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Metasurface Antennas Design: Full-Wave Feeder
Modeling and Far-Field Optimization
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and Christophe Craeye

Abstract—This article addresses the optimization of the radi-
ation pattern of surface-wave (SW)-based metasurface (MTS)
antennas. Those antennas are considered a promising alternative
to parabolic reflectors and phased arrays due to their extremely
low profile and their ability to provide high gain, shaped beams
and multibeams. However, pattern synthesis with MTS antennas
is very challenging because of the single active control point
and the need to control surface and leaky waves through
the MTS. An accurate optimization of the radiation pattern,
along with the sidelobe level requires full-wave modeling of the
feeding structure, including its coupling with the MTS. MTS
synthesis methods existing in the literature usually approximate
the feeder model, and neglect its coupling with the MTS.
Such approximation may lead to more than 1 dB error in the
predicted antenna directivity. This article presents a technique
for optimization of the far-field pattern, built on a Method
of Moments (MoM) analysis tool in which the MTS coupling
with the feeder, a coax probe, is fully considered. The MTS is
modeled as an arbitrarily shaped, spatially modulated electric
sheet impedance in a layered medium. At each optimization
iteration, the complexity of the underlying analysis is O (N log N)
owing to the use of a fast Fourier transforms (FFT)-based
acceleration. The effectiveness of the method is demonstrated
through the optimization of MTSs radiating a pencil beam and
a conical beam with orbital angular momentum (OAM).

Index Terms— Broken rooftop, fast Fourier transforms (FFT),
impedance boundary condition (IBC), magnetic frill, metasur-
faces (MTSs), method of moments (MoM).

I. INTRODUCTION

ETASURFACES (MTSs) are revolutionizing the field

of waves engineering, not only in electromagnetics [1],
but also in acoustics [2]. The basic idea behind this new
technology lies in synthesizing thin artificial surfaces (i.e., with
sub-wavelength texture and thickness) capable of presenting,
at the wavelength of operation, properties that go beyond those
usually found in nature [3]. Among various applications of
MTSs in electromagnetics, MTS antennas have experienced
rapid development over the past decade [4], [5], [6], [7], [8],
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[9], [10], [11], [12], [13]. A MTS can be used to redirect
the wave coming from an initial antenna, [4], [5] or to
act as a lens [6], [7], [8]. Furthermore, MTSs can also be
designed to manipulate the dispersion characteristics of surface
waves (SWs) [9], [10], [11], [12], [13]. In the latter case, the
feeder is an SW launcher integrated into the MTS plane. That
configuration makes the antenna profile particularly low as
compared to reflectarrays or transmitarrays. SW-based MTS
antennas are typically fed by a TM polarized source, usually,
a coax probe [10], [11]. The MTS implements a spatially
modulated surface impedance, which progressively transforms
the SW into leaky waves. Pattern synthesis with MTSs is more
challenging than with dense antenna arrays, because of the
single active control point and given the need to manipulate
the surface and leaky waves through the surface impedance
modulation. In particular MTS antennas being based on leaky
waves, a difficult tradeoff needs to be established between the
directivity, which requires homogeneous aperture illumination
and limitation of SW diffraction at the rim of the antenna.

Recently, fast analysis tools have been developed to rapidly
predict the far-field radiation from MTS antennas [14], [15],
[16]. Those tools usually assume the MTS to be of canonical
shape (circular, elliptical, etc.), so as to properly model the
current distribution on the surface with relatively few basis
functions. More recently, an efficient method capable of
analyzing arbitrarily shaped MTSs has been proposed [17].
In that novel approach, the current distribution is expanded
into rooftop basis functions disposed on a regular grid. The
regularity of the mesh is exploited to drastically reduce
the computation complexity (almost linear in practice) and the
required memory. As a consequence, very large and arbitrarily
shaped MTS antennas meshed with more than 1 million basis
functions can be analyzed in a few minutes on a conventional
computer [17]. However, in all the previous works, the feeder
is not fully modeled. A point source modeling of the feeder
is usually assumed. Although this modeling allows for rapid
estimation of the radiation pattern, it fails at predicting the
antenna input impedance and may introduce inaccuracies
(about 2 dB error) on the predicted antenna gain and sidelobe
level.

