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Summary

This Thesis focuses on the deterministic design of metasurface antennas.

Metasurfaces are metamaterial-inspired surfaces composed of sub-wavelength el-
ements; they possess the ability to manipulate electromagnetic waves with unprece-
dented flexibility and have been employed in a wide range of antenna applications.
Metasurface design relies on the macroscopic approximation of its electromagnetic
response by means of a homogenized Impedance Boundary Condition (IBC). The
determination of the impedance profile that may guarantee the desired antenna
performance constitutes the first crucial step in the design process.

The research work involves both static and reconfigurable antennas.

A novel beam-scanning dual-metasurface antenna is designed, where beam steer-
ing is achieved by pairing a sinusoidally-modulated reactance surface with a varactor-
loaded reconfigurable metasurface.

A new, generalized deterministic numerical method for the full design of meta-
surface antennas is developed that allows to self-consistently include 3-D metallic
feeding structures inside the optimization instance, thus enabling accurate estima-
tion of the antenna performances, e.g. the peak realized gain. This method is
successfully applied to the design of several edge-fed rectangular metasurfaces and
center-fed circular antennas, and the results are validated with full-wave simula-
tions. The most difficult designs involving broadside-radiating leaky wave antennas
are also fabricated and measured.

Finally, the proposed automated design method, initially developed to deal
with isotropic metasurfaces, is modified to be able to synthesize fully tensorial
metasurfaces, without any a priori assumption on the tensor impedance profile.
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Chapter 1

Overview

The research work reported in this Thesis has been focused on the design and
realization of metasurface antennas. This Chapter outlines the general framework
of the research; a more in-depth analysis of the current state of the art and related
literature is carried out at the beginning of every Chapter.

Metasurfaces, i.e., metamaterial-inspired surfaces composed of sub-wavelength
elements, have emerged as a transformative paradigm in antenna design [1]. They
possess the ability to manipulate electromagnetic waves with unprecedented flex-
ibility, offering many opportunities to tailor and enhance antenna functionalities.
They have been employed in a wide range of applications, including lenses, reflec-
tarrays and reconfigurable intelligent surfaces (RIS).

Metasurfaces are most commonly implemented with printed conductive ele-
ments over a dielectric substrate; one or more metallization layers can be used
depending on the application. Varying the dimensions of these sub-wavelength
“unit cells” allows to control the electromagnetic response of the metasurface.

Since metasurface antennas typically reach a large size in terms of wavelengths,
the full-wave analysis of these structures is challenging, and even more so for any
design approach based on such level of analysis. However, it is possible to ap-
proximate the electromagnetic behaviour of metasurfaces at a geometrical scale of
the order of the wavelength, in the following called “macroscopic”. At this macro-
scopic scale, the local field can be averaged (“homogenized”) and represented by an
Impedance Boundary Condition (IBC) that relates the tangent electric and mag-
netic fields. This approximation as continuous distribution of equivalent surface
impedance has facilitated the electromagnetic analysis of large metasurface anten-
nas and enabled a two-step design process: first, the impedance spatial distribution
that serves the desired application is determined; then, this surface impedance is
physically implemented using suitable unit cells.

The mapping between unit cell and surface impedance is usually based on the
assumption of local periodicity to account for inter-cell couplings, and it is well
documented in literature [2].
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This Thesis focuses on the first step in the design of metasurface antennas, i.e.
the determination of the proper impedance profile that satisfies specific application-
dependant requirements, typically related to the radiation pattern of the antenna.

The existing design methods can be divided into two categories: analytically-
based approaches versus automated algorithms. Methods belonging to the first
category usually involve analytical modulations of the surface impedance [3, 4, 5],
and can be interpreted under the paradigm of Leaky-Wave Antennas (LWAs).

Fully-numerical design algorithms are essentially optimizations, and the related
problem is not convex. They are further divided into two categories: statistics-
based global optimizations, and deterministic optimizations. The former category
involves meta-heuristics like particle swarm, genetic algorithms etc.; they have the
potential of avoiding local minima (maxima) but require a large number of evalua-
tions of the functional to be minimized (or maximized). This number is essentially
exponential with respect to the number of design parameters, and each evaluation
requires a full-wave simulation; hence, they are practically forced to employ pa-
rameterizations that derive from the analytical approach, with a limited number of
parameters. Deterministic approaches are not constrained by analytical considera-
tions and benefit from a much higher number of degrees of freedom; in turn, they
may fall into local traps. These methods can generate unconventional impedance
profiles that satisfy arbitrary design requirements [6, 7, §].

In this Thesis, both analytical and deterministic numerical design methods are
explored in the framework of different applications. Chapter 2 presents the design
of a beam-scanning dual-metasurface antenna, where beam steering is achieved
by pairing a radiative, modulated impedance surface with a reconfigurable meta-
surface; for this purpose, analytically-based techniques are employed, such as the
leaky-wave radiation arising from sinusoidally-modulated reactance surfaces [3] and
the transverse equivalent network analysis of multilayered structures [9]. These ap-
proximated analytical tools allow nonetheless to design with sufficient accuracy a
novel beam-scanning antenna in which reconfigurability is conveyed by on-plane
varactors in a tunable-impedance surface. In Chapter 2 the limitations given by
the sinusoidal impedance modulation on the beam-scanning antenna are also high-
lighted, justifying the interest in automated numerical design methods.

In this perspective, Chapter 3 presents a novel automated method for the de-
sign of scalar metasurface antennas that includes realistic 3-D feeding structures
inside the optimization instance. The proposed method is a generalization of [6].
The proper modeling of the feed and launching structure inside the optimization
instance leads to a fully self-consistent design of the entire metasurface antenna
and ensures that the synthesized structure behaves as expected in a realistic envi-
ronment. The inclusion of metallic feeding structures in the synthesis algorithm is
made possible by introducing a cost function that enforces the PEC condition in the
corresponding regions, in self-consistent interaction with the IBC areas where the
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unknown impedance pattern must be synthesized. In Chapter 3, this method is de-
scribed and applied to two different geometries of metasurface antennas: a circular
antenna fed by a central vertical pin with annular matching ring, and a rectan-
gular “strip-like” metasurface connected to an input coaxial cable by a tapered
microstrip section. Several designs, characterized by more or less difficult radiation
patterns, are presented, and the far-field results predicted by the automated design
method are compared with full-wave simulations of the complete antennas, showing
excellent agreement.

The proposed design method maximizes the realized gain, accounting for the
interactions between launching structure and metasurface, and thus leads to the
synthesis of an impedance surface with a low input reflection coefficient. This
consideration has prompted its testing in the design of broadside-radiating, edge-
fed LWAs, which notoriously suffer from the open stopband problem at broadside
[10]. The design of a broadside-radiating “strip-like” LWA is firstly presented in
Chapter 3, demonstrating the capability of the proposed generalized method to
effectively overcome the open stopband issue.

Chapter 4 offers experimental validation of the method. Two prototypes of
numerically-synthesized, broadside-radiating LWAs, built on two different dielectric
substrates, are fabricated and their performance measured. The agreement between
design, simulation and measurement proves that the proposed automated design
method can indeed synthesize metasurface antennas in a reliable, self-consistent
way, ensuring the persistence of the desired radiation properties from the design
stage up to fabrication.

Chapter 5 introduces a new version of the automated design method tailored
to the design of tensor metasurfaces — whereas its initial version considered scalar
impedances. Given the greater capabilities in terms of manipulation of electromag-
netic waves possessed by tensor impedance surfaces, enabling the design algorithm
to deal with this kind of metasurfaces is the natural step forward. The main ad-
vantage of the underlying optimization method is that it optimizes the (equivalent)
current on the metasurface; the impedance is then recovered from this current.
The extension to tensor impedance requires two fundamental steps: first, a new
strategy must be implemented to retrieve the tensor impedance components from
the optimum current density; second, new IBC realizability functionals must be de-
fined to enforce the synthesis of tensor impedances with prescribed properties (e.g.,
capacitive). Preliminary numerical results relative to the design of a circular tensor
metasurface radiating a broadside pencil beam show that the automated design
method is capable of synthesizing tensor impedance surfaces with this approach.

Finally, in Chapter 6, a summary of the main achievements of this research
work is given, along with possible future developments and improvements.






Chapter 2

Beam-Scanning Dual-Metasurface
Antenna

This chapter reports the published article [11].

Beam-scanning antennas are employed in a wide range of applications, such
as in satellite communications and 5G networks. Current commercial solutions
rely mostly on electronically reconfigurable phased arrays, which require complex
feeding networks and are affected by high losses, high costs, and are often power-
hungry. In this Chapter, a novel beam scanning architecture employing a pair
of planar metasurfaces, for use in thin reconfigurable antennas, is presented and
experimentally demonstrated. The structure consists of a radiative passive (non-
reconfigurable) modulated metasurface, and a second metasurface that controls
beam pointing, operating as a variable-impedance ground plane. Unlike other ex-
isting approaches, surface impedance variation is obtained by on-plane varactor
diodes, no vias and a single voltage bias. This Chapter presents a design procedure
based on an approximate theoretical model and simulation verification; a proto-
type of the designed antenna is fabricated for operation in X band, and a good
agreement between measured results and simulations is observed. In the presented
simple embodiment of the concept, the angular scanning range is limited to 10°;
this limitation is discussed in view of future applications.

2.1 Introduction

In recent years, reconfigurable antennas have been the subject of constantly
growing interest, since beam steering is required in a wide range of present, emerging
and future applications, as in satellite communications, radars, 5G and beyond-5G
networks [12, 13, 14].

Commercial solutions, current and under development, rely mostly on electron-
ically reconfigurable phased arrays, but the inherent complex feeding networks and
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high losses make these antennas less than optimal [15]; this has prompted research
into alternative architectures. Among these, solutions are favored in which the radi-
ating part and the power distribution structure coexist; the interplay between wave
guiding (spatial power distribution) and radiation is well captured by the leaky-
wave paradigm [3, 10, 16], that allows for approximate designs. Beam steering
at fixed frequency has been achieved using materials with tunable electric proper-
ties [17, 18, 19, 20], done electromechanically [21] or by employing a multitude of
(lumped) active components like varactors [22, 23, 15, 24, 25, 26, 27].

In [27], varactors were used to individually load the grooves of a corrugated
microstrip line, with operation below 6 GHz; the resulting antenna was thin and
simple, but the use of (TEM) microstrip guiding likely affected operation at higher
frequencies because of the intrinsic losses. In [23], varactors were employed as
tuning elements for a high-impedance surface in a 1-D Fabry-Perot leaky-waveguide;
the inherent transverse resonance mechanism required a thickness of about 3/4
wavelength. In [15], varactors were inserted in tunable-impedance phase-shifting
side walls in a waveguide antenna (a modified WR90) derived from a standard
waveguide slot array (in leaky-wave operation mode).

One of the most recent uses of metasurfaces is as refracting or reflective intel-
ligent surfaces [28, 29, 30]; also beamformers [31] for satellite-terrestrial networks
have been revamped.

In this Chapter, a novel fixed-frequency beam scanning mechanism is introduced
and demonstrated. The main goal of the present study is to investigate on the
potential of beam steering via distributed varactor diodes with a single DC control,
i.e. on-plane varactors and no vias: this can be realized with existing standard low-
cost technologies (e.g. pick-and-place). Using the metasurface paradigm, varactors
can act as variable (reactive) loads in a suitably designed texture, yielding a variable
impedance surface, with surface impedance value controlled by the DC bias.

By combining a modulated upper metasurface (responsible for radiation) with
a reconfigurable impedance plane (responsible for beam scanning) we effectively
separate RF wave propagation from DC bias, while maintaining a very small form
factor.

In this Chapter, Section 2.2 illustrates the adopted design techniques and de-
scribes the geometry of the designed antenna, while simulation results and exper-
imental measurements of the fabricated prototype are reported in Section 2.3. In
Section 2.4, these results are discussed and future work is outlined. Finally, con-
clusions are drawn in Section 2.5.



2.2 — Concept and Design

2.2 Concept and Design

2.2.1 Principle of Operation

The beam scanning mechanism is conceived as a dual metasurface structure (see
Fig. 2.1a). Radiation is effected by a (static) transparent metasurface with metal
texture on a dielectric (inspired by [4]); in a fixed-beam configuration, the radiating
metasurface would be backed by a metal plane providing wave guiding. Here,
the ground plane is replaced by a tunable-impedance metasurface. The principle
of operation is based on the radiation of a guided wave, whose phase velocity is
controlled by the variable-impedance surface.

Idielectric
I spacer

z4 YDOWH
Yumrs

M1, €1 dy dielectric
layer

d, airga

Ho, €g 0 gap

Figure 2.1: Structure of the proposed antenna. (a) Schematic architecture. (b)
Transverse equivalent network: Yrs is the admittance of the upper metasurface,
Yiurs is the admittance of the lower (reconfigurable) metasurface, d; is the thickness
of the dielectric layer, dy indicates the air gap, Yyp and Yyown are the admittances
looking up and down from the interface between the antenna and free space, Z is
the equivalent impenetrable surface impedance that approximates the whole mul-
tilayer structure.
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The present study considers an antenna with scan in the vertical plane; the
transverse size can range from small to multi-wavelength, depending on the type
of feeding structure; for the sake of simplicity here the intermediate size of one
wavelength was considered, which would allow for star-type 2D scanning [32].

Radiation of a guided mode is conveniently framed in the leaky-wave paradigm;
hence, radiation happens via the spatially-modulated upper metasurface, exploit-
ing both well-known results [3] and recent advances in metasurface antennas [4].
Operation principle, and thus first-pass design, can be conveniently understood for

the simplest modulation of the radiating metasurface, i.e. for the sinusoidal one
[4]:

Z4(2) = i Xsmve l1 4+ M cos (2231;)] (2.1)

where Zg is the equivalent impenetrable surface impedance that approximates the
whole multilayer structure and takes into account the effects of both metasurfaces
(Fig. 2.1b), x is the coordinate along the direction of wave propagation, M is the
modulation index, p is the modulation period, and Xj .. is the average surface
reactance.

