designed impedance surface. This new estimation of the
invisible current can be used in a next iteration, as done in [24].
Optimization of the overall efficiency is a complex issue that
deserves further attention and may require a properly designed
feeder [6]. The algorithm is summarized in Figure 5.

Since the synthesis method leads to a linear system of
equations to be solved, the design of an MTS radiating
multiple beams with multiple feeds and, more generally,
multifunctional operation is possible by overconstraining
the system of equations or by imposing specific constraints
on the impedance profile. Indeed, one can stack the systems
of equations corresponding to each beam/feed and solve
the overall system in the least-squares
sense [24]. Of course, since more con-
ditions are imposed with, essentially,
the same degrees of freedom on the
surface, one may expect some deg-
radation of the fidelity with which
beams are produced.

SURFACE IMPEDANCE
IMPLEMENTATION

Once the surface impedance has been

synthesized, it is necessary to imple- ;
ment it with electrically small patch- ;
es to obtain the physical structure of ;
the MTS. To do so, we discretized the :

antenna aperture using a rectangular

grid with a unit-cell size of a = A/7.
Considering that the impedance varia-
tion is very slow at the unit-cell scale,
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Antihermitian
Impedance!

it can be assumed that the scatterers implementing the surface
impedance are immersed in an infinitely periodic environment
(a local periodicity assumption [32], [19]). The extraction of the
surface impedance tensor is based on in-house periodic MOM
software. The efficiency and accuracy of that in-house software
is ensured through the extraction of periodic singularities in
an average-permittivity homogeneous medium. The latter is
efficiently computed through a line-by-line approach, which is
described in [37]. The remainder of Green’s function is tabulat-
ed in 2D for the further use of convolution in the space domain
with the basis and testing functions.

The coffee bean patch proposed in [19] (see Figure 6) has
been adopted for the surface impedance implementation. Vary-
ing the diameter b of the patch and its orientation (y) allows
one to construct a database of the sheet impedance tensor as a
function of b and y [19]. The sheet impedance database is built
using a procedure similar to the one described in [32]. The sup-
ported SW mode kg (the eigenmode) is computed by looking
for possible nonzero solutions to the MOM system of equations
in the absence of excitation. This amounts to looking in the Bril-
louin region for the mode (k, = K2+ ki) that nulls the deter-

minant of the periodic MOM matrix; i.e.,
det(ZMOM <ksw>) =0. (7)

This process is accelerated by interpolating the periodic
MOM matrix versus k,. Once the eigenmode kg has been
obtained, the sheet impedance tensor is extracted following
the method described in [34]. This process is carried out over
a continuum of coffee bean patch orientations and diameters,
resulting in the impedance tensor map represented in Figure
6(b)—(d). From that, the implementation of the surface imped-
ance in each unit-cell center is obtained after minimizing the
following cost function:

«/(X‘;p = Xrw)? + (X — Xraere)® + BXE! — Xre)®,  (8)

Radiated Power

Objective
Surface Current

Visible Current 9

nvisible Current

MOM

Modulation Index
Optimization

A

FIGURE 5. The synthesis algorithm. The green quantities are known.
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where Xry, Xre, and Xrure are, respectively, the transverse
magnetic (TM), transverse electric (TE), and TMTE realizable
impedance components in the database. 8 is a coefficient used
to weight the relative importance of the TE component with
respect to the other components. Since the mode supported by
those antennas is quasi—TM, one can introduce more tolerance
on the TE component to better implement the other compo-
nents. Here, we have used 8 = 0.1. The implementation pro-
cess results in a map giving the diameter and orientation of the
coffee bean patch in each unit cell.

RESULTS

This section provides four validations of the numerical inversion
method. The operating frequency is fixed to f= 24 GHz. The
substrate is assumed to be lossless, with relative permittivity
€-=23.66 and thickness dq. = 1.524 mm. The average reac-
tance (ZO =j§0> is chosen as Xf” = X2 =—772 Q so as to be
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implementable with the coffee bean patches. The anisotropic
MTS impedance is capacitive and modulated as [5]

7% (p, §) = 28 + PP (p, §)
78 (p, ) =— (2% (p, $))" = P**(p, $)
7% (p, ¢) =78 — P (p, ¢), ©9)

where (p, ¢) is the usual polar system of coordinates, and P*”
and P?? describe the impedance modulation. The antennas are
of circular shape and are fed with a coax feeder, modeled as an
infinitesimal vertical dipole.