This article extends the method developed in [17], by pro-
viding a full model of the feeder and of its coupling with
the MTS, while enabling rapid optimization of the MTS.
The proposed novel tool is capable of rapidly predicting the
antenna far-field, as well as its input impedance. It includes
a fine analysis of fields near basis functions that connect the
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feeding pin with its extension printed on the dielectric slab.
Relying on this tool, on the analytical MTS solutions proposed
in [10], and on the integral equation-based numerical design
technique proposed in [12], an optimization method is devel-
oped to satisfy far-field specifications (directivity, sidelobe
level, etc.) for pencil and shaped beams. This optimization
requires the update of the MTS only and, as will be shown,
can be carried out relatively fast (Nlog N complexity at each
optimization iteration, N being the number of basis functions),
while fully models the feeder coupling with the MTS. Besides,
in the example shown here, the input impedance of the
antenna is very close to the one obtained with the feeder
alone (i.e., the coupling from the MTS to the feeder can be
neglected). The sequel of this article is structured as follows.
Section II presents the feeder modeling and shows validation
of the feeder model with simulations obtained using the CST
commercial software [18] on a rectangular patch antenna.
Section III details and validates the method of moments
(MoM) formulation. The computation time of the method as
well as the coupling between the feeder and the MTS are also
analyzed. Section IV presents an optimization algorithm for
the MTS efficiency based on a nonuniform modulation index.
The optimization scheme is also proposed with another model
of the nonuniform modulation in order to reduce the sidelobe
level in Section V. Finally, Section VI draws the conclusions.

II. COAX-FEED MODELING
A. Description of the Feeder Model

This section briefly explains the adopted MoM modeling
of the coax feeder and presents numerical validations of the
feeder model with the frequency domain solver of the CST
commercial software. The proposed feeder model is thereafter
used in Section III to analyze coax-fed MTS antennas. In the
following, it is assumed that the reader is familiar with the
MoM for solving Maxwell equations in integral equation form
in layered media [19], [20], [21].

Let us consider a coax-fed planar antenna as schematically
represented in Fig. 1. The antenna metallization lies on an
infinite grounded dielectric slab of thickness d and relative
permittivity €;. The metallic parts are modeled as O-thickness
perfect electric conductor. The signal is sent through a coaxial
cable with an inner radius of r, and outer radius r,. It is
assumed that the coax line is designed so as to support the
propagation of the fundamental mode only in the frequency
band of interest. A planar patch, called “feeder extension” in
Fig. 1, is connected to the inner conductor of the coax. This
patch can have an arbitrary shape and its dimensions can be
adjusted for impedance matching purposes.

Extensive efforts have been devoted to the analysis and mod-
eling of vertical conductors in layered media [22], [23], [24],
[25]. Analytical methods based on cavity models [26], [27] and
integral-equations methods assuming a uniform probe current
distribution [28] were developed. While these methods yield
satisfactory results for electrically thin substrates, they are not
able to accurately predict the input impedance of coax-fed
antennas printed on electrically thick substrates, which is the
case for pin-fed MTSs. In order to fix this issue, models using
basis functions on the vertical conductors have emerged [29].
The use of basis functions allows accurate description of the
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Fig. 1. Representation of the probe-fed MTS antenna. The metallic parts are
modeled as O-thickness perfect electric conductors.

geometry of the probe. Local basis functions [30] or harmonic
basis functions can be used to describe the probe [31]. The
main difficulties with this approach are the evaluation of
Green’s function [19], [20], [21] and the accurate treatment of
the electrical connection between the probe and the horizontal
conductor. The electrical connection between the probe and
the patch is usually realized using an attachment mode [32],
[33], [34], [35]. An attachment mode is a basis function
simultaneously defined on both the probe and the patch.
This basis function is used to enforce the current continuity
across the intersection line between the outer surface of the
probe and the patch surface. Two main types of attachment
modes can be distinguished: the subdomain and entire-domain
attachment modes. This description essentially characterizes
the patch part. Regarding the subdomain attachment modes,
the most popular one is probably the one given by [33],
given its versatility versus different geometries and its spectral
domain suitability. It is described as a radial current density
spreading over a small fictitious disk concentric with the probe.
Entire-domain attachment modes can be based, for example,
on cavity model solutions [34]. It is shown in [35] that the
subdomain attachment mode is in general more accurate and
versatile than the entire-domain attachment mode. However,
one uncertainty remains regarding the determination of the
radius of the fictitious disk in the subdomain attachment
mode.