In this case, leaky-wave radiation happens for the n = —1 Floquet harmonic
of the traveling wave [3, 4]; for TM mode propagation, the radiation angle 6_; is
linked to the average surface reactance X ,v. by the approximate expression [4, 27]:

XS ave 2 2
01 =arcsin | 4|1+ () - (2.2)
Tlo kop

where 19, ko are the free-space impedance and wavenumber, respectively.

2.2.2 Design method

The design is carried out in terms of standard guided-mode analysis [9] via
the Transverse-Resonance Equation (TRE). As depicted in Fig. 2.1b, the total
admittance from the antenna-free space boundary is controlled by the variable
impedance layer, resulting in a controllable wavenumber of the guided wave.

The use of the usual “adiabatic” approximation for slow variations of the top
impedance allows to approximate the antenna with a transverse equivalent network
(TEN) (see Fig. 2.1b) at any given sample point of the modulated structure. From
this transmission-line representation of the structure, the local value of the surface
impedance Z(x) can be retrieved by solving the corresponding TRE:

YUP('I) + YDOWN(x) =0 (2.3)

where Yyr and Ypown are the admittances looking up and down from a reference
plane located at the interface between the antenna and free space. Indicating with
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dy the thickness of the dielectric layer between the two metasurfaces and with
dy the air gap between reconfigurable metasurface and ground plane, standard
transmission-line theory yields [33]:

Yip = Y™ (2.4)
Y +jYTM tan (k 1d1)

Y, — YTM EGP 1 z 25

DOWN mvrs T Yy YlTM T jYEGP tan (kzldl) ( )

Year = Yrmrs — jY()TM cot (k’zodo) (2'6)

where Yynrs is the admittance of the upper metasurface, Yyyrs is the admittance
of the lower (reconfigurable) metasurface and Yigp is the admittance of the equiv-
alent ground plane looking down from just above the tunable impedance plane
(Fig. 2.1b). In (2.4)-(2.6), Y;™ and Y;™ are the TM wave admittances in free
space and dielectric substrate:

WE(

Y™ = 2.
0 kzO ( 7)
Y = 2 (2.8)
kzl

where k,o and k,; are the wavenumbers in the transverse direction:

by = K2 — 2 (2.10)

and k, is the longitudinal wavenumber. From (2.5) and (2.6) it can be seen that the
solution of the TRE depends on the sheet admittances of both metasurfaces (Yynrs
and Yiurs). Since all quantities in (2.4)-(2.6) can be expressed as a function of k,,
it is possible to solve (2.3) for k, and then obtain the (local) surface impedance as:

1

Z.=iX, = (2.11)

YDOWN

It is worth noting that the longitudinal wavenumber k, considered above is used
only to compute the local surface impedance based on the adiabatic approximation,
and does not correspond to the actual wavenumber of the leaky wave that arises
from the modulation of such impedance.

The average value of X is linked to the radiation angle through (2.2). This
means that tuning Yiurs directly affects the beam direction, thus validating the
concept of this architecture. Once a desired radiation angle for the n = —1 har-
monic is chosen, the modulation period p is retrieved from (2.2) after selecting a
proper value of X ... among those physically attainable with the considered struc-
ture.
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Figure 2.2: Unit cell of the reconfigurable metasurface.

The design process now requires the choice of the geometry of both metasurfaces
and the computation of their sheet admittances Yynmrs and Yzyrs, in order to solve
(2.3). For the upper layer, a unit cell is chosen such that its admittance can be easily
modulated by varying only one geometric feature, e.g. the gap width between two
adjacent metal strips, as in [4]. For the implementation of the tunable metasurface,
the unit cell shown in Fig. 2.2 is used. This shape is inspired by the geometry
described in [34]. Each unit cell contains two MAVR-011020-1411 varactors, that
are approximated as RC series elements for simulation purposes; the values of
resistance and voltage-dependent capacitance are taken from the manufacturer’s
datasheet [35]. Varying the bias voltage changes the varactors’ capacitance, which
in turn affects the sheet admittance of this layer. In the design phase, the equivalent
resistance of the varactors is ignored, thus allowing to deal with purely imaginary
sheet admittances. The resistive component of the equivalent RC series element will
be included when simulating the complete antenna, in order to accurately predict
the performance of the fabricated prototype.

The computation of Yyrs must be carried out for every possible value of the
gap width in the constitutive unit cell, while Yzyrs must be determined for every
possible biasing state of the varactor diodes. This allows to obtain the equivalent
impenetrable surface reactance Xg by solving the TRE for every combination of
gap width in the upper metasurface and capacitance value in the reconfigurable
plane. Moreover, at any given frequency both admittances are also dependent
on the longitudinal wavenumber k, [36, 23]: namely, Yyurs = Yumrs(g, kz) and
Yavrs = Yaurs(C, ky), where g and C are the gap width and the varactors’ ca-
pacitance, respectively. Therefore, to compute such admittances the technique de-
scribed in [23, 37] is adopted, where the dependence on the longitudinal wavenum-
ber is retrieved by performing scattering simulations of the constitutive unit cells
for different angles of incidence. In particular, similarly to what is done in [37], the

10
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rational functions used to express Yynrs and Ypyrs are:

19— 9a(k)] (9 — ga2(ky)]
Yonurslg:ke) =31 e g = gl
[C Czl(k )] [ Z(kx)] [C - CZS(kx)]

Cp(ks)

In (2.12) and (2.13) subscripts z and p indicate zeros and poles of the rational
functions. These quantities are expressed as third degree polynomials of k,. In the
frequency range of interest ([10.55 GHz, 10.75 GHz]), for the considered geometries
Yuurs 18 capacitive and Yiyrs is always inductive.

(2.12)

Yirs(C, k) =

(2.13)

450
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Figure 2.3: Surface reactance of the whole structure vs gap width in the array of
strips, for two different values of the varactors’ bias voltage.

Figure 2.3 shows how the surface reactance of the whole antenna is affected by
a change in the varactors’ bias voltage. The curve relating X to the gap width
is shifted when the bias voltage goes from 0 V to 8.2 V. This means that, for a
fixed spatial modulation in the upper layer, the sinusoidal profile of the surface
reactance (and its average value X ayve) seen by the traveling wave is dependent on
the varactors’ basing state. Since Xj v is linked to the radiation angle through
(2.2) and the period p is fixed by the upper metasurface, beam steering occurs.

2.2.3 Implementation

A center-band frequency of 10.65 GHz is considered. A Rogers RT5880 (&, =
2.2, tan 6 = 0.0009) 3.175 mm-thick substrate is placed between the upper radiating
layer and the lower variable-impedance plane. The unit cell of the modulated
metasurface is chosen to be about 1/10 of the wavelength, i.e. 3mm. The air gap
between the reconfigurable plane and the ground is set to 1.5 mm in order to allow
enough space for the varactors.

11
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The modulation period p of the top impedance surface is computed from (2.2)
setting a radiation angle of 20° for a 0V bias voltage of the varactors, and this
results in p = 27 mm. Since the unit cell of the modulated metasurface is 3 mm
wide, the cosinusoidal variation of the reactance in one period is sampled in 9
points, i.e. with sufficient sampling. For the radiating part, 8 modulation periods
are chosen for a total length of 216 mm; this is a good compromise between beam
width and (leaky-wave) tapering, and at any rate yielding low Sy towards the
matched load.

The bias scheme of the varactors in the variable-impedance plane is depicted in
Fig. 2.4, that shows an alternate-potential scheme. The necessary single DC bias
is conveyed by two 0.15 mm-wide buses placed at the opposite sides of the meta-
surface; the RF reactance of the very thin (high-impedance) lines was considered
enough to decouple RF and DC without the need of a filter, and that was confirmed
by simulations.

The resulting complete structure of the designed antenna is shown in Fig. 2.5.
The upper modulated metasurface is depicted in Fig. 2.5a, while Fig. 2.5¢ shows
the lower reconfigurable impedance plane; the vertical stackup of the antenna can
be seen in Fig. 2.5b. The overall thickness of the structure is less than \y/6 at the
working frequency of 10.65 GHz, resulting in a very small form factor. It should be
noted from Fig. 2.6 that the unit cell of the reconfigurable metasurface is twice as
large as that of the upper layer, in order to reduce the total number of varactors
needed in the structure, which amounts to 360.

The excitation is provided with a 502 coaxial cable, that is matched to the
antenna by a properly designed tapered section (Fig. 2.5a).

R

e

Figure 2.4: DC voltage distribution in the reconfigurable metasurface.
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Figure 2.5: Complete model of the designed antenna. (a) Upper sinusoidally modu-
lated reactance surface. (b) Lateral view of the antenna. (c¢) Reconfigurable plane;
the inset shows one of the two DC buses.

Figure 2.6: Unit cell of the fully-stacked structure.

13



Beam-Scanning Dual-Metasurface Antenna

2.3 Results

Full-wave simulations of the designed antenna have been performed with the
commercial software CST Studio Suite [38]. The varactor diodes are used in a 0V
- 8.2V biasing range and their capacitance goes from 0.233 pF to 0.0548 pF, while
their equivalent resistance is 13.2 €2, according to the manufacturer’s datasheet [35].
The beam pointing angles obtained from these simulations at the working frequency
of 10.65 GHz are listed in Table 2.1, showing excellent agreement with the main
beam directions computed using the approximate model described in Sec. 2.2.

3 o L] L]
EEEE EE tjtjtil:jtj[3!:3!::‘1t;l:;t;tjtjt‘l‘tjtjtjtjtjtjtjt1 EE l::I
""tja Hrjtttjtttttttfrfﬂ‘L [ [
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2 R
(={={={a =] ESE
L[ ] ® ° Y

Figure 2.7: Fabricated antenna prototype. (a) Top modulated metasurface. (b)
Reconfigurable impedance plane. (c) Coaxial cable and matched tapered input sec-
tion at the left end of the upper metasurface (same tapered section is present at the
opposite end). (d) Zoom showing the soldered varactors in the lower reconfigurable
metasurface.
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Table 2.1: Calculated, Simulated and Measured Radiation Angles at 10.65 GHz.

Voltage [V] Calculated Simulated Measured
0 22.7° 20° 19.5°
8.2 11.9° 13° 12.5°

60,/

dB
o

60

dB
o

(b) 8.2V

Figure 2.8: Measured and simulated radiation pattern in the E-plane at 10.65 GHz
for different values of bias voltage.

A prototype was fabricated and tested (Fig. 2.7). The modulated metasurface
and the reconfigurable plane are pictured in Figs. 2.7a and 2.7b, while Figs. 2.7c
and 2.7d show the tapered feeding section on the upper layer and the varactor
diodes soldered in the lower metasurface, respectively. Radiation measurements
have been performed in a NF-FF spherical range; the full radiation pattern has
been obtained, allowing evaluation of directivity and radiation efficiency.

Measured far-field patterns at 10.65 GHz for different bias voltages are shown
in Fig. 2.8, together with the simulation results, which are in excellent agreement.
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The antenna gain bandwidth is 200 MHz around the working frequency of
10.65 GHz; the impedance bandwidth is larger than the gain one. The scatter-
ing parameters S;; and Sg; of the fabricated prototype are shown in Fig. 2.9: Sy; is
always below —10dB in the working band for all varactors’ bias voltages, while So;
remains below —20 dB, which is very important for the efficiency of a traveling-wave
antenna.

10 10.1 10.2 10.3 10.4 10.5 10.6 10.7 10.8 10.9 1
f [GHz]

Figure 2.9: Measured S;; and Sy for two different values of bias voltage.

In the considered frequency range, the measured gain spans from 11.6dB to
13.4dB with varying bias voltage, while the radiation efficiency is between 67%
and 76%. The measured aperture efficiency goes from 20% to 32%.

The realized gain estimated from full-wave simulations of the complete antenna
spans from 11.4dB to 14.2dB, and it’s therefore very similar to the measured
one. Simulations show that the resistive component in the lumped elements causes
the biggest loss in the total power balance, with this loss being greater than the
conductor and dielectric losses by one order of magnitude. This means that as-
suming a constant resistance value of 13.2 () for the RC series equivalent model of
the varactors, despite leading to an under- and over-estimation of the gain at 0V
and 8.2V, respectively, still provides sufficiently accurate predictions on the overall
performance of the fabricated prototype.

In Fig. 2.8 a side-lobe is noticeable in the backward radiation direction; this

lobe can be ascribed to radiation of the n = —2 harmonic, which falls within the
fast wave region at the working frequency [4]. These results are consistent with
what can be predicted using (2.2), i.e. the n = —2 harmonic radiating at about

—41° and —57° for a bias voltage equal to 0 V and 8.2V respectively. The radiation
pattern also presents an irregular shape and high side-lobes; this can be ascribed
to the anisotropy of the impedance planes, in particular of the lower reconfigurable
metasurface. In fact, its unit cell geometry and the placement of the varactor diodes
inside it are such that a change in the bias voltage alters not only the component of
the sheet impedance in the direction of wave propagation, but also the transverse
one. This may cause disturbances in the wave propagation.
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2.4 Discussion

In Table 2.2, the performances of the antenna described in this Chapter are
compared to those of other solutions found in literature. In it, “efficiency” stands
for radiation efficiency.

Table 2.2: Comparison with other LWAs found in literature.

Reference Frequency Scanning Antenna Thickness  Efficiency Gain [dB]
[GHz] Range Length
[23] 5.6 21° 5o 3o /4 60% - 75% 5-13
[27] Band 2 5.75 22° 7.15X0 Ao/17 40% - 50% 9.5-12
[15] 9.3 43° 13Xo Xo/3 38% - 46% 8-11.8
This work 10.65 7° 7.7 Ao/6 67% - 76% 11.6 - 13.4

Radiation efficiency and gain values are comparable to the ones reported in the
other works (above the average). The comparison is conservative because all re-
ported references work at a lower frequency, which inherently entails lower losses.
Moreover, the fact that losses in the varactors constitute the majority of power dis-
sipation suggests that reducing the number of active components could significantly
increase the antenna gain. Therefore, a robustness analysis could be performed in
order to determine the minimum number of varactors (and their positions) in the
texture of the reconfigurable metasurface, that would allow for the same tunability
of the impedance layer while avoiding to place two active elements in each unit
cell. Overall, the small form factor, simple biasing and high efficiency make the
proposed architecture interesting for several low-profile applications.