DIAMOND-SHAPED PATTERN IN THE UV-PLANE

Since the proposed synthesis method enables taking the
desired radiation pattern directly as an input, a diamond-
shaped pattern has been drawn in the uv-plane. From there,
the desired current distribution is computed and is expanded
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FIGURE 6. The coffee bean patches used for the IBC implementation: the (a) geometry as well as the (b) TM, (c) TMTE, and (d) TE
reactance databases. a: the unit cell size; b: diameter of the coffee bean as shown in Figure 6(a); b/a: the ratio between b and a.
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into the used set of basis functions—in our case, Fourier—
Bessel basis functions [29], [30]. This expansion allows us to
reconstruct the desired radiation pattern [see Figure 7(a)],
taking into account the finite size of the antenna (here, a
circular MTS of radius 4.51). The corresponding radiating
current distribution on the antenna aperture is shown in Fig-
ure 7(b). The synthesized reactance modulation for a feeder
placed at the center of the MTS (p = 0) is shown in Figure
8(a) and (b). Comparing the reactance modulation with the
desired visible current, one can observe that the modulated
portions of the antenna correspond to the radiating parts.

The directivity corresponding to the designed surface
impedance (obtained with the code developed in [29]) is

Directivity (dBi)

0
(u)
(a)

shown in the uv-plane in Figure 9(a) and (b). It can be seen
that the diamond-shaped pattern is well generated. The
conversion efficiency of this antenna is about 58%. This con-
version efficiency cannot be significantly improved without
deteriorating the shape of the beam. Increasing the conver-
sion efficiency significantly requires the usage of a more
complex feeder. This issue was recently treated in [6]. The
synthesized surface impedance is now implemented by fol-
lowing the procedure described in the “From the Inverse
Problem Solution to the Synthesis Algorithm” section. The
obtained physical structure of the MTS is analyzed with the
full-wave code presented in [35]. Figures 9(c) and (d) show
the directivity comparisons in the planes ¢ =0 and ¢ = 7/2

log |Jvis|

FIGURE 7. The desired diamond-shaped beam (a) in the uv-plane and (b) with the absolute value of the required visible

(radiating) current distribution on a log scale.

500

(vI2)

=500

500

FIGURE 8. The diamond-shaped pattern for MTS design. (a) The pp component of the reactance modulation. (b) The p¢

component of the reactance modulation.
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of the surface impedance and the MTS simulations. A very
good agreement can be observed.

BUTTERFLY-SHAPED PATTERN IN THE UV-PLANE

To give an idea about the beam-shaping capability of the pro-
posed method, we have designed a lefthanded circularly polar-
ized (LHCP), butterfly-shaped pattern in the uv-plane. The MTS
is fed from the center, and its radius is fixed to 124. The synthe-
sized MTS has been analyzed with the MOM method presented
in [29]. Figure 10 shows the obtained results. As can be seen, the
desired butterfly-shaped pattern is well obtained after synthesis.

LHCP CONICAL BEAM

This section deals with the realization of an MTS radiating an
LHCP conical beam (at 8 = 25°) with a uniform phase distri-
bution along the azimuthal plane. The antenna radius has been

Directivity (dBi)

fixed to 12A, and the feeder is placed at the center of the MTS.
The other parameters are the same as before. The designed
sheet impedance modulation is illustrated in Figure 11(a) and
(b). The reactance profile is azimuthally symmetric as required
by the pattern symmetry. The corresponding antenna direc-
tivity in the plane ¢ = 0 is compared with the desired one in
Figure 11(c).

The surface impedance is then implemented with coffee
bean patches with unit cells of size A/10. The realized anten-
na is shown in Figure 12. The measured normalized directiv-
ity at three frequencies (23.7, 23.85, and 24 GHz) is shown
in Figure 13. It is observed that the normalized directivity is
better at 23.7 GHz, with a very low cross-polarization level
(28 dB lower than the co-polarization level). This shift in the
frequency of operation may be explained by the fabrication
tolerance. However, higher sidelobe level are experimentally

Directivity (dBi)

-0.5 0
(u)
(b)

@=090°

0.5
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g g
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s 2
8 8
a 8

-10 -10

-20 -20

Co-Pol MTS Co-Pol IBC =----- Cross-Pol MTS Cross-Pol IBC Desired
(c) (d)

FIGURE 9. The diamond-shaped pattern for MTS design. (a) The copolarization (Co-pol) directivity in the uv-plane. (b) The cross-
polarization (Cross-pol) directivity in the uv-plane. (c) The directivity cut in the plane ¢ = 0. (d) The directivity cut in the plane

¢ =90°.
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observed near the broadside direction. This is, most prob-
ably, due to the error introduced during the surface imped-
ance implementation process. Indeed, due to fabrication
constraints, we were forced to limit the maximum diameter
of the coffee bean patch to 0.91a. This constraint introduces
distortions on the surface impedance, limits the implemented
modulation depth, and significantly impacts the sidelobe level
near the broadside direction.

To support this assertion, we have considered the limita-
tions due to fabrication constraints at the surface impedance
level, and we numerically analyzed the effectively imple-
mented surface impedance. The directivity result is shown
in Figure 14. As can be seen, the sidelobe level has increased
near the broadside with respect to the pattern obtained with

400

300
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100

-100

—200

-300

—400

(x/2)
(a)
Directivity (dBi)

(u)
()

the synthesized impedance. Unlike the diamond-shaped
pattern case, the physical MTS structure of this antenna has
not been analyzed due to its very large size. The numerical
prediction of the measured sidelobe level at the broadside
requires the full-wave simulation of the physical structure of
the MTS.