Our modeling of the feeder is inspired by the approach
proposed in [30]. In particular, the inner conductor of the coax
feeder is meshed with rooftop basis functions, and broken (or
bent) rooftops are used to model the transition between the
vertical probe and the horizontal patch so as to enforce the
current continuity at the air-dielectric interface. A Cartesian
reference system of coordinates placed at the ground plane
level and aligned with the probe axis is used (see Fig. 1).
The cylindrical probe cross section is modeled as an octagon,
and the current distribution along the surface of the probe
is described with vertical rooftop basis functions as depicted
in Fig. 2. The chosen octagonal cross section model results
from a tradeoff between a limited number of basis functions
and good accuracy. Bent rooftop basis functions are placed
at the transition between the probe and the planar patch to
ensure current continuity [30]. Half rooftop basis functions are
placed on the bottom of the probe to establish the electrical
connection with the ground plane. The planar patch is meshed
with local basis functions (see Fig. 4). Details regarding the
computation of the MoM impedance matrix are outside the
scope of this article. The reader is referred to [32] and [36]
for more details regarding the calculation of reaction integrals.
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Fig. 2. Probe meshed with rooftop basis functions. Magenta half rooftop
basis function ensure the connection with the ground plane. The rooftop basis
functions in blue describe the current on the probe. Finally, the bent rooftops
(each of them composed of a half vertical (green) and a half horizontal
(red) rooftop basis function) ensure the current continuity at the air-dielectric
interface.

Fig. 3. Magnetic frill excitation scheme. The equivalence principle is used to
model the electric field excitation at the bottom of the coax as an equivalent
magnetic current distribution.

Since it is assumed that the coax line supports the propagation
of the fundamental mode only, the electric field distribution
on the coax section at z = 0 is a priori known. Resorting
to the equivalence principle, this electric field distribution can
be translated into an equivalent magnetic current distribution
M on a perfect electric conductor (See Fig. 3). The magnetic
current distribution serves as an excitation for the antenna, and
is given by

- 2p ln(rb/ra)qS’

where V is the excitation voltage and p = (x*> + y?)!/?
is the radial distance from the probe. This excitation is
commonly called a magnetic frill excitation [37], [38]. The
MoM excitation vector is obtained after testing the electric
field generated by the magnetic frill with the vertical and
horizontal basis functions [32].

The surface current distribution on the probe, and the planar
patch is obtained after solving the resulting MoM system of
equations. The input current / can be approximated by adding
the MoM current coefficients of the bottom (z = 0; magenta)

M(p)

ra = p=rp,z=0 (1)

half rooftop basis functions depicted in Fig. 2 as follows:
8
I~ w;j ip,j (2)
j=1

where w; and iy, ; are the width and the current coefficient of
the jth half rooftop basis functions connected to the ground
plane, respectively. From there, the antenna input impedance
can be estimated as Z;, = I/V and the total active power
delivered at the feed reads

v
P — m(T) 3)

where M and * denote the real part and complex conjugate
operators, respectively.

B. Validation of the Feeder Model

To validate the feeder model, a patch antenna is considered
[see Fig. 4(a)] [29]. This patch is printed on a grounded dielec-
tric slab of relative permittivity 2.22 — 0.0022j, and thickness
1.52 mm. The inner, and outer radii of the coaxial conductors
are chosen as r, = 0.43 mm and r;, = 1.4 mm, respectively.
Fig. 4(b) shows a comparison with the results obtained with
the frequency domain solver of the CST software for the
input impedance based on the previously described method.
A truncated grounded dielectric substrate of dimensions
625 x 625 x 1.52 mm is considered in the CST model.
As can be seen, there is a very good agreement, illustrating
the accuracy of the model. In Section III, this model is
incorporated into the fast analysis tool presented in [17],
in order to analyze the complete MTS, including its coupling
with the feeder.