The angular scanning range achieved with this first prototype is, on the other
hand, limited: improvement of this is thus important and the subject of current
work. Here some of the reasons of this limitation are listed and ways to improve it
are proposed.

A possible degree of improvement is represented by the choice of the dielectric
substrate and its thickness, especially for the side lobes. In particular, a higher
relative permittivity results in a wider range of surface reactance values X, which
allows for a larger modulation factor M and, consequently, a higher leakage constant
[4]. This in turn translates into the reduction of side-lobes.

17



Beam-Scanning Dual-Metasurface Antenna

30 ) -30 —ov

60 -60
g st

-90

Figure 2.10: Simulated radiation pattern at 10.75 GHz for different bias voltages
for an alternative design with Rogers RO3006 substrate (g, = 6.5).

Figure 2.10 shows the simulated radiation pattern at 10.75 GHz for an alterna-
tive design of the proposed antenna featuring a Rogers RO3006 substrate (¢, = 6.5)
of thickness equal to 2.56 mm: the radiation angle steers from 15° to 5° when the
bias voltage goes from 0V to 8.2V. In this case, no other harmonic beside the
n = —1 radiates, and the very small backward-directed side-lobes are due to the
spurious radiation of a second, higher-order TM mode. Directivity values are the
same as in the previous configuration. A further reduction of sidelobes could be
obtained by tapering the modulation index M along the length of the antenna [39]
- which was not pursued here.

Another margin of improvement involves the geometry of the reconfigurable
metasurface’s unit cell. The tunable unit cell used in this first prototype was
inspired from the literature and had a different original use [34]; a new geometry
could be devised to obtain a wider impedance range for the same diodes.

Moreover, the design presented in this Chapter is based on the combination of
a capacitive impedance (top) and an inductive one (bottom) and the propagation
of the TM mode. However, different combinations of impedances can be employed
(e.g., capacitive-capacitive) that may increase the scanning range if properly de-
signed, especially if a dielectric material with higher electric permittivity is used.
In particular, analyses carried out with the approximate analytical model show
that use of the TE mode (instead of the TM) yields a much larger steering range.
This possibility is currently being studied and will be the subject of future work
(excitation of the TE mode is less natural than the TM).

2.5 Conclusions

In this Chapter, a novel beam steering configuration with varactor diodes, a sin-
gle voltage bias, and no vias has been demonstrated. The small form factor, simple
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biasing, and high efficiency make the proposed architecture interesting for low-
profile applications. The angular scanning range achieved with this first prototype
is limited, but several ways to improve it were discussed.
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Chapter 3

Generalized Deterministic
Automated Design of Metasurface

Antennas with 3-D Feeding
Structures

This Chapter expands the published article [40].

We present an automatic, deterministic procedure to fully design an isotropic
metasurface antenna, self-consistently including the metallic feeding structure. The
impedance pattern has full spatial variability in two dimensions, to allow designs
otherwise difficult. The design is based on the integral-equation formulation with a
current-only approach, in which the surface impedance profile is derived only after
the optimal current is found; this allows to avoid the solution of the forward problem
at all steps of the algorithm, with a drastic reduction of computational resources; it
does not require any assumption on the impedance profile. We also show how a 3-D
feed can be accounted for in a hybrid scheme partially employing commercial 3-D
simulation software. Application examples address center-fed circular metasurface
antennas, in which the feed is not connected to the metasurface, and rectangular
“strip-like” leaky-wave antennas where the metasurface is electrically connected to
the feeding surface. In all cases, the design is carried out up to the final layout,
and the full antenna is simulated to verify the design.

3.1 Introduction

The design of metasurface (MTS) antennas almost always employs the so-called
Impedance Boundary Condition (IBC) for approximating the local electromagnetic
behavior of the surface through a single parameter, the surface impedance; the
design then entails defining the spatial distribution of this parameter. Following
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this, the impedance is locally implemented by means of properly-shaped unit cells.
This two-step, multi-scale approach allows to address the design of electrically large
antennas, keeping the overall complexity under control.

Initially, methods for the design of metasurface antennas were targeted to cir-
cular domains and considered only sinusoidally modulated profiles [41, 42]. These
methods, based on analytical considerations, demonstrated the practical feasibil-
ity of designing large metasurface antennas, and paved the way for more general
and sophisticated approaches. More recently, fully numerical schemes have enabled
the analysis and design of shaped MTS antennas on circular domains and other
boundaries [43, 44, 45, 46, 6], with various degrees of generality in the impedance
profile.

The direct way to numerically address the design issue is an optimization of
the impedance profile [47]; however, IBC synthesis methods have emerged that
seek for the optimization of the (equivalent) current on the metasurface [48, 49,
8, 7, 50, 51, 52, 53, 54] as an alternative to those directly seeking an impedance
profile. The former methods will be called “current-only” here, and the latter
impedance-based. There are also methods that optimize the induced current and
the impedance simultaneously [55], or the amplitude of explicitly-defined aperture
fields [56, 57, 58]. Current-only methods enjoy a significantly lower numerical
complexity than the impedance-based, and are typically deterministic; in them,
the sought-for impedance profile is obtained from the optimized current at the end
of the process.

In particular, the current-only method presented in [6] is deterministic and can
be proven to be of minimal complexity per-iteration. It allows arbitrary spatial
variation of the impedance, without a-priori knowledge on the targeted IBC profile
(as opposed to, e.g., methods tailored to sinusoidally modulated MTS antennas,
which require specific parameterizations [59, 46, 45]). The inputs are the geometry
of the IBC surface, the definition of the feed, and the radiation pattern mask
constraints.

The design of the feeding structure is usually carried out independently from
that of the metasurface, with the main objective of maximizing the power excited
in the appropriate surface wave [41, 60]. Its effect is then included in the design
by means of the incident field, i.e., the field radiated by the feed in isolation; this
procedure does not account for the feed—metasurface interaction. A very recent
contribution [46] has addressed the full wave feeder modeling in the impedance-
based optimization (as opposed to the present interest in current-based); it employs
a physics-based specialized parametric impedance profile (as opposed to the present
search for a general impedance profile). As demonstrated there, a proper, self-
consistent modelling of the feeding structure is important for a correct estimation
of the (peak) gain of the metasurface antenna.

In this work, we generalize the method presented in [6] to encompass a specified
feeding structure in the current-only inverse design of the metasurface antenna.
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This results in the fully self-consistent design of the entire metasurface antenna,
and the ability to find the necessary impedance profile without a priori guesses. The
synthesis algorithm presented in this Chapter is restricted to isotropic metasurfaces;
an extension to the design of anisotropic antennas is currently being developed.
We observe that the proposed method is more general than our present emphasis
on feeding structures. In fact, the PEC regions can have any function, not just
feeding; nevertheless, this constitutes the most relevant case in practical designs.
We address center-fed metasurface antennas, but also edge-fed “strip-like” leaky-
wave antennas, in which the feed is electrically connected to the IBC part; this last
case is hardly addressable without the present self-consistent treatment. We will
also demonstrate the importance of leaving full spatial variability in the sought-for
impedance pattern when addressing design instances where a guess of the solution
is not readily available.

To the best of our knowledge, this is the first time that the feed structure is
addressed into a current-only design method, with full spatial variability of the
impedance pattern; also, this is the first time that a feeding structure electrically
connected to the metasurface is considered.

Preliminary results relative to the present topic have been submitted as a con-
ference paper [61]; this is the first account of the method, of its theory and imple-
mentation.

This Chapter is organized as follows. In Section 3.2, the mathematical formu-
lation of the electromagnetic problem is outlined. Section 3.3 presents the details
of the proposed self-consistent current-based design algorithm, with focus on the
types of feed that can be handled. In Section 3.4, application examples are provided
to validate the approach. In particular, two classes of antennas will be considered:
a circular antenna excited by a coaxial aperture in the ground plane, and a rect-
angular, “strip-like” antenna fed at one edge by a coaxial-to-microstrip transition.
For each case, a comparison of the performance with and without self-consistent
modelling of the feed is given, in order to highlight its importance in practical
scenarios. Finally, conclusions are drawn in Section 3.5.

3.2 Forward Problem

In the analysis of metasurface antennas, the geometry can be divided into two
distinct regions (Fig. 3.1): the surface Sppe which contains all metallic portions
(e.g., the feeding structure), and the surface Sy on which the Impedance Boundary
Condition (IBC) applies. This condition links the tangential electric field to the

jump of the tangential magnetic field through the surface impedance tensor Z [62]:

Euw=2Z-[ax(H' —H)|. (3.1)
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Figure 3.1: Examples of two geometries of metasurface antennas: (a) center-fed
circular antenna, (b) edge-fed “strip-like” antenna.

In this work, as in [6], we will consider only a scalar impedance, i.e., Z =71
(where T is the identity tensor).
By introducing the equivalent current density

J=nx(H"—H"), (3.2)
the electromagnetic problem is formulated as an Electric Field Integral Equation:

{Z(r) J(r), T€Sme

[Euc(r) + LI(r)] = (3.3)

tan 0, r € Spic
where Ej,. is the field radiated by the (independent) sources in the absence of
the metasurface and all metallic (PEC) parts, and L is the Electric Field Integral

Operator (EFIO) defined as
LJI(r) = //ﬁm(r,r’) ~J(r')dS(r"), (3.4)

where G*™ is the multilayer dyadic Green’s function for the (grounded or un-
grounded) substrate [63]. In the following, we indicate with Jip. and Jpe the
current density J on the two regions Sz and Spgc, respectively.

For the numerical discretization we adopt the usual Method of Moments ap-
proach with Galerkin testing: we consider a mesh given by a triangular tessellation
of the whole antenna surface and we approximate the sought current J(r) as a
linear combination of Rao-Wilton-Glisson (RWG) basis functions A,, [64] defined
on the NN internal mesh edges,

J(r)= E_:lln A, (7). (3.5)

In the following, we will denote by N the total number of RWG functions (i.e., on
both IBC and PEC regions), and by N, and Npe. the number of functions with
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support on Sie and Spgc, respectively. Thus, in its most general form, the forward
(analysis) problem reduces to the linear system

Vine + LI = ZI, (3.6)

where the array | collects the RWG basis coefficients I,, and the remaining quantities
are defined as

(L)mn = (A, LA ), (3.7)
(Z)mn = (A, ZA,,), (3.8)
(VinC>m = <Am s Einc >7 (39

where (a,b) = [a-b dS is a symmetric bilinear form. It follows from (3.3) that,
for test functions that lie on Spre, Z = 0 and the corresponding matrix entries
(3.8) are equal to zero. The interaction between the IBC and PEC currents is
better highlighted by recasting (3.6) as

V;gg + Libc LZpl IibC _ Zibc 0 Iibc (3 10)
V;)necc LCpl Lpec Ipec 00 Ipec ’

where:
e lipc and lyee collect the RWG coefficients of Ji,. and Jpec, respectively,

« Vi< and Vi gather the coefficients of the projected incident field on the two
regions,

« the two square matrices Lipc (Nibe X Nibe) and Lpec (Vpee X Npec) represent the
self-interaction of the two regions,

o the rectangular matrix Ly (Npee X Nipe) identifies the coupling between the
IBC and PEC regions.

The far-field can be computed from the current via the radiation operator R:

RJ(7) = ko // G'(7,r') - J()dS(r) (3.11)
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where G (#,7/) is the multilayer far-field tensor [65] and the unit vector #(6, ¢)
identifies the direction of radiation in spherical coordinates.
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3.3 Self-Consistent Current-Only Inverse Design
with Specified Feed

3.3.1 Requirements

The inputs to the design process are the specification of the substrate, the
definition of the surface geometry, and of the source, i.e., the specification of the
incident field. The definition of the geometry also involves the specification of the
PEC structures, that may be planar or 3-D (see Fig. 3.1).

The goal of the design process is an impedance profile that, for the given incident

field,

« radiates a field pattern obeying the specifications (pattern masks), and

« is physically realizable.

To obtain a physically realizable impedance we must enforce that the metasurface
be locally passive and lossless, and that the synthesizable reactance values fall
within the technologically feasible range. It is also possible to model a realistic,
lossy impedance surface by taking into account conductor and dielectric losses;
accurate material loss evaluation was not pursued in this thesis, but it can be
easily featured in the proposed synthesis algorithm, in a way that will be briefly
discussed in Section 3.3.5.

Far-field specifications are of the mask type, i.e., defined via inequalities for
each considered far-field direction. These constraints must typically be expressed
in terms of directivity or gain.

3.3.2 Self-consistency

The current-based design method presented in [6] formulates the problem in such
a way that it involves only the equivalent current on the IBC—mnot the impedance.
This avoids the solution of the forward problem (3.6) at each step; instead, only
the computation of the on-surface and radiated fields is required, with complexity
O(Nlog N).

The self-consistent inclusion of the PEC structure (e.g., the feed) implies that
the design algorithm must look for a pair of currents (Jipc, Jpec) such that:

o together they satisfy radiated field specifications;

» on the IBC region, Ji,. satisfies IBC constraints (passivity, absence of losses,
feasibility range);

« on the PEC region, J,. satisfies the PEC boundary condition.

Note that the two parts of the current self-consistently interact with one another
through the IBC-PEC coupling term L, in (3.10).
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3.3.3 Current-only optimization framework for Metasur-
face Antenna design

Here, we highlight only the most relevant features of the current-only design
method in [6], as necessary to understand the proposed generalized design approach.

The total cost function that the algorithm aims to minimize can be expressed
as

f:frad+fibc+fpeca (312)

where each term is a functional, i.e., a scalar non-negative function, of the surface
current only. The model descriptors to be optimized are the current coefficients.