Meshing this antenna aperture with classical basis functions
would require the use of several million basis functions. In the
future, full-wave analysis codes should be developed to address
the simulation of larger MTS antennas so as to be able to check
the accuracy of the implementation step before resorting to
experimental verification. This experimental validation illus-
trates the capability of the proposed integral equation method
to automatically generate complex radiation patterns.

po
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FIGURE 10. The butterfly-shaped pattern for MTS design. (a) The pp component of the reactance modulation. (b) The p¢$
component of the reactance modulation. (c) The desired directivity in the uv-plane. (d) The obtained directivity after MTS

synthesis.
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PHASE CONTROL OF THE RADIATION PATTERN: A CONICAL
BEAM WITH ORBITAL ANGULAR MOMENTUM

In the “LHCP Conical Beam” section, the MTS was designed
to radiate a conical beam with a uniform phase distribution

500

along azimuth ¢. Although some authors have addressed the
phase optimization issue [36], our proposed method aims at
generating the pattern, including a prescribed phase distribu-
tion. To demonstrate the capability of the method to control

500

-500

Directivity (dBi)

—— Desired
—— Co-Pol IBC
------- Cross-Pol IBC

FIGURE 11. A circularly polarized conical beam MTS antenna. (a) The pp component of the reactance modulation. (b) The p¢
component of the reactance modulation. (c) The directivity cut in the plane ¢ = 0 after IBC synthesis.

FIGURE 12. An MTS antenna radiating a circularly polarized conical beam.
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the phase distribution, the MTS is now designed to radiate
the same conical beam as in the “LHCP Conical Beam” sec-
tion but with a linear phase evolution along the azimuth. The
prescribed pattern at 6 = 25° is Fo =sin 3¢ + jcos3¢, and
Fy = jFo. For 0 # 25°, Fo = Fp = 0. That means that the pat-
tern carries out an orbital angular momentum (OAM) in the
radiating direction.

Figure 15 shows the design results. As can be seen, we
obtained approximately the same performance (in ampli-
tude and polarization purity) as for the uniform phase case.
However, here, the phase linearly evolves along the azimuth
[Figure 15(d)]. This also indicates the remaining degrees of
freedom regarding the phase pattern selection. However, in
the cases treated so far, the choice of the phase distribution
did not improve the performance significantly. We showed,
in [37], that multiple OAM beams can be generated with the
same MTS platform. One should note that OAM multiplexing
is limited to the near field [38]. The phase control capability of
the method was also used in [24] for beam-scanning purposes.

MULTIFUNCTIONAL MTS PLATFORM

Here, we design an MTS able to generate the same coni-
cal beam as in the “LHCP Conical Beam” section when the
MTS is fed at (x = 24,y = 0) and a pencil beam pointing at
(6=130°, ¢ =0°) when the MTS is fed at (x =—2A,y = 0).
Figure 16(a) and (b) shows the designed reactance modula-
tion. Figure 16(c) and (d) provides the pattern correspond-
ing to each beam using the MOM code described in [29]. As
expected, given the limited number of degrees of freedom on
the MTS, the two patterns are slightly spoiled. The obtained
maximum directivity of the conical beam is now 15.5 dBi,
which is lower than the one obtained with a single feeder (18.5
dBi). Note that, by following a similar procedure, the beams
can also be designed at different frequencies (multiband) [25].
Those results illustrate the capability of the proposed method
to produce multifunctional apertures.

CONCLUSIONS

This article provides numerical and experimental validation of
an MTS antenna synthesis method based on the surface inte-
gral equation approach. The MTS designs provided here are of
circular shape because entire-domain basis functions defined
on the circular domain are used to drastically reduce the num-
ber of unknowns and synthesis computational time (fewer than
30 min for the examples provided). The algorithm has been
extended to elliptical apertures in [7]. For arbitrarily shaped
MTSs, local basis functions should be used at the expense of
larger memory and computation time usage. Indeed, as for the
analysis problems with MOM, this synthesis method can cope
with local basis functions (e.g., rooftop basis functions). In that
case, the required computational power seems affordable on
present-day desktop computers.

As recently shown in [6], for a certain class of shaped beams,
an array feeder may be preferred to the single monopole feeder
to improve the conversion efficiency of the antenna. In this
sense, arrays and MTS technologies should be combined to
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achieve an efficient performance for shaped-beam, low-profile,
and cheap antennas. As initiated in [24], array feeding may also
contribute to scanning capabilities with a strongly reduced num-
ber of active channels. In that case, the phase distribution of the
beam should be well controlled.

Progress in computational EM is required to monitor the
implementation of the surface impedance in terms of patterned
surfaces. Finally, advances in manufacturing techniques would
also be useful to achieve satisfactory realization tolerance.
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