III. MOM FORMULATION FOR COAX-FED MTSs
A. Description of the MoM Formulation

Let us first consider a MTS antenna structure whose top
view is depicted in Fig. 5 and whose side view is schematically
represented in Fig. 1. The feeder is composed of a probe,
and a central patch disk, with eventually a ring slot. The
dimensions of the patch, the ring slot thickness and radius can
be tuned to match the antenna input impedance. Outside the
feeder lies the MTS, which is modeled as a modulated electric
sheet impedance Z . This surface impedance is meshed with
rooftop basis functions on a rectangular and regular lattice,
as previously explained in [17]. In particular, the current
distribution on the MTS Jy s is expanded as follows:

Nus
Ius(r) =D ivsn Fusa(r) “)

n=1
where F 5, corresponds to the nth rooftop basis function on
the MTS, and i s, is the corresponding expansion coefficient
to be determined. Note that, in order to account for the not
necessarily rectangular shape of the MTS, some coefficients
im.n are set to zero, as explained in [17, Sec. III]. As explained
in Section II-A, the current distribution on the surface of the
feeder is also discretized with elementary basis functions, i.e.,

Nrp

Jep(@) =D irpa Frpa(r) (5)

n=1
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Fig. 4. Validation of the adopted feed model with CST. (a) Top-view of
patch antenna. Hybrid basis functions are used at the transition between the
broken rooftops of the feed and the RWG triangular basis functions of the
patch. (b) Real and imaginary parts of the input impedance as a function of
the frequency. Our results are compared with those from CST. MF indicates
the magnetic frill excitation.

1000

Fig. 5. Example of a meshed MTS antenna, including a realistic feeder.
Absolute value of the xx component of the anisotropic sheet impedance given
in (10).

where Frp, corresponds to a given elementary basis func-
tion on the feeder, which includes the rooftop basis func-
tions of the probe, the Rao—Wilton—Glisson (RWG) basis
functions for the planar metallization, and the hybrid basis
functions for the transition between rooftop and RWG. Finally,
the irp, scalars are the coefficients of expansion to be
determined.

The MoM is used to find the surface current distribution on
the MTS (Jus), and on the feeder (Jrp), which translates into
the determination of the unknown coefficients of expansion
imsn and ipp . To this end, the boundary conditions on the
MTS and on the feeder should be enforced. On the MTS, the
boundary condition to be satisfied is

i x [ [ [ 65 ur) Quste) + dror) a5
—Z(r) JMs(r)} =-nxE" (6)

where r and r’ are positions vectors on the MTS, i is the
normal to the surface, QE 7 is the relevant dyadic GF of the
grounded slab, and Zs is the electric sheet impedance tensor.

Finally, EM S is the electric field generated on the MTS by the
magnetic frill current. Similarly, the tangential electric field
should vanish at the surface of the feed, i.e.,

ax [ [[ 65 6.r) Gus(e) +3r0(0) a5
= —f x EfP @

where E/” is the electric field generated on the surface of the
feeder by the magnetic frill current. After inserting the current
expansions (4) and (5) in (6) and (7), and testing the fields
with the same basis functions (Galerkin testing), the following
MoM system of equations matrix is obtained:

|:ZMSMS ZMSFD:| |:iM5:| _ |:VM5:| )
2 srp Zrprp ||iFp |~ | VED

where Zysys is the MTS impedance matrix given by
[17, eqgs. (3)—(5)], Zrprp is the feed impedance matrix
as discussed in Section II-A, and the off-diagonal matrices
contain the interactions between the feed and the MTS. vys
and vpp are fields from the magnetic frill excitation tested
by the MTS and feed basis functions, respectively. Using the
technique developed in [17, Sec. III], a system of equations
involving only the MTS matrix Z;s)s can be rapidly solved.
Unfortunately, here, due to the inclusion of the feeder, and
its coupling with the MTS, it is not possible to use the same
technique to solve the system of equations in (8). Therefore,
(8) is solved with the Schur complement method. First, the
current iyp on the feeder is computed by solving the following
system of equations:

T -1 .
(—Zlyisrp Zmsus™" Zusrp + Zrprp) irp

T -1
=Vrp — Lysrp Lysus™ Vus. (9)

This equation is solved iteratively using the generalized
minimal residual method (GMRES) technique [39]. At each
iteration, the matrix-vector multiplication with Z;,IIS us 18 also
computed iteratively using the method presented in [17].
Note that the number of iterations required to solve (9)
can be dramatically reduced if the inverse of the feeder
self-interaction matrix Zgppp is used as a preconditioner.
To analyze that preconditioning effect, we consider a square
MTS antenna of size 31y x 31p, lying on a substrate
with relative permittivity 3.66 and thickness 1.524 mm.
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Fig. 6. GMRES convergence for the system of equations (9) considering the
MTS in Fig. 5.