Here, f..q accounts for the radiated field requirements, and f;,. encompasses the
realizability constraints to be enforced on the IBC region (passivity, losslessness and
feasibility range). The term fpe. is added in order to enforce the PEC condition on
the related surface. The radiated field and impedance terms are briefly discussed
in App. A.1 and A.2, respectively, while the term associated to the PEC condition
will be introduced in detail in Section 3.3.6. The considered minimization problem
is intrinsically non-convex (due to the passivity constraint); to limit the difficulties
of non-convexity all functionals are expressed as fourth-degree multivariate poly-
nomials in the current coefficients [7].

For the minimization of the cost function a non-linear conjugate gradient al-
gorithm [66, p. 121] is employed. Since this thesis does not focus on optimization
techniques, the choice of the non-linear conjugate gradient algorithm as the op-
timization method to minimize the cost function (3.12) is motivated by ease of
implementation and the intrinsic advantage in maintaining continuity with the
automated synthesis method firstly described in [6]. In fact, other optimization
methods, such as global optimizers integrated with machine-learning techniques,
could be applied to the synthesis of metasurface antennas [67]; rigorous tests to
assess the effectiveness and the efficiency of different optimization techniques must
be carried out in order to select the most performing algorithm for the problem at
hand: this represents a natural step forward in the development of the proposed
automated method and will be addressed in future works.

Given the large size of the problem, the numerical cost of computing the func-
tional and its gradient at each iteration is an issue of paramount importance; hence,
all operations are cast in such a way to be amenable to the use of fast factorizations,
with O(N) memory requirements and O(N log N') complexity per iteration. There-
fore, the entire design process has a complexity of O(Ng Nlog N), where NG
is the total number of iterations needed by the current-only algorithm to obtain
the result. On the contrary, a classical impedance-based design requires, at each
iteration, the solution of the linear system representing the electromagnetic prob-
lem for a given impedance distribution. In the most favorable scenario where fast
iterative algorithms are used, this step has a complexity of at least O(Ng, N log N)
per iteration (where Ny, is the number of iterations needed by the iterative solver),
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resulting in a global complexity O(V, e NN log N ) for the full design. In the lat-

iter

ter case, the number of iterations N/ is typically dependent on the global search
algorithm employed for the optimization, and grows roughly exponentially with the
number of parameters used to represent the impedance profile. This means that,
for the optimization to be practically feasible, the number of parameters should be
small (typically less than 10), forcing the designer to choose a priori the shape of
the impedance profile (e.g., spiral modulation) based on the knowledge of the re-
quired radiation pattern. This is not always possible, as in the case of complicated
shaped-beam patterns, limiting the generality of the impedance-based design pro-
cess. Overall, a current-only approach offers more generality and a better scaling
of the numerical complexity with an increasing number of degrees of freedom (and
a larger antenna size, as a consequence).

3.3.4 Enforcement of radiation constraints

The radiated field is required to comply with upper and lower bounds for both
the co- and cross-polarization components in the main beam,

Mg < F° < M (3.13)
F™ < M™ (3.14)

and for the total amplitude in the side-lobe region,
F'ot < et (3.15)

where F' is the squared amplitude of the electric field component radiated in the
far-field in a given direction. The masks are defined with respect to the reference
level Ly, which can be fixed or given in terms of the radiation pattern (e.g., the
amplitude in the direction of maximum radiation). The radiation requirements
are summarized graphically in Fig. 3.2. By choosing a suitable value of Ly which
corresponds to the desired gain, the algorithm maximizes the radiated power for a
given (input) power of the incident field.

Indicating with P, the power associated to the (given) incident field Ej,., the
radiation pattern can be expressed in terms of the realized gain [68],

6.5) - B 10

where 7, is the free-space impedance, and E(7) is the far-field radiated in a given
direction. By invoking Poynting’s theorem, and neglecting losses in the conductors
and the substrate, one arrives at the following power balance equation:

Prad + Prefl + Prim = -Pinc (317)

28



3.3 — Self-Consistent Current-Only Inverse Design with Specified Feed

— co-pol
- - cx-pol

Field amplitude (dB)

Figure 3.2: Example of far-field specifications: main lobe co-pol upper mask M°
and lower mask M, cross-pol mask M and side lobes mask M'™". All masks are
defined relative to the reference level Lg, as indicated by the arrows.

where P, is the incident power (associated to the incident field), P..q is the power
radiated in far field, P,.n is the power reflected toward the source, and Py, is
the residual surface wave power that is diffracted by the outer rim of the antenna
(not modelled when considering an infinite dielectric). Therefore, maximizing the
radiated power for a constant incident power (right-hand side of (3.17)) intrinsically
minimizes the input reflection coefficient and the spurious contribution from the
rim diffraction.

With these considerations, it is evident that the ability to include a real model
of the feeding structure is crucial for the robustness of the optimization process.

3.3.5 Enforcement of IBC constraints

The requirements for passivity and losslessness, the bounds on the synthesizable
reactance values, and the scalarity condition can all be expressed in terms of fields
as follows [6]:

Re (B - J*) =0, (3.18)
X, |JJP <Im (B - J*) < Xy |J)?, (3.19)
| Eyan x J*| = 0. (3.20)

All the above conditions must hold locally for all » € Spc; in accordance with
our cell-based spatial discretization scheme, we will enforce these conditions in the
average sense over each mesh cell. The formulation of these functionals, including
their explicit expression in terms of matrix operations, are reported in App. A.2.
Once the optimal current has been obtained through the optimization pro-
cess, the impedance profile can be derived via (3.6) by expressing the unknown
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impedance profile as a linear combination of (scalar) basis functions, and solving
the resulting linear system for the unknown impedance coefficients.

In the present work, we have employed basis functions which result in a piece-
wise constant impedance profile over the triangles of the mesh. This particular
case, detailed in App. B, admits a closed-form solution for the impedance Z; over

the i-th cell:
[fs, Buan - J*dS

s, 1J?dS

(3.21)

i =

Modeling of lossy IBC

The proposed synthesis method can be easily modified to take into account con-
ductor and dielectric losses, that, together with feed-antenna mismatch, negatively
impact the realized gain and the efficiency of the metasurface antenna. While this
additional degree of accuracy was not explored in the design cases illustrated in
this Chapter, it can be achieved through two fundamental steps:

 incorporation of the dielectric losses within the multilayer Green’s function,
and

« modification of the passivity and losslessness condition (3.18) to take into
account conductor losses.

While the former step is straightforward, the latter can be formulated in such a
way that the resulting functional is still a fourth-degree polynomial in the current
coefficients, thus maintaining the related advantages in terms of line search proce-
dure [69]. This can be obtained by expressing the surface resistance R as a function
of the reactance X, similarly to what was done in [57], and approximating their
relation with a first-degree polynomial. In case of sub-wavelength square copper
patches printed on a grounded lossy dielectric substrate, such as the ones that will
be used to physically implement the designed metasurfaces in Section 3.4, normal-
incidence scattering simulations can be performed to retrieve the complex surface
impedance Z = R+ jX as a function of the patch width, and the relation between
R and X [57]. Figure 3.3 shows the real and imaginary part of the sheet impedance
in case of square copper patches of periodicity 2mm printed on a lossy RO3006
substrate, at the frequency of 10 GHz; the lossless version of these unit cells will be
employed, for example, in the designs of Section 3.4.4.
The relation R = R(X) from Fig. 3.3 can be reasonably approximated as a
first-degree polynomial
R(X) =X + ¢, (3.22)

with ¢1,c0 € R, ¢; < 0 and ¢y > 0. This means that Ry, = R(X,) and R, = R(Xy).

30



3.3 — Self-Consistent Current-Only Inverse Design with Specified Feed

0
-2000
-4000

=)

>

-6000

-8000

-10000

0.6 0.8 1 1.2 1.4 1.6 1.8
Patch width [mm)]

Figure 3.3: Mapping between patch width and complex impedance for copper
patches printed on a lossy RO3006 substrate.

Considering a lossy metasurface, one now has that
Re (Epn - J) = R|J? =1 X |J)? + o | T, (3.23)
Im (B - J*) = X |J|?. (3.24)

Therefore, the condition of passivity and losslessness (3.18) can no longer be en-
forced, but it must be substituted with a constraint that ensures the realizability of
the synthesizable lossy impedance; for the considered geometry and substrate, this
translates into enforcing (3.22) together with (3.19) and (3.20). The new constraint
can be expressed as

Re (B - J*) — c1 Im (Epan - J*) — ¢ | J|* = 0, (3.25)
while the related functional is the fourth-degree polynomial
P = (P —c1Q — o J)?, (3.26)

where the quantities P, () and J are those defined in App. A.2.

3.3.6 Enforcement of PEC condition

We now discuss how to enforce the PEC condition coherently with the design
algorithm presented in Section 3.3.3. The condition of Perfect Electric Conductor,

Etan('r') = 0, (327)
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needs to be enforced everywhere on PEC surfaces, and this has to be done by a
functional, i.e., a mapping from the N complex current coefficients into a single
real non-negative number. Opposed to this, we observe that Galerkin’s testing of
(3.27), corresponding to the PEC part of (3.3), leads to a vector of Npe. complex
numbers.

The construction of the necessary functional can be done in two different ways,
as detailed below. This functional will be denoted by pP(l); it is related to the
term fpec in (3.12) through a weighting factor, fpe. = wP**pP*°(l). One must assign
a specific value to this weighting factor (like those related to other functionals) in
the intrinsically multi-objective optimization.

Cell-wise enforcement of PEC condition

The first way to enforce the PEC condition (3.27) is through its average over
individual cells. In passing from these multiple conditions to a real scalar, non-
negative number to be minimized, we face the same issue that arises when enforcing
the local passivity condition (see [7, 6]): to avoid cancellations between positive and
negative contributions, we must enforce the minimization of the sum of the squares
of fields on individual cells. This results in expressing the functional as:

P = 3 (328)

ieIpeC

with

1
ppee — // | Eon|? dS. (3.29)
A s,

Here, A; is the surface area of S;, and Zec = {1 € N|S; C Sprc} collects the indices
of mesh cells belonging to the PEC region.

We observe that this approach is totally coherent with the overall design ap-
proach in [6], summarized for convenience in App. A.2, which is based on local
averages of the squared magnitude of fields and currents. We will refer to this
formulation as “cell-wise” enforcement.

Edge-wise enforcement of PEC condition

Another option is to consider explicitly the PEC condition (3.27) as in the
standard EFIE (PEC part of (3.3)), recast here for ease of reference:

Eun(r) = [Buc(r) + LI (r)] =0 (3.30)
Upon discretization on the PEC region, (3.30) becomes
€pec = Vglecc + Lepiline + Lpeclpee = 0. (3.31)
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In the above, the Npe. X 1 vector €pe. is the EFIE error, and its norm—the EFIE
residue—is the term that is minimized in any iterative solution of the associated
problem.

In view of the above, we can thus define the PEC functional as the square of
the PEC-restricted EFIE residue:

PP = Jlepecl” (3.32)

We will refer to this formulation as “edge-wise” enforcement, as it derives directly
from the EFIE discretized by RWG functions, which are edge-based. The main
advantage of using the edge-wise enforcement approach (3.32) is that it can be in
principle extended to model other kinds of boundaries, such as those that appear
in the case of finite dielectric substrates.

Both formulations will be tested in Section 3.4 in two self-consistent antenna
designs that include a realistic feeding structure.

3.3.7 Computation

As for the method in [6], the present method allows to use fast algorithms for
the field computations in the functional and the gradient computation alike. The
PEC-related contributions to the functional all require only field evaluations, in
turn expressible in terms of matrix-vector products; these can be computed with
O(N log N) complexity using fast factorizations.

The same holds also for the PEC-related contributions to the gradient. In
particular, if the PEC condition is enforced cell-wise via (3.28), the complex gradient
[70] of the functional can be expressed as:

Vo =L"G' Y IV (3.33)

ieIpCC

with V.= G (Viye + LI). Conversely, if edge-wise enforcement (3.32) is applied, one
has:

VP = [Lept Lpee] €pec (3.34)

In both cases, the matrix-vector products involving L" (or sub-blocks of it) are
required only once per gradient evaluation.

3.3.8 Handling of the feed

The enforcement of the PEC condition is now applied to self-consistently include
the PEC feeding structure into the automated design. In this work, two different
types of feedings are considered:
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coupling ring

coaxial aperture

Figure 3.4: 3-D model of a coaxial feed through the ground plane; the specific
geometry was inspired by [41]. The source is represented by the equivalent magnetic
current M on the aperture.

\ammm—

Figure 3.5: 3-D model of the coaxial feed used as source for the edge-fed antenna.

o Feeding from a waveguide (often a coaxial one) through the ground plane of
the antenna, including both the vertical structure (most notably, a pin) and
horizontal metal parts; this is depicted in Fig. 3.1a and 3.4 with reference to
the cases analyzed in Section 3.4.2 and 3.4.3.

o Feeding from the edge of the (planar) antenna, as depicted in Fig. 3.1b and
3.5; this case is described in Section 3.4.4.

The two classes differ mainly for the handling of the incident (forcing) field. We
recall that this incident field is the one radiated by external sources in the structure
without metallizations (other than the ground plane) and IBC.

The effect of all metal parts (e.g., pin, matching rings, etc.) is self-consistently
accounted for by the equivalent currents J,.. on the surface Sppe of these parts.
These currents are determined entirely by the design process.

It is indeed to be remarked that the optimization algorithm evolves the equiv-
alent current over the IBC and PEC regions in such a way that, on completion,
this current corresponds to a realizable surface impedance, generates a compliant
radiated field and satisfies the PEC condition on the metal parts.
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In the following, we will describe how the two considered types of feeding are
handled in the design process.

3-D feeding through the ground plane

In this case, the source term is the equivalent magnetic current in the coaxial
aperture at the level of the ground plane [71, 72], as seen in Fig. 3.4. In order to
accelerate convergence, inside the iterative optimization instance the current Jpec
on the PEC structures (vertical pin and matching rings) is initialized to the values
it would have in the absence of the IBC.