The sheet impedance modeling MTS is given by [10]

7P’ = jXo[1 + M cos(ks,p — kop sinGy cos p — )]
7/ = 7% = jXoM sin(ky,p — kop sin 0y cos g — @)

79?9 = jXo[1—M cos(kswp — kop sinbycosd — ¢)]  (10)

with Xg = —772 Q being the average reactance. M = 0.4 is
the modulation depth, k;, = 1.35 k¢ is the supported SW
wavenumber, and (8 = 0) is the radiating direction, here
at broadside. (p, ¢) are the classical polar coordinates, with
the origin at the center of the MTS. The convergence of
GMRES (with and without preconditioning) is plotted in
Fig. 6. It can be observed that preconditioning with the inverse
of the feeder self-interaction matrix dramatically accelerates
the convergence. This is due to the relatively small backward
coupling between the MTS and the feeding structure.

Once the coefficients for currents on the feed irp are
obtained, the current coefficients on the MTS i, 7 are derived
as

Y

Equation (11) can be rapidly solved using the technique
described in [17, Sec. III].

Zysys iys = (Vus — Lysrp irp).

B. Validation of the Vertical Probe Model With the
FBBF-Based Method

The vertical probe model is validated with the Fourier—
Bessel-based tool presented in [40]. In the latter, entire-domain
basis functions called Fourier—Bessel basis functions (FBBF)
have been used to analyze circular MTSs, and the feeder has
been modeled by a vertical infinitesimal dipole. We consider
a circular MTS of radius 7.540, with Ay being the free-space
wavelength. The impedance profile, and the substrate are the
same as the ones considered in Section III-A. This antenna
is designed to radiate a circularly polarized broadside beam.
For comparison with the model of [40], the feeder is simply
constituted of a vertical probe (a pin as shown in Fig. 3) with
radius 0.2 mm. The radius of the coaxial cable outer conductor
is 0.475 mm and the MTS covers the whole circular aperture
of the antenna. Fig. 7 shows the evolution of the aperture
efficiency (e4p), the conversion efficiency (€c0,,) and the total
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Fig. 7. Comparison of the vertical probe model with the infinitesimal
dipole model from [40]. The efficiencies of the antenna, computed with both
approaches are compared.

Z [mm]

Fig. 8. Feeder structure and mesh. (a) Top view. (b) Side view.

efficiency (€ = €,, X €cony) as a function on the modulation
depth M of the impedance distribution.

As can be observed, although the two methods are based on
different basis functions and feeder models, a good agreement
is observed between the two formulations for total efficiency.

C. Impact of the Full-Wave characterization of the Feeder

Now, let us analyze the impact of introducing a more
realistic feeder. To this end, a hole of 0.5, radius has been
made in the center of the MTS and we have added a circular
ring patch (represented in Fig. 8) on top of the probe. This
patch is composed of an inner disk of radius 0.8 mm, a gap
of size 0.575 mm, and a ring with an outer radius of 3.5 mm.
Those feeder dimensions have been chosen to match the
antenna at 50 Q at 24 GHz. Efficiency results previously
obtained without a patch disk on top of the probe are compared
with those obtained with the patch disk (i.e., with a full-wave
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Fig. 9. Comparison between the FBBF-based method, modeling the feed

as a point source and the proposed method, fully characterizing the feed as
shown in Fig. 8. (a) Efficiency results as a function of the modulation depth.
(b) Co-polar directivity.

modeling of the feed) in Fig. 9(a). The directivity pattern in
the ¢ = 0 plane, and for M = 0.4 is shown in Fig. 9(b).

It is interesting to see that the full-wave feeder modeling
introduces some variations on the aperture and conversion
efficiencies and impacts the sidelobes level of the radiation
pattern. The differences observed are stronger when looking
individually at the conversion and aperture efficiencies than
when looking at the total efficiency. For example, there is a
2 dB difference on the directivity between the two models
at M = 0.3, and 1.3 dB difference at M = 0.4. These
comparisons highlight the importance of accounting for the
geometry of the feeding structure, in particular when one needs
to control accurately the sidelobes.