3-D edge-feeding

In case of edge-feeding, the real-life source is typically a coaxial connector placed
horizontally on the top of the grounded dielectric substrate, with its outer conductor
connected to the ground plane (see Fig. 3.5). Modeling of the 3-D coaxial feed in
this case would be awkward and not exact in the underlying integral equation with
infinite dielectric kernel. Hence, the modeling is done in two phases.

First, the coaxial connector is fully modeled inside a commercial electromagnetic
solver, on a grounded dielectric substrate of infinite size, and without any top-layer
metallization. The structure is simulated (full-wave) for a prescribed input port
excitation and the radiated electric field is then extracted; this will constitute the
incident field (this step corresponds to finding the incident field radiated by the
modal current in the case of feeding through the ground in Sec. 3.3.8). This incident
field is then used on the overall antenna, IBC and PEC parts.

Finally, we observe that, for this class of antennas, the design process without
the feed is hardly meaningful, as opposed to the case of the center-fed circular (or
similar) antennas. We will address a simplified, non self-consistent version of the
above in the example section (Section 3.4) and show its shortcomings.

3.4 Application Examples

We address here the design of a standard circular metasurface antenna fed at
its center, and of an elongated rectangular antenna (“strip-like”) fed at one end
(edge). These test cases are represented in Fig. 3.1a and 3.1b, respectively. In
the circular type (Fig. 3.1a), a vertical pin is placed at the center of the antenna,
and an annular ring provides matching to the surrounding surface; in this case, the
source is represented by the equivalent magnetic currents located at the insertion
of the input coaxial cable into the ground plane, while a PEC constraint is imposed
on both the pin and the annular ring. In the second case (Fig. 3.1b), the source of
the incident field is on-surface, and the PEC region is introduced to represent the
tapered section used to connect the feed to the radiating metasurface.
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For the center-fed circular antenna, it is expected that the feeding structure
may be well decoupled from the metasurface design [42, 73]; conversely, the edge-
fed strip-like antenna has direct continuity of the PEC feeding structure and the
radiating IBC; hence, the coupling is expected to be significant.

In both cases, two steps are required for the correct modeling of the feed in the
optimization instance: the optimization of the geometry of the launching structure,
and the extraction of the incident field Ey,. to be given as input to the automated
design method.

The results shown in this Section are obtained as follows: from the optimum cur-
rent, the impedance profile Z(r) is retrieved, as indicated in Section 3.3.5, keeping
only its imaginary part. In the specific examples presented in this Chapter, having
established a priori the periodicity of the unit cells that will be used to physically
implement the synthesized impedance, the triangular meshing of the antenna ge-
ometries is done in such a way that an exact number of triangular mesh cells fits
inside a square unit cell of this “higher-level” tessellation. Since the impedance that
is synthesized by the automated design method is reconstructed on every triangu-
lar cell, this “conformal” meshing allows to compute the impedance corresponding
to a square unit cell unequivocally as the average of the values of the synthesized
impedance on the triangular mesh cells inside that square. The final impedance
profile is therefore constant over square cells. Next, the actual solution is computed
by solving the forward problem (3.6) for this impedance profile, the PEC parts, and
the specified source field; the corresponding radiation pattern is then calculated.
This means that the results take into account a possible efficiency reduction due
to the impedance reconstruction process (from the optimized current). These final
results are identified as “outputs of the design method”.

After this consistency verification, the actual antenna is realized and simulated.
The (scalar) impedance distribution is realized with patches; here we use square
patches throughout. The final test is the full-wave solution of the actual antenna,
which is carried out using either the commercial solver CST Studio Suite [38], or an
in-house MoM solver that supports multilayered media through a proper Green’s
function formulation and enables fast factorization with a GIFFT algorithm [74,
75]. The design instances are carried out on a Desktop PC with Intel Core i9
processor and 64 GB RAM.

3.4.1 Feed design

For both the feed geometries considered in this Chapter, the definition of the
layout and dimensions of the launching structures must be finalized ahead of the
IBC design process. This is done by employing the built-in optimizer inside CST;
specifically, the Nelder Mead simplex algorithm is used to perform a multi-objective
optimization involving the desired goals.

For the circular antenna layout, the central pin height and the annular ring
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Figure 3.6: Modeling of the realistic feed for the design of the edge-fed antenna
(Section 3.4.4): (a) coaxial connector and optimized tapered microstrip section,
(b) top view of the coaxial connector placed on the grounded dielectric substrate
in absence of metallizations on the top layer. Dashed lines enclose the areas over
which the incident field is evaluated and extracted to be given as input to the
automated design method.

radius and width (see Fig. 3.4) are optimized in order to minimize the reflection
coefficient and maximize the radial power flow inside the dielectric substrate. Both
objectives are important, since the mere minimization of S;; does not guarantee
that the field is conveyed through the dielectric to the metasurface, rather than
radiated in free space by the vertical pin.

For the edge-fed antenna, a proper tapered microstrip section must be designed
to connect the coaxial feed to the actual metasurface. In particular, the tapered
input section is optimized in order to match the coaxial feed to the input impedance
of a microstrip as wide as the metasurface “strip” transverse width. This choice for
the optimization of the tapered section ensures a potential good matching between
feed and metasurface, optimally launching the forward traveling wave. In fact, one
has to keep in mind that our proposed automated design method will intrinsically
try to minimize the reflection coefficient (as explained in Section 3.3.4).

Once the dimensions of the tapered matching section have been finalized, F,.
is retrieved by performing a full-wave simulation of the coaxial connector placed on
the grounded dielectric substrate, in absence of any metallization, and extracting
the field impinging over the entire structure layout (initial transition region plus
IBC region), as explained in Section 3.3.8. This is exemplified in Fig. 3.6, that shows
the optimized launching structure and the simulation setup for the extraction of
the incident field for the dielectric substrate and working frequency of the design
presented in Section 3.4.4.

3.4.2 Circular metasurface with broadside pencil beam

The design of a circular metasurface radiating a circularly-polarized pencil beam
is considered. A RO3003 dielectric substrate with e, = 3 and thickness 1.27 mm is
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chosen. The antenna has a radius of 6 Ay at the working frequency of 23 GHz, for a
diameter of 156 mm. The reference geometry is shown in Fig. 3.1a. The employed
feed structure is shown in Fig. 3.4, and has been inspired by [41, 42].

After the optimization of the launching structure and the determination of
the incident field as described in Section 3.4.1, the bounds on the synthesizable
impedance and the far-field mask-type constraints must be imposed. The desired
far-field masks are shown in all figures reporting radiation patterns. For this de-
sign, we consider a capacitive reactance in the range [—2000 €2, —200 €2, which can
be implemented using square patch-type unit cells with a periodicity of 1.625 mm
(=~ Xo/8). The mapping between sheet reactance values and square patch dimen-
sions is retrieved by performing normal-incidence scattering simulations of the con-
stitutive unit cells, as done in [4]. An initial constant current with linear polariza-
tion is chosen on the IBC region, while for convergence purposes the initial Jpec
is set equal to the one that would flow on the feeding structure in absence the
metasurface, as explained in Section 3.3.8. This design task is performed twice,
using either the cell-wise or the edge-wise enforcement of PEC constraint, in order
to test the effectiveness of both formulations. Finally, an alternative design case
in which the launching structure is replaced by an ideal incident field is reported,
to highlight the advantages of the proposed self-consistent inclusion of the realistic
model of the feed in the overall performance of the designed antennas.

The number of RWG basis functions for the full geometry, including the launch-
ing structure, is N = 44244 (N = 41776 in the case of ideal incident field). The
optimization of the full circular antennas (including the launching structure) took
1500 iterations, each requiring 7s to complete, for a total running time of about
3h for each case. The test design case, with the ideal incident field, required 500
iterations of 4 s each, for a total time of ~ 33 min.

Due to the large size of the antenna and the considerable amount of mesh cells
needed to obtain accurate results, the simulation of circular metasurfaces with
a commercial solver is not possible with the hardware available to the authors;
therefore, the actual antennas (with unit cells) are simulated using a MoM-based
in-house solver.

Design with cell-wise enforcement of PEC constraint

The incident field, the optimum current and impedance pattern returned by the
automated design method applying the cell-wise PEC constraint formulation are
shown in Fig. 3.7, while the resulting radiation pattern and its comparison to the
one obtained simulating the complete actual antenna are pictured in Fig. 3.8. Only
the far-field cut at ¢ = 0° is reported as example, but the mask constraints were set
on the whole 3-D upper hemisphere. A perspective view of the complete antenna,
with square patches and central feeding structure, that has been simulated with
the in-house MoM solver to verify the results of the design method is pictured in
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Fig. 3.9.

From Fig. 3.8 we can see that there is good agreement around the main beam
between the expected and simulated radiation patterns, both in the co- and cross-
polarization components. However, the side lobes appear higher in the simulated
pattern, although still quite low and following the shape of the design ones.

The simulated antenna exhibits a total radiation efficiency of 81% and an aper-
ture efficiency of 18%; these quantities are evaluated according to the definitions
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Figure 3.7: Clircular metasurface with pencil beam, design input/outputs using cell-
wise enforcement of PEC constraint: (a) incident electric field, (b) optimum current
density returned by the automated method, (c¢) synthesized impedance pattern, and
(d) implementation via square patches of the synthesized impedance.
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Figure 3.8: Circular metasurface with pencil beam, full self-consistent design with
cell-wise enforcement of PEC constraint: comparison between the far-field pattern
due to the reconstructed equivalent currents (Design) and the one obtained with
full-wave simulation of the complete antenna shown in Fig. 3.9 (Simulated).

Figure 3.9: Perspective view of the actual circular antenna, with square patches and
central feeding structure, that has been simulated with the in-house MoM solver
to verify the results of the design method in Section 3.4.2.

given in [68].

Design with edge-wise enforcement of PEC constraint

The same design is now carried out enforcing the PEC condition edge-wise.
The synthesized impedance pattern and its implementation using square patches
are shown in Fig. 3.10, while the comparison between the far-field predicted by
the design method and the one obtained with full-wave simulation of the complete
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Figure 3.10: Circular metasurface with pencil beam, full self-consistent design using
edge-wise enforcement of PEC constraint: (a) synthesized impedance pattern, and
(b) its implementation via square patches.
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Figure 3.11: Circular metasurface with pencil beam, full self-consistent design with
edge-wise enforcement of PEC constraint: comparison between the far-field pattern
due to the reconstructed equivalent currents (Design) and the one obtained with
full-wave simulation of the complete antenna (Simulated).

antenna is pictured in Fig. 3.11. The impedance pattern is very similar to the one
obtained with cell-wise enforcement of the PEC constraint (see Fig. 3.7¢); the main
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discrepancy can be found near the central launching structure. On the other hand,
there is excellent agreement between the expected and simulated radiation patterns
also in the side-lobe region, while the achieved realized gain at broadside is the same
as in the previous design. These results suggest that, for the circular geometry
with central pin and annular ring, the edge-wise formulation may be slightly more
effective in enforcing the PEC condition and the self-consistent evolution of the
current density in these regions at every step of the optimization process. The
total and the aperture efficiencies of the simulated antenna are 85% and 18%,
respectively.

30 45 60 30 45 60
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Figure 3.12: Circular metasurface with pencil beam, comparisons between the self-
consistent design with a realistic feed of Section 3.4.2 and the one with a TM,
approximate source: (a) incident electric field, realistic feed (same of Fig. 3.7a,
different scale), (b) incident TMj electric field, (¢) metallization pattern, realistic
feed, (d) metallization pattern, TMy source.
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Design with ideal cylindrical surface wave

In order to demonstrate the advantage of including a realistic modeling of the
feed in the design of circular metasurfaces, an alternative design case is presented in
which the launching structure, comprising the central pin and the annular ring, is
absent in the optimization instance, and the incident field is simply approximated
with its asymptotic form as a TMq cylindrical surface wave, as it is commonly done
in the literature [76, 6].

The TMj incident field is pictured in Fig. 3.12b, while the complete geometry of
the antenna designed starting from such field is shown in Fig. 3.12d. The synthe-
sized impedance pattern is very similar to the one obtained previously by properly
modeling the launching structure (see Fig. 3.12¢ for a comparison with the design of
Section 3.4.2); however, there are more empty areas (infinite impedance, no IBC) in
the spiral distribution of patches, most likely due to the fact that the approximate
TMy incident field decades less rapidly than the real one (see Fig. 3.12a and 3.12b)
and it is thus still larger towards the edge of the circular area.
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Figure 3.13: Clircular metasurface with pencil beam, comparison between the designs
with full feed and approximate TM, incident field. The patterns are the simulations
of the actual antennas in Fig. 3.12c and 3.12d, that include the actual feed as in
Fig. 3.9. Solid line: antenna designed considering the actual feed — cell-wise; dash-
dotted line: antenna designed considering the actual feed — edge-wise; dashed line:
antenna designed with a TM, incident field.

We now compare the performances of the three antennas: the one designed
starting from a TM, incident field, and the ones designed with the accurate model-
ing of the feed (shown previously in Fig. 3.8 and 3.11). Fig. 3.13 shows the radiation
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patterns of the complete antennas depicted in Fig. 3.7d, 3.10b and 3.12d. It ap-
pears that using the approximate TMj incident field for the antenna design leads
to a drop in the actual antenna realized gain of about 2dB; in fact, the antenna
designed starting from the ideal cylindrical wave shows a lower total radiation effi-
ciency of 66% and a smaller aperture efficiency of 15%. This proves the importance
of considering the real 3-D feeding structure in the design of metasurface antennas.

3.4.3 Circular metasurface with multi-beam radiation

-1200 600 0
X[

(a) (b)

Figure 3.14: Clircular metasurface with multi-beam, design outputs using cell-wise
enforcement of PEC constraint: (a) synthesized impedance pattern, and (b) its
implementation via square patches.

A more challenging design of a circular metasurface radiating a circularly-
polarized multi-beam is carried out to test the performance of the proposed auto-
mated design method. The same substrate and launching structure of Section 3.4.2
are employed to synthesize an antenna that radiates four beams in the directions
given by 6 = 45° p = {45°, 135°,225°, 315°}. An initial constant current with lin-
ear polarization is chosen, and the PEC constraint is enforced cell-wise. As in the
previous cases, 1500 iterations of the optimization method were carried out, for a
total running time of about 3 h.