D. Analysis of the Coupling Between the Feeder and the MTS

This section analyzes the impact of the coupling feed-MTS,
on the antenna input impedance. For this purpose, we have
computed the input impedance of the antenna described in
Section III-A in three different cases. The first case corre-
sponds to the feed, with top disk included, laying on the

Y [A]
o

X[\
@

X X
(b)

Fig. 10. 2.5 radius MTS antenna described with both sheet impedance
model and coffee bean patches. (a) Global view. (b) Central zoom.

infinite slab, and without the presence of MTS. In the second
case, we have added the sheet impedance distribution around
the feed, and the antenna radius has been fixed to 2.51. In the
third case, the portion of the MTS close to the feed has
been implemented with coffee bean patches. These have been
designed to implement the desired surface impedance in the
inner part of the MTS, i.e., radius € [0.54, 4¢]) (see Fig. 10).

Fig. 11 shows the input impedance and the reflection
coefficient as a function of the frequency. One can conclude
that the presence of the MTS around the feed does not strongly
affect the matching of the antenna. That means the antenna
matching can be carried out almost independently of the MTS
design.

E. Computational Speed of the Method

This section provides the computational performance of the
method, in the presence (or not) of a top disk feeder. The top
disk and the probe have been meshed with 476, and 32 basis
functions, respectively. The simulations are carried out using
a single computer equipped with an Intel Core i5-7500 CPU
with a 3.4 GHz clock and 24 GB of RAM. The simulation
time is evaluated considering a circular MTS described with
the surface impedance given by (10) and the same substrate
as in Section III-A. The feeder is fully meshed, as sketched
in Fig. 8. An overview of the simulation time for each step is
given in Table I.

As can be seen, the most expensive steps in terms of simu-
lation time and memory are the filling of Z ;s p, the filling of
Zrprp, and the excitation vector calculation. However, when
one needs to optimize the MTS sheet at a given frequency
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Fig. 11.  Input impedance: feeder alone versus feeder surrounded by MTS
modeled as sheet impedance versus feeder surrounded by MTS, including
coffee bean patches (see Fig. 10).

of operation, with a given substrate, those calculations have
to be made only once. As a consequence, the MTS antenna
can be rapidly optimized, while fully modeling the feeder.
This feature is exploited hereafter to optimize the efficiency
of MTS antennas, and/or to control the sidelobes level.

I1V. FAR-FIELD OPTIMIZATION OF MTS ANTENNAS

Let us assume that one needs to design a MTS radiating
a pencil beam pointing in an arbitrary direction. For a
circular polarization, the required impedance profile has been
derived in [10], and is given by (10). In that expression,
the modulation index and the supported SW wavenumber
should be chosen/optimized to achieve a maximum efficiency.
A simple optimization procedure based on the previously
described method is proposed in this section to guide the
user toward the rapid optimization of the MTS antenna, and
avoid reaching non-desired local minima. Contrary to the
approaches developed in [14], [15], and [16], here the feeder
is fully analyzed as well as its coupling with the MTS and
the proposed algorithm enables the reduction of the sidelobe
level.

TABLE I
EVALUATION TIME OF THE METHOD PROPOSED IN SECTION III-E

MTS antenna radius [ 75X [ 10X [ 125X | 15X

Number of unknowns 138940 | 248236 389020 561172
ZrprD filling  time 6 6 6 6
[min]
Zyspp filling  time 49 90 143 208
[min]
Excitation vector v com- 0.93 1.45 1.97 2.64
putation time [min]
Zysvs  filling  time 0.29 0.54 0.9 1.3
[min]
Solving time using 0.32 0.78 2.04 4
Schur’s complement
[min]
0.87 T
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Fig. 12.  Illustration of the nonuniform modulation index, considering

a = 0.8 and different values of b.

A. Optimization of the Efficiency of MTS Antennas

1) Description of the Algorithm: It has been shown in [40],
[41], [42], and [11] that a nonuniform modulation index M (p),
can lead to a higher efficiency, as compared to the uniform
modulation. Intuitively, increasing the modulation index when
moving from the center of the antenna to the rim can enable
the compensation of the progressive attenuation of the SW
due to radiation, so as to maintain a quasi-uniform radiating
power density over the aperture. In this way, one can reach
a high aperture efficiency without sacrificing the conversion
efficiency, thus maximizing the overall efficiency.

In this work, we propose the following nonuniform model
for the modulation index:

M(p) = a(l — e P/Pm) (12)

where ppq, is the antenna maximum spatial extent from the
origin and the parameters a and b are tuned to optimize the
antenna efficiency. More specifically, ¢ imposes the maximum
value of M(p) and b controls the convergence rate. An exam-
ple of this model is depicted in Fig. 12.

Since the supported wavenumber ky,, depends on the mod-
ulation index, an optimized design will require the local
computation of ky,. However, we have observed that a
well-chosen constant value of kg, is sufficient to achieve an
excellent performance. It should be noted that the method
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Fig. 13.  Optimization algorithm for MTS efficiency.
TABLE II

EFFICIENCY OBTAINED FOR CIRCULAR MTS USING THE
OPTIMIZATION ALGORITHM IN FIG. 13

MTS 7.5 Ao 10 \o 12.5 Ao 15 Ao
antenna

radius

e* (%] 59.1 62.2 66.4 69.2
€ om0 82.6 85 89.4 94.7
e;p[%] 71.6 73.2 74.3 73
Parameter 0.75 0.69 0.7 0.8
a

Parameter 5.53 5.25 4.28 2.9
b

k%o ksw,0/0.96 | ksw,0/0.97 | ksw,0/0.97 | ksw,0/0.965
1 (%] 39 37.5 38 37
5[ %] 53.3 53.2 53.3 53.5

enables a more elaborated modeling of ky,,. The optimization
algorithm 1is illustrated in Fig. 13. First the supported SW
mode is computed as the one corresponding to the average
reactance, i.e., in the absence of modulation (k5,0 [44]).
A uniform modulation index M is then assumed, and tuned
to maximize the antenna efficiency. Then, starting from the
previously obtained pair (ks 0, M*), the SW wavenumber
and the uniform modulation index are tuned simultaneously
to optimize the efficiency. The resulting solution (k*,, M"*)
constitutes the optimized design for a uniform modulation
index.

In the second part of the algorithm, the parameters a and k;,,
are set to the values M+, k%, previously obtained. After that,

XIA

(b)

Cross-pol directivity

u u
(©) (d)
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Fig. 14. Conical beam with OAM. (a) pp component of the reactance modu-
lation. (b) p¢ component of the reactance modulation. (c) and (d) Directivity
cut in the uo plane. (e) Amplitude of the directivity in the cone # = 30°.
(f) Phase of the directivity in the cone 6§ = 30°.

300

b is tuned to maximize the efficiency. If the resulting efficiency
is higher than the previous one, the value of a is increased.
However, if the previous efficiency is higher than the new one,
the previous efficiency is selected as the optimized one. After
this step, a better efficiency may sometimes be obtained by
tuning again k.

2) Optimization of the Efficiency of a Circular MTS Radi-
ating a Broadside Pencil Beam: We consider a circular MTS
antenna radiating a circularly polarized broadside beam, with
a substrate with relative permittivity €, = 3.66, and thickness
d = 1.524 mm. The overall efficiency has been optimized with
the previously described algorithm. The results are shown for
different MTS radii in Table II. The intermediate results €},
€5 are also provided.

One can conclude that the achievable optimum efficiency
varies with respect to the antenna radius. The optimized
efficiency increases with the antenna radius up to a maximum;
here approximately (70%). Comparing €}, €;, and €, it can be
concluded that the optimization of kg, and M, is required to
achieve a maximum performance. Exceeding 70% efficiency
will require a proper design of the feed so as to minimize the
space waves directly radiated by the feeder.
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(e) and (f) Directivity pattern cut in the highest sidelobe plane, considering the solution without and with sidelobe optimization, respectively.

3) Optimization of the Efficiency of a Circular MTS Radi-
ating a Conical Beam With OAM: This section provides
optimization results for a MTS antenna radiating a circularly
polarized conical beam pointing at 6 30°, with orbital
angular momentum (OAM), i.e., with a phase linearly evolving
along azimuth [45]. Contrary to MTS antennas radiating pencil
beams, an analytical expression of the surface impedance
required for such beams does not exist in the literature.
Therefore, we have designed the MTS with the integral-
equation-based method proposed in [12], and the modulation
depth of the obtained solution has been optimized with the
method presented in Section IV-A. The optimization has been
carried out while fully modeling the feed. Note that, here,
the parameter kg, has not been optimized. The results are
shown in Fig. 14 for a MTS with 124 radius. We obtained a
conversion efficiency of 85.66%, with an average directivity
equal to 16.5 dBi in the radiating cone (6 = 30°). It is worth
mentioning that multiplexing information with OAM beams is
limited to the near-field because of the faster on-axis decay of
OAM beams [45].