The synthesized impedance pattern and its implementation using square patches
are shown in Fig. 3.14, while the comparison between the far-field predicted by the
design method and the one obtained with full-wave simulation of the complete
antenna is pictured in Fig. 3.15. Multi-beam radiation is achieved without any a
priori imposition on the shape of the impedance pattern. There is good agreement
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Figure 3.15: Circular metasurface with multi-beam, full self-consistent design with
cell-wise enforcement of PEC constraint: comparison between the far-field pattern
due to the reconstructed equivalent currents (Design) and the one obtained with
full-wave simulation of the complete antenna (Simulated) in the plane ¢ = 45°.
The inset shows the co-polarization pattern in the u-v plane.

between the expected far-field pattern and the simulated one, with a drop of 3dB
in the peak simulated realized gain; this discrepancy may be due to inaccuracies in
the full-wave simulation, given the large number of mesh cells required to obtain

accurate results. The total radiation efficiency of the simulated antenna is equal to
75%.

3.4.4 “Strip-like” rectangular metasurface with broadside
radiation

Another example of the application of the described numerical method is the
design of a quasi-1D leaky-wave antenna (LWA) to achieve broadside radiation with
inline feeding from one end. This is typically hard to obtain with conventional
approaches [4, 3] due to the presence of an open stopband that leads to a nearly-
total reflection of the traveling wave [10]; hence, it is a very good test for the
proposed method.

The reference geometry is the rectangular one shown in Fig. 3.1b. A 2.286 mm-
thick RO3006 substrate (e, = 6.5) is considered. The design frequency is 10 GHz.
For “strip-like” metasurface antennas, the far-field mask-type constraints are set
only in the ¢ = 0° plane. The impedance constraints are based on the values that
can be obtained using patch-type unit cells with a periodicity of 2 mm, for a total
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feasible reactance range of [—10000 2, —150 ©2].

As already noted, the physical layout makes it virtually compulsory to include
the feeding structure (at least the tapering section) in the design process. The
launching structure has been inspired by [4]; its optimization is carried out as
described in Section 3.4.1, and its final layout is shown in Fig. 3.6a.
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Figure 3.16: Strip-like LWA, broadside radiation: design inputs for the case without
self-consistent modeling of the PEC launching structure: (a) setup for the simula-
tion of the real antenna feed using CST, where the dashed lines enclose the area of
extraction of the incident electric field (Sisc); (b) extracted incident electric field
to be used in the design method in Sje; (¢) “input” far-field in the u-v plane, due
to the radiation of the feed, i.e. associated to the “incident” field.
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The IBC region is a 30 mmx240 mm rectangular area. The current is initialized
to an @-directed constant current which radiates broadside with linear polarization
(which would not be physically realizable).

In the following, we examine the relevance of incorporating a realistic feed in
the design of “strip-like” rectangular metasurface antennas, and the possible differ-
ences in using either the cell-wise or edge-wise enforcement of the PEC constraint.
The number of degrees of freedom for the full geometry (IBC region and launching
structure) is N = 11116. The optimization of the full rectangular antennas (in-
cluding the launching structure) presented in Section 3.4.4 took 20000 iterations,
each requiring 0.85s to complete, for a total running time of about 4 h 40 min for
each case.
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Figure 3.17: Strip-like LWA, broadside radiation: Design outputs for the solution
without the self-consistent modeling of the launching structure: (a) optimum IBC
current density returned by the design method; (b) impedance pattern correspond-
ing to the optimum current in (a); (c¢) implementation via square patches of the
synthesized impedance in (b).

Design without self-consistent modeling of the launching structure

We begin our analysis by considering a simplified, non self-consistent description
of the launching structure. For this (approximate) design case, the incident field
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is the one generated by the full launching structure, comprising the 3-D connector
and the tapered section; the tapered section is left open-ended as show in Fig. 3.16.
It is apparent that this is already a good approximation, since it takes the feeding
mechanism into account and does not use an ideal incident field. On the other hand,
only the IBC rectangular area S is considered (i.e., optimized) in the design, but
not the PEC launching region Sy (see Fig. 3.16a). This means that the tapered
launching metal is non self-consistently accounted for. In this case, the number
of degrees of freedom is N = 10665 and the optimization process required 15000
iterations of 0.48 s each, for a total running time of about 2 h.

Figure 3.16b shows the incident electric field extracted from CST. Since the
launching structure may generate (unwanted) radiation, it is necessary to consider
also its contribution to the far-field as input to the design method (see Fig. 3.16¢).

The optimum current synthesized by the automated method, the correspond-
ing impedance pattern and its implementation with square patches are shown in
Fig. 3.17. The empty areas in Fig. 3.17b indicate an open circuit condition for the
IBC, i.e., absence of metallization on the dielectric substrate.

The radiation pattern predicted by the automated design process is compared
to the one obtained via full-wave simulation of the complete antenna in Fig. 3.18,
together with the far-field masks imposed as targets in the optimization instance.
There are several discrepancies in the two patterns: the main beam in the CST
simulation is not directed at broadside, but tilted towards 1.5°, and there is a
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Figure 3.18: Strip-like LWA, broadside radiation: comparison between the far-field
pattern due to the reconstructed equivalent currents (Design) and the one obtained
by CST simulation (CST), for the design without self-consistent modeling of the
launching structure inside the optimization instance.
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Figure 3.19: Strip-like LWA, broadside radiation: Design input/outputs with self-
consistent modeling of the launching structure, obtained using cell-wise enforcement
of PEC constraint: (a) incident electric field, extracted from the full-wave simu-
lation of the coaxial connector in CST; (b) optimum current density returned as
output by the design method and (c) the corresponding impedance pattern; (d) im-
plementation via square patches of the synthesized impedance; (e) current density
obtained simulating the actual antenna in CST.
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2dB loss in the realized gain, resulting in a total radiation efficiency of 84% and
an aperture efficiency of about 56%. Moreover, the side lobes towards grazing
directions, predicted by the approximate design method, are significantly higher
than those of the actual antenna.

These differences indicate that failing to self-consistently model the tapered
PEC section inside the design algorithm forces to neglect the interaction between
the launching structure and the metasurface, leading to significant inaccuracies in
the final results (despite the high accuracy level in the computation of the incident
field achieved by including the feeding structure).
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Figure 3.20: Strip-like LWA, broadside radiation: Comparison between the far-field
pattern due to the reconstructed equivalent currents (Design) and the one obtained
by full-wave simulation in CST (CST), for the self-consistent design with cell-wise
enforcement of the PEC condition.

Design with self-consistent modeling of the launching structure and cell-
wise enforcement of PEC constraint

We consider now both the PEC and the IBC region self-consistently in the de-
sign process, as proposed in this Chapter; coherently with this, the incident field
E,,. is now extracted from full-wave simulations of the 3-D coaxial feed only (see
Fig. 3.6b). This field is shown in Fig. 3.19a, while the optimized current density
returned by the automated method and the corresponding impedance pattern are
represented in Fig. 3.19b and 3.19c, respectively. The synthesized impedance pro-
file is unconventional and different from the typical sinusoidal modulation used to
design 1D LWAs [4]. Figures 3.19d and 3.19e show the physical implementation of
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the synthesized impedance pattern and the current density obtained from full-wave
simulation of the full antenna.

The comparison between the simulated far-field pattern and the one predicted
by the automated design method is shown in Fig. 3.20, together with the mask-type
constraints imposed on the desired radiation pattern. There is excellent agreement
between the two patterns: broadside radiation is achieved as expected with a re-
alized gain of 18.5dB, thus effectively overcoming the open stopband problem.
Although different from those of the IBC approximation, the simulated side lobes
satisfy the desired SLL. The discrepancies in the pattern are mainly due to the
fact that the automated design method posits an infinite dielectric substrate, while
in the 3-D simulation implemented in the commercial solver the dielectric layer is
finite (see Fig. 3.19d). A further source of differences may be traced back to the
unit cell design, which is based on a local-periodicity approximation. The total
radiation efficiency shown by the simulated antenna is 92%, while the aperture
efficiency is equal to 75%.
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Figure 3.21: Strip-like LWA, broadside radiation: Design outputs for the self-
consistent solution obtained with edge-wise enforcement of the PEC constraint:
(a) optimum current density returned by the design method, (b) correspond-
ing impedance pattern; (c¢) implementation via square patches of the synthesized
impedance in CST.
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Design with self-consistent modeling of the launching structure and edge-
wise enforcement of PEC constraint

Finally, we carry out the same design as in Section 3.4.4 using the edge-wise
enforcement of the PEC constraint defined in (3.32). The optimum current density
and the corresponding impedance pattern are shown in Fig. 3.21, together with its
implementation via square patches.

The two synthesized impedance profiles in Fig. 3.19c and Fig. 3.21b show some
differences, resulting in slightly different patterns; the edge-wise enforcement (see
Fig. 3.22) appears to achieve a higher realized gain of 19.2dB, at the expenses
of a worse side lobe profile. However, after the realization and simulation of the
complete antenna with CST, the side lobes turn out to be better and actually very
similar to those of the other method. The total radiation efficiency and the aperture
efficiency are 98% and 82%, respectively.
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Figure 3.22: Strip-like LWA, broadside radiation: Comparison between the far-field
pattern due to the reconstructed equivalent currents (Design) and the one obtained

with full-wave simulation in CST (CST), for the design achieved by enforcing the
PEC condition edge-wise.

3.4.5 “Strip-like” rectangular metasurface with squinted
beam

The task of designing a “strip-like” antenna radiating a squinted beam is also
undertaken, to demonstrate the capabilities of the proposed method. The same
substrate and dimensions of the previous examples are considered, and the opti-
mization process took again about 4 h 40 min.
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Figure 3.23: Strip-like LWA, squinted beam: Design outputs for the self-consistent
solution obtained with cell-wise enforcement of the PEC constraint: (a) synthesized
impedance pattern, and (b) its implementation via square patches.
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Figure 3.24: Strip-like LWA, squinted beam: Comparison between the far-field pat-
tern due to the reconstructed equivalent currents (Design) and the one obtained
with full-wave simulation in CST (CST).

The target is a —30° backward beam. The design is carried out using cell-wise
enforcement of the PEC constraint. The synthesized impedance pattern and its
geometrical implementation using square patches are shown in Fig. 3.23, while the
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far-field pattern returned by the design method and the one resulting from full-
wave simulation of the complete antenna are pictured in Fig. 3.24, together with
the far-field mask-type constraints imposed in the optimization instance. The two
patterns are in excellent agreement around the main beam, with only a small drop
(—1.2dB) in the realized gain. The simulated total radiation efficiency is 98%.
There is some discrepancy in the side lobes region, that increases going farther
from the main beam and can be ascribed to the finite dielectric substrate used in
the simulation environment; nevertheless, the simulated side lobes abide to the SLL
mask constraint.
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Figure 3.25: Strip-like LWA, cosecant squared pattern: Design outputs for the self-
consistent solution obtained with cell-wise enforcement of the PEC constraint: (a)
synthesized impedance pattern, and (b) its implementation via square patches.

3.4.6 “Strip-like” rectangular metasurface with cosecant
squared pattern

Finally, we address the design of a rectangular metasurface that radiates a
cosecant squared beam [68], with power pattern D(f) defined as [6]:

sin?(Opmin )

sin?(6) ’
We consider a case with 6,,;, = 10°, 0.« = 40°; radiation constraints are imposed
in the principal plane ¢ = 0°. The admissible ripple is set at £2 dB from the target
mask. Using the same antenna geometry of the previous examples, this optimization
instance required about 4 h 40 min to complete. Cell-wise enforcement of the PEC
constraint is employed.

D) = Orin < 0 < Opnas. (3.35)
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The synthesized impedance pattern and its geometrical implementation using
square patches are shown in Fig. 3.25, while the far-field pattern returned by the
design method and the one resulting from full-wave simulation of the complete
antenna are pictured in Fig. 3.26. There is good agreement between the output of
design method and the simulations results: the simulated radiation pattern abides
to the mask-type constraints almost everywhere, with the exception of a small
backward side lobe that was already expected to exceed the SLL mask from the
design stage. The total radiation efficiency is 98%.
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Figure 3.26: Strip-like LWA, cosecant squared pattern: Comparison between the
far-field pattern due to the reconstructed equivalent currents (Design) and the one
obtained with full-wave simulation in CST (CST).

3.5 Conclusions

We have presented a method to self-consistently incorporate a specified PEC
feeding structure in the current-only inverse design of metasurface antennas. We
have shown application examples of center-fed metasurface antennas and edge-
fed “strip-like” LWAs; in the latter, the feed is electrically connected to the IBC
part. We have found that including the feed in the design of center-fed circular
antennas is important, especially to avoid deterioration of the peak gain, in line with
recent literature. Its impact in “strip-like” LWASs is significantly more pronounced,
affecting the accuracy of the radiation pattern in both the main and side lobe
regions.
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Chapter 4

Automated Synthesis of
Metasurfaces for the Design of

Broadside-Radiating Leaky-Wave
Antennas

End-fed leaky-wave antennas notoriously suffer from the open-stopband prob-
lem, that hinders radiation at broadside and causes a dramatic drop in the realized
gain. In this Chapter, we design and fabricate broadside-radiating leaky-wave an-
tennas using the automated deterministic method for the synthesis of metasurfaces
described in Chapter 3. The procedure effectively overcomes the open-stopband
problem and enables radiation at broadside. The performance of the designed an-
tennas is corroborated by full-wave simulations and experimental measurements of
fabricated prototypes.

4.1 Introduction

The problem of the open stopband (OSB) at broadside in leaky-wave anten-
nas (LWAs) has been the subject of many studies, aimed at finding design strate-
gies to overcome this limitation. The OSB arises in periodic structures, such as
sinusoidally-modulated reactance surfaces (SMRS) [3, 4], and is caused by the in-
teraction at broadside of a couple of Floquet harmonics whose power flows in op-
posite direction [10, 77]. This leads to a rapid increase (and then drop to zero) in
the attenuation constant of the propagating wave, thus transforming the latter in a
standing wave and reducing the input matching and the efficiency of the antenna.

Techniques for suppressing the OSB have been developed over the years: for
traditional LWAs, like slotted waveguides, they rely mainly on the optimization of
the geometry of the constitutive unit cell of the periodic arrays (these unit cells are
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of resonant size). Examples include the introduction of a quarter-wave transformer
or a matching stub into the unit cell [78], the use of two non-identical elements [79],
phase reversal [80], frequency balancing and Q-balancing in composite right /left-
handed (CRLH) LWAs [81], and exploiting a more general longitudinal or transverse
asymmetry [82, 83]. These methods usually require a combination of approximate
circuit models and Bloch-wave analysis for the initial design, supported by full-
wave modal analysis for final refinement; the aid of either eigenmode or driven
full-wave solvers is needed for the determination of the equivalent transmission-line
parameters.

More recently, metasurfaces have been employed in the realization of LWAs,
thanks to their versatility in the manipulation of electromagnetic fields. In [84], a
LWA capable of radiating at broadside was designed by means of a four-layer bian-
isotropic Huygens’ metasurface. In [85], open-stopband suppression was achieved
using a sinusoidally-modulated anisotropic metasurface for circular polarization; it
was concluded that an isotropic solution (with linear polarization) could not ef-
fectively remove the OSB effect. In [56, 57], optimization of the aperture fields
allowed to synthesize linearly-polarized, broadside-radiating LWAs, with the design
technique limited to 1-D solutions.

In this Chapter, we demonstrate the possibility to achieve linearly-polarized
broadside radiation with LWAs based on a single-layer isotropic metasurface. For
the first time, the antenna is designed using an automated, deterministic numerical
method that considers the full 2-D impedance surface and a realistic 3-D feeding
structure. The employed algorithm for the synthesis of metasurfaces, described in
detail in Chapter 3, was first presented in [6] and generalized in [40]; this method
allows control of side lobes and has the advantage of maximizing the realized gain,
thus lending itself to be applied against the OSB problem, condition that causes
a dramatic worsening of the reflection coefficient. In Chapter 3, a first example
of broadside-radiating LWA synthesis was reported, with the aim of showing the
ability to handle a complex feeding structure. In this Chapter, we will leverage
that approach and conduct the full design, fabrication and measurement of two
solutions based on different dielectric substrates. Measured results confirm indeed
the achievement of broadside radiation with high realized gain.

4.2 Design

The automated method for the design of metasurface antennas used in this
Chapter was described in detail in Chapter 3. Here, we will recount the design
steps and show the results obtained with the aforementioned algorithm. The inputs
of the automated design process are:

a) far-field mask-type specifications,
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Figure 4.1: Polygonal shape of the launching structure and optimized dimensions
(in mm) for the two design cases. The shape is symmetric with respect to the
T-axis.

b) antenna layout,
c) feasibility bounds on the impedance for the chosen size of the unit cell, and
d) geometric model of the feeding structure.

Two dielectric substrates are considered: a 2.286 mm-thick RO3006 substrate
(e, = 6.5), and a 3.2 mm-thick Diclad880 substrate (¢, = 2.2). The latter has been
obtained by exploiting two panels of 1.524 mm thickness, coupled with a Rogers
2929 50 pum-thick film in the middle. The design frequency is 10 GHz. For both
substrates, the IBC region is defined over a 240 x 30 mm? rectangular area.

To realize the IBC we exploit the square patches metal pattern, since it is the
more robust from the realization point of view. The geometric bounds of the patches
are set in agreement with the fabrication specifications, and the impedance bounds
associated to the realizability range are computed with the periodic approximation,
adopting the extraction method described in [4]. The obtained impedance ranges
are [—10000€2, —150 2] for the RO3006 substrate and [—10000 €2, —200 2] for the
Diclad880 design. Since we deal with isotropic (scalar) impedance, the transla-
tion from impedance to patch size is a straightforward process using the charts in
Fig. 4.2.

Finally, the feeding structure is designed ahead of the synthesis process. It
consists of a tapered microstrip section whose polygonal profile is optimized to
match an input 50 (2-coaxial cable to the characteristic impedance of a microstrip
line as wide as the metasurface region. This polygonal shape is outlined in Fig. 4.1,
together with its dimensions for the considered two design cases, optimized using

CST Studio Suite [38].
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Figure 4.2: Mapping between patch width and reactance for the RO3006 and Di-

clad&80 substrates.
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Figure 4.3: Antenna layout for the considered dielectric substrates: (a) RO3006,
(b) Diclad880. Dimensions are in mm.

4.3 Results

The metasurface patterns synthesized by the automated method to achieve
broadside radiation are shown in Fig. 4.3, for the considered dielectric substrates.
From Fig. 4.3 it appears clear that forgoing the imposition of any analytical mod-
ulation scheme on the impedance surface allows the numerical method to exploit
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Figure 4.4: (a) Prototype of the RO3006 design, (b) prototype of the Diclad880
design, (c¢) measurement setup in the anechoic chamber.

all the degrees of freedom conveyed by the size and position of each patch.

The designed antennas shown in Fig. 4.3 were first simulated with CST; as these
results were in very good agreement with those predicted by the design method,
prototypes were fabricated for each design and their performance measured in the
anechoic chamber of the Antenna Lab at Politecnico di Torino (see Fig. 4.4).

The simulated and measured radiation patterns for the RO3006 and the Di-
clad880 designs are shown in Figs. 4.5 and 4.6 respectively, together with the
mask-type constraints on the desired far field imposed in the synthesis process and
the pattern predicted by the design method. In both cases, broadside radiation
is achieved as expected, showing excellent agreement with the simulated results.
There are some differences in the side lobes between simulated and measured pat-
terns, that may be attributed to inaccuracies in the simulation, due to the high
number of mesh cells needed to properly model the structure, and to fabrication
tolerances. For the RO3006 design, the side lobes comply with the SLL mask set
in the synthesis process, which is not the case for the Diclad880 solution; this may
be due to the smaller reactance range achievable with the latter substrate, which
translates into fewer degrees of freedom for the control of the side lobe pattern.

To verify the actual suppression of the OSB, the reflection coefficient S1; and the
realized gain [68] at broadside of the prototypes must be examined. In particular,
the peak gains of the prototypes are evaluated using a ridged horn as reference
antenna.

The maximum realized gain values for both designs in a 400 MHz-frequency
range around the working frequency of 10 GHz are shown in Fig. 4.7, while Table 4.1
lists the directivity, realized gain and |Sy;| at the central frequency, both simulated
and measured, for the considered designs. It can be seen that, at the considered
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Figure 4.5: Simulated (CST) and measured realized gain pattern for the RO3006

design; the figure also shows the pattern predicted by the design method (that does
not consider material losses).
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Figure 4.6: Simulated (CST) and measured realized gain pattern for the Diclad880

design; the figure also shows the pattern predicted by the design method (that does
not consider material losses).

working frequency of 10 GHz (broadside radiation), the RO3006 and the Diclad880
prototypes achieve a realized gain of 15.7 dB and 13.5 dB, respectively. These values
represent a loss of 2.6dB and 1dB with respect to the corresponding directivity
values; more specifically, the measured realized gain for the RO3006 design is 1.5dB
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Table 4.1: Directivity, realized gain and |Si;| at 10 GHz for both designs.

Simulated (CST) Measured
Substrate | Dir. [dB] Real. Gain [dB] [S11] [dB] | Dir. [dB] Real. Gain [dB] |S11] [dB]
RO3006 18.3 17.2 -15.0 18.3 15.7 -4.4
Diclad880 13.3 13.0 -12.2 14.5 13.5 -15.9
20 I I I I
---- Simul, RO3006 —=— Meas, RO3006
- - - Simul, Diclad880 —e— Meas, Diclad880
18| |

—_
»

—
N

Realized Gain [dB]

—_
N
[

|

10 | | | | | |
9.8 9.85 9.9 9.95 10 10.05 10.1 10.15 10.2

freq [GHz]

Figure 4.7: Measured realized gain values for the RO3006 and the Diclad880 de-
signs.

lower than the simulated realized gain obtained with CST.

This drop in the realized gain with respect to the simulated one, which happens
only for the RO3006 design, can be understood by observing the differences in the
reflection coefficients.

Figures 4.8 and 4.9 show the simulated and measured reflection coefficient for
the RO3006 and the Diclad880 designs, respectively. The simulated Si; for the
RO3006 design is way smaller than the measured one; this means that the solution
designed with the automated numerical method effectively eliminates the OSB at
simulation level, but the fabricated prototype, although radiating at broadside with
an acceptable realized gain, shows a poorer behaviour in terms of S;;. This can be
attributed to the RO3006 substrate: this material tends to be anisotropic in reality
[86], and this characteristic is not considered in the simulation environment (the
authors were unaware of this issue when choosing the substrate). From Fig. 4.8
it can be observed that the measured S;; has a minimum at 10.1 GHz; at this
frequency (see Fig. 4.10), the main beam is still nearly at broadside (shift of 2°),
with a peak realized gain of 16.8dB (in excellent agreement with the simulated
results). This shows some degree of design robustness, especially in view of the
more resonant design resulting from the larger permittivity (e, = 6.5) of RO3006.
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Figure 4.8: Simulated and measured |Sy;| for the RO3006 design.
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Figure 4.9: Simulated and measured |S;;| for the Diclad880 design.

For the prototype built on the Diclad880 substrate (¢, = 2.2), the measured Sy
is lower than the simulated one, and this translates into a higher realized gain at
broadside.
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Figure 4.10: Simulated (CST) and measured realized gain pattern for the RO3006
design at 10.1 GHz.

4.4 Conclusions

In this Chapter, two broadside-radiating leaky-wave antennas based on different
substrates were designed using an automated numerical method for the synthesis
of metasurfaces, that does not require any analytical assumption on the impedance
pattern and incorporates a realistic model of the feeding structure. Prototypes of
the designed antennas were fabricated and measured, and broadside radiation was
achieved as expected, thus effectively overcoming the open stopband problem.
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Chapter 5

Automated Design of Tensor
Metasurfaces

This Chapter introduces a preliminary tensor version of the automated design
method of Chapter 3.

5.1 Introduction

Tensor metasurfaces (MTS) offer more flexibility in the manipulation of elec-
tromagnetic waves with respect to their scalar counterpart, thanks to the higher
number of degrees of freedom. The majority of methods available in literature for
the synthesis of tensor metasurfaces are tailored to sinusoidally modulated MTS
antennas [41, 42, 53], that require specific parameterizations.

In this Chapter, the automated design method for the design of MTS antennas
described in [6, 40, initially developed to deal with scalar impedances, is modified
to accommodate the synthesis of tensor MTSs. The main innovations with respect
to the isotropic version of the algorithm presented in Chapter 3 are related to the
formulation of the impedance realizability constraints (see Appendix A.2), while
the radiated field functional and the PEC condition remain the same.

This Chapter is organized as follows. Section 5.2 illustrates the properties of
a realizable tensor impedance, while Section 5.3 introduces a new testing strategy
that allows to express the components of the impedance tensor as functions of the
current coefficients. Section 5.4 contains the expressions of the new cost functionals
and their gradients. Finally, preliminary results regarding the synthesis of a circular
antenna radiating a broadside pencil beam are reported in Section 5.5.
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5.2 Realizable Tensor Impedance

A general tensor impedance can be expressed in terms of four basis dyadics,
based on a local orthonormal basis (&, D) [87, 69]:

Z=71+2N+272.K+Z7ZL, (5.1)

where

Il
S
S5
+
S
\.e)

I
S
=33

|
S
\.d)
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(5.4
(5.5

R 2~
|
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S5
|
S
\.e>

I
S
=33
+
=33
S

As explained in [87, 69], the condition of passivity and losslessness for a tensor
impedance requires

The term Re Zy is not required to be zero by the condition of passivity and absence
of losses; however, it accounts for bianisotropic effects [69] that in practice would
significantly complicate the realization of the unit cells; hence, we also require it
to be zero. Therefore, the expression of a passive and lossless tensor impedance
becomes

Z=iX,I+iX« K +jX. L. (5.7)

In matrix form, the impedance tensor can be written as

. qu Xu'u . XI + XK XL
£=] le XJ = [ X X - XK] | (5:8)
This matrix can be diagonalized as
X, 0
d__ . |1

where

Xy = X, + /X2 + X2, (5.10)
X=X, — /X2 + X2, (5.11)

It can be shown that capacitive or inductive behavior is expressed by the sign of
these eigenvalues; hence, enforcing unit cells of either type requires enforcing the
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sign of the eingenvalue. For example, the most usual capacitive choice implies
requiring that both eigenvalues X, Xy be negative, i.e.,

X < — /X2 + X2, (5.12)

or, equivalently,

X, <0, (5.13)
X2 X2 4 X2, (5.14)

These will be the conditions to enforce to ensure that the synthesized impedance
profile be realizable with capacitive unit cells; we will discuss later on the bounding
of these values.

5.3 Retrieval of Tensor Impedance Components

A new testing strategy must be devised to extract all the relevant components
of the tensor impedance. The testing is carried out using the bilinear form

(a,b)— Alz/a b ds. (5.15)

where ¥ is a surface of interest (e.g. of the unit cell), and Ay is its area. Let’s
consider the general realizable IBC equation

E=Z J=(X.T+jXcK+jX,L)-J. (5.16)

This equation can be tested along four different directions, given by the scalar
product of every basis dyadic and the complex conjugate of the current density J*:

(I-J°Z-J)=(I1-J E)=(J"1,Z-J)=(J"-1,E), (5.17)
(N-J.Z-J)=(N-J" E)—(-J"N,Z-J)=(-J"-N,E), (5.18)
(K-J".Z-J)=(K-J*" E)— (J"“K,Z-J)={(J"-K ,E), (5.19)
(L-J*,Z-J)=(L-J"E)— (J"-L,Z-J)=(J"-L,E) (5.20)
Given that
I1.1=T1, I N=N, I. K=K, 1 L-=L (5.21)
N.I-N, N-N=-I, N-K=L, N-L=-K, (522
K I-K, K-N=-L, K-K=1I, K-L=-N, (523)
L-I-1I, L-N=K, L-K=N, L-L-1, (5.24)

(o))
©
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one obtains

T1-Z=jX,I1+jX<K+jX,L, (5.25)

N-Z=jX,N+jX<L-jX K, (5.26)

K- Z=iX,K +jXxI—jX, N, (5.27)

L-Z=jX,L+jXyN+jX.T, (5.28)
and (5.17)-(5.20) become:

IX(JT-IY+iX (T K- J)+jX (J* L-J)=(J" 1-E), (5.29)
IX(J N -J)+iX (JL-J)—jX,(J" . K-J)=(J" N-E), (5.30)
iX(J K- J)+iX(JVT-J) =X (J* N-J)=(J" K-E), (531)

X (T L-J)+jX (J N -J)+jX (J I-J)y=(J"L-E). (532)

Expressing J and E in the local basis (@, 0),
J = Ji+ J,b, (5.33)
E = E o+ E,0, (5.34)
and recalling (5.2)-(5.5), the following quantities can be defined:
o= (I T-J) = L]+ |4 (5.35)
iy = (J* N -J) = =T Jy + JJ* = 2jIm(J,J5), (5.36)
e = (I K - J) = L] = L[ (5.37)
po = {(J* L-J)=JJy+ JJ: =2Re(J,J), (5.38)
S, =(J*I-E)=JE,+ J'E,, (5.39)
Se=(J"N-E)=—JE, + J'E,, (5.40)
Sx=(J"K-E)=J'E,— J'E,, (5.41)
S.=(J"L-E)=J'E,+ JE,. (5.42)

where all J and E quantities above are intended as averages over the chosen surface
Y. Now, (5.29)-(5.32) can be compactly written as

IX e+ J Xk e+ § X0 = S, ( )
X o + X g — JXo e = Sk, (5.44)
JX pe A J Xk p — J X0 i = Sk, (5.45)
JXo e, + Xk pn +j X e = Sy ( )
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From (5.35)-(5.38) it can be observed that the quantities p, px and p,, are real,
while gy is purely imaginary. Keeping this in mind, (5.43)-(5.46) can be decom-
posed in real and imaginary parts as follows:

Xy + X pe + Xy, pr, = Im S5, (
0 =RedS,, (
Xy pr, — Xy, pe = Im Sy, (
—X; Im puy = Re Sy, (
X px + X gy = Im Sk, (5.51
X, Im iy = Re Sy (
Xipin + Xy gy = Im Sy, (
— Xk Im py = Re S,. (

In the above, (5.48) expresses the condition of passivity and losslessness:
Re(J* - E)=0. (5.55)

Assuming this condition is satisfied during the optimization process, what remains
is 7 useful equations for 3 unknowns. This system is clearly overdetermined; a sub-
set of equations is therefore sufficient to retrieve the 3 components of the impedance
tensor. In particular, selecting (5.50), (5.54) and (5.52), a diagonal system is ob-
tained:

— Im py 0 0 X Re Sy
0 0 Im | | X5 Re Sk
Finally,
X, = _ReSx (5.57)
Im gy
X, — —Red (5.58)
Im iy
x, = Redk. (5.59)
Im py

These results will be important to enforce the condition of capacitive tensor impedance
in terms of current coefficients only, as shown in Sec. 5.4. It is interesting to notice
that another system can be derived from (5.47)-(5.54), if (5.47), (5.51) and (5.53)

are chosen:
[T T D€ Im S,

ILLL 0 :uI XL Im SL
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Inverting (5.60), one obtains:

o MIImSI_MKImSK_MLImSL

¥ ? 5.61

I e = pk = p o

X, = — i Im S; + p; Im SK2+ MI;/NI(M; Im 5y, = . Im SK), (5.62)
Hi — M — ML

X — — iy, Im S; + I Im SL2+ MK2/MI(M2L Im Sy — Hx Tm SL) . (563)
My — My — Mg

These equations offer an alternative for the retrieval of X;, X and X, with respect
to the diagonal system (5.56).

5.4 Enforcement of Realizability Constraints

As explained in [6, 40], in order to exploit the advantages in terms of efficiency
of a current-based optimization algorithm, all cost functionals must be expressed in
terms of current coefficients only. Regarding the IBC constraints, the requirement
for passivity and losslessness is maintained from the scalar version of the automated
design method (see Chapter 3), while new constraints must be enforced involving
X, Xk and X;.

This enforcement is based on the relationships between the tensor impedance
quantities and the fields involved in the optimization process (J and E). It is
advantageous to limit the polynomial order of the functionals to fourth, which
allows a closed-form line search. Hence, we will employ the diagonal version (5.57)-
(5.59) of such relationships.

Specifically, the realizability constraints aim at ensuring that the synthesizable
impedance profile can be implemented using capacitive unit cells, as mentioned in
Sec. 5.2. Assuming lower and upper bound values for X, these constraints will be:

Xiin < X1 < Xinaxs (5.64)
X2> X2+ X2, (5.65)

with Xpnin < Xmax < 0. Using (5.57)-(5.59), they can be equivalently written as

— X max Im 1y < Re Sy < —Xpin Im gy, (5.66)
(Re Syx)? > (Re Sx)* + (Re S,)%. (5.67)

These conditions must be enforced in the average sense over each triangular mesh
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cell (see App. A). The following cell-wise terms are defined:

P,=ReS, = — Re//J*

A;
Q; =ImS 11 //J*
l_mli_A’Lm

~|

- E dS = Re (I"T,V),

I-EdS=Im(I"r,V),
Py, = Re Sy, _i //J* "N -E dS = Re(I"TLV),
P = Re Sg, = ,4111 //J* 'K -E dS =Re(I"TV),
Qw: = Im Sy, _jll m//J*-K-E dS = Im (I"FLV),
P,=ReS, = /11@ //J* .L-E dS =Re(I"T' V),
QLi:ImSLzzi m//J* L-E dS =Im("I'V),
Ji= =7 //J* I-JdS=1"T,,

Tni = Im iy, = Im//J* N - J dS = Im(I"FLl),

= i = //J* K -J dS = I"ri|,
L= J*-L-JdS =",
=M= // S

(5.68)
(5.69)
(5.70)
(5.71)
(5.72)
(5.73)
(5.74)
(5.75)
(5.76)
(5.77)

(5.78)

where I, € RV T = N, K, L is the (averaging) local mired Gram matrix for the

i-th cell, defined as

(M) = i //SiAm('r) T - Ay(r)dr.

The total realizability cost function for the IBC now becomes:

act act imp imp imp imp imp .imp
1bC Zw +Zw IOLz +ZwUz pUz +Zwm Pai >

where
act P2
IOLT?P =T (\Dg:lp)v \Ilerjlp = PNi + Xmianm
plUn;lp =T (\Ilg?p) \I]imp = PNz - maxjNia
parP = (W), WP = P+ P — P
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In the above expressions, r(x) = max(z,0) is the ramp function. The functional
PP which is used to enforce that an anisotropic unit cell be capacitive, does not
contain a squared ramp function, unlike the other functionals expressing inequal-
ities. This choice is made because using the squared ramp would transform this
functional in a eighth-degree polynomial in the current coefficients, and despite the
regularity of the squared ramp (continuous with continuous first derivative), it is
advantageous to keep all polynomials of degree four in order to limit the number
of possible local minima and perform the line search in closed-form [69].

Finally, the gradients of the newly defined functionals can be computed as:

6p$lp - r(\D}TP) (VNi - (j2Xmin]- + KH) LNi)7 (585)
VP = p(WP) (—pyg, + (K" + j2Xmae 1) txs), (5.86)
@Pf:?p = S(\I]X?p) [PKi vy, + P vy — Pa vy + KH(PKi L, + Pt + Py LN'L)] )
(5.87)
where s(z) = 0.5 (1 + sgn(x)) is the step function and
v =TV, =Tl T=NKL (5.88)

Once the optimum current density has been synthesized by the automated design
method, the tensor impedance components can be retrieved using either (5.57)-
(5.59) (from now on indicated as “diagonal formulation”) or the (5.61)-(5.63) (“dense
formulation”). Expressing these formulas in terms of cell-wise quantities, one has:

) P..
XIZ — _sz
Ni
: . ; 5
o diagonal formulation: X = 7 (5.89)
Ni
. Py
Xi=2>=
" I
Xi _ ZQ% - szQKz - jLiQLi
' t7i2 - ‘-7}%1 - ‘-7L2z
« dense formulation: XIZ{ _ _jKiQi + \TLQKz + jLz/\Z(szQLz - jLzQKz) (590)

TP =T -T2
_ _jLiQi + kZQLz + sz/kZ(jLzQKz - jKlQLz)

2 2 2
\71'_ Ki YLi

X

5.5 Numerical Results

The developed tensor design method has been applied to a preliminary test
case.
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The considered antenna geometry is the circular one shown in Fig. 3.1a; for
this first test, in order to limit the number of degrees of freedoms and the time
per iteration required, the feeding structure (central pin and annular ring) is not
modelled inside the optimization instance, but it is accounted for by employing as
incident electric field the one generated by the launching structure in absence of
the metasurface and by including its contribution to the far-field radiation. It is
noted that this is expected to result in poor control of radiation efficiency.

An RO3003 dielectric substrate with ¢, = 3 and thickness 1.27 mm is chosen.
The antenna has a radius of 6 A\ at the working frequency of 23 GHz, for a diameter
of 156 mm. For this design, the lower and upper bounds for X, are set equal to
—20000Q and —20012, respectively; these values derive from the analysis of the
data set of a double-anchor unit cell of size of about 1/6 Ay (not reported here).
The goal is to achieve a broadside-radiating pencil beam; one must recall that no
analytical modulation is assumed for the tensor impedance profile.

In case of circular geometry, such as this one, it seems natural to choose the
cylindrical coordinate vectors (P, @) as local orthonormal basis (@, ) for the defi-
nition of the four impedance dyadics:

5.91
5.92

5.93
5.94

PP = 9@ — 4,
= pp — PP = cos (2¢;)TE + sin (2¢;) &Y + sin (2¢;) Y& — cos (2¢;)Y7Y,

A

L = @p+ pp = —sin (2¢;)T& + cos (2¢;)&Y + cos (2¢;) YL + sin (2¢;)77,

—~ o~ o~~~

)
)
)
)

where ¢; is the angular coordinate of the centroid of each cell. It is clear that
the final current density and radiation pattern would not change if rectangular
coordinates were to be used. With this choice of coordinates, one has, on every i-th
cell

X, =X+ X, (5.95)
X;w = X;p = X (5.96)
X., =Xl — X} (5.97)

The synthesized current density returned by the automated design method and
the tensor impedance components are shown in Figs. 5.1 and 5.2, respectively.

The tensor impedance components shown in Fig. 5.2 are obtained from the op-
timum current density using the “dense formulation” (5.90) and applying a moving
average scheme over clusters of neighboring cells. The same results (not shown
here) are obtained if the “diagonal formulation” (5.89) is applied.

The obtained radiation pattern is plotted in Fig. 5.3, together with the mask-
type constraints set ahead of the optimization process. The current density and
the radiation pattern plotted in Figs. 5.1 and 5.3 are then computed by solving
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Figure 5.1: Circular tensor metasurface with pencil beam: optimum current density
synthesized by the automated design method.

the forward problem for this impedance profile, to account for a possible efficiency
reduction due to the impedance reconstruction process, similarly to what was done
in Chapter 3. These are called “reconstructed” current and patterns in the follow-
ing. From Fig. 5.3 it can be seen that the tensor impedance pattern synthesized
by the automated design method satisfies the mask-type constraints (in particular,
a —20dB SLL). The aperture efficiency is 25%, higher than the one obtained with
solutions based on an isotropic impedance (see Sec. 3.4.2). Radiation efficiency was
not optimized as the feeding structure was not properly accounted for inside the
optimization instance (see Chapter 3), which results in a low such value (12%).

It is interesting to notice that, despite the fact that no analytical modulation was
imposed on the synthesizable tensor impedance profile ahead of the optimization
process, the tensor components in Fig. 5.2 do resemble a spiral-like pattern [5, 42,
53].

The results appear noisy; this may be due to two main reasons:

o intrinsic uncertainty of the employed tensor impedance retrieval technique:
both formulations (5.89)-(5.90) are based on a testing strategy of the EFIE
that depends on J*; this means that in the areas where J is linearly polarized
(Im(J,J}) = 0), but not zero, the retrieval formulas either assume an inde-
terminate form of the kind 0/0 or are unbounded, which cannot be equate
to an open circuit situation as in the scalar case due to |J| # 0. Therefore,
in these regions the retrieved impedance components exhibit noise, very high
values o rapid change in sign. This kind of uncertainty is partially mitigated
by the application of a moving average scheme; a better compensation of this
problem could be achieved by performing additional smoothing on the results
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Figure 5.2: Circular tensor metasurface with pencil beam, tensor impedance com-
ponents obtained using (5.90): (a) X;, (b) Xk, (¢) Xy, (d) X,,, (€) Xy, (f) Xpp.

(averaging over larger areas) or by enforcing some degree of regularity on the
current density inside the optimization process.

o incomplete convergence/sub-optimal solution because of unbalanced weights:
in its current state, the automated design algorithm, both in the scalar and
tensor version, is very sensitive to the user’s choice of the weighting param-
eters associated to the different functionals, which may either accelerate or
hinder the convergence of the optimization process. To address this problem,
work is in progress on a novel adapting weighting scheme to automatically
select optimal weights [88].

In order to understand performances (and some intrinsic properties of the field
manipulation), it is instructive to analyze the tensor impedance in its eigen-basis
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Figure 5.3: Clircular tensor metasurface with pencil beam: far-field cut at ¢ = 0°
generated by the reconstructed current density.

(diagonal), using the relationship in Sec. 5