B. Optimization of the Efficiency of a Rectangular MTS

An advantage of the proposed MTS modeling is that it can
be used for arbitrarily shaped MTSs. For example, we have
optimized a rectangular shaped MTS antenna of dimension
1749 x 104, radiating a cicularly polarized broadside beam
with the same substrate as before. For this example, we have
obtained a = 0.72 and b = 9.4, leading to an an aperture
efficiency of 68%, a conversion efficiency of 74%, and a
compound efficiency of 50.3%. For comparison, a circular
MTS antenna with comparable area, i.e., with a 7.54 radius,
provides a 59.1% efficiency. That means, better results are

obtained with a circular antenna. The optimization of the
rectangular shaped antenna may be improved by introducing
an azimuthal dependence of the optimized modulation index,
and the supported SW wavenumber. The incorporation of
this azimuthal asymmetry in the optimization algorithm is
straightforward.

V. SIDELOBE LEVEL REDUCTION

Section IV has dealt with the optimization of the antenna
efficiency. In some applications, the antenna efficiency may
not be the only constraint. For example, a radar antenna
may require a very low sidelobe level to avoid clutter
detection. From Section IV-A2, the optimized circular MTS
antenna of radius 154y provides an efficiency of 69.2%,
with a sidelobe level 18.45 dB lower than the main lobe
[see Fig. 15(e)]. One may prefer to reduce the sidelobe level at
the expense of a lower efficiency. The sidelobe level mainly
results from the diffraction effect due to the radiating field
discontinuity at the MTS edge. That means, controlling the
sidelobe level requires a progressive diminution of the power
radiated close to the MTS edge, which translates into a
progressive diminution of the modulation index. Therefore,
the following extended model for the modulation index is
proposed:

M(p) = a(l _ efbp/pmm)’ p<c

M(p) = Myax —az(1—e?P79),  p>c  (13)

where p = c is the radius at which the modulation index
is maximum [i.e., M, M(c)], and a; Mo/
(1 — e?(Pnai=9)) The expression of a, ensures the continuity
of M(p) at the transition point (p ¢). a—c, and b, are
the optimization variables, and p,,,, is the antenna radius.
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Parameter ¢ controls the radius at which the modulation index
starts decreasing, and parameter b, controls the decaying
slope. The objective function is now defined as

(14)

2
F = €conv€ap€y

with €5 being the ratio between the main lobe level and
the maximum sidelobe level. The square on top of € is
used to put more weight on the sidelobe level reduction.
Other rules may be used to combine the different figures of
merit. The optimization is carried out on a MTS of radius
1540, with a procedure similar to the one described in the
previous section. The modulation index and sheet impedance
modulation maximizing F are shown in Fig. 15(a) and (b).
The resulting radiation pattern (in the uv plane) is represented
in Fig. 15(d), and compared with the one obtained from the
efficiency optimization [see Fig. 15(c)]. The directivity cuts
along the highest sidelobe plane resulting from the efficiency
optimization without and with sidelobe minimization are
respectively shown in Fig. 15(e) and (f). It can be observed
that the sidelobe level is now lower (28 dB below the main
beam). In comparison, when the optimization was carried out
on the antenna efficiency only, the sidelobe level was 18.4 dB
lower. However, the improvement of the sidelobe level has
been obtained at the expense of a lower aperture efficiency
(73% versus 59.7%).

VI. CONCLUSION

Optimizing MTS antennas while fully modeling the feeder
is required when one needs a fine control of the antenna
directivity (less than 2 dB error). However such optimization
is a complex task because of the required meticulous treatment
of the underlying Green’s functions, reaction integrals and
attachment modes. A detailed analysis and optimization of
coax-fed MTS antennas has been presented. First a model of
the probe is provided and validated considering a printed patch
antenna. Then, the probe model is combined with a recent
algorithm developed to rapidly analyze arbitrarily shaped
MTSs [17]. The resulting method enables a rapid optimization
of the MTS antenna far-field pattern, while fully modeling the
feeder. This allows one to establish a proper trade-off between
conversion efficiency, directivity and sidelobe level, while also
ensuring a good impedance matching. In addition, it has been
shown based on a practical example that the matching of the
antenna can be carried out by tuning the feeder dimensions,
while ignoring the presence of the MTS. Further works should
include the full-wave modeling of the fine geometry of the
MTS patches, so as to accurately predict the antenna radiation
prior to fabrication.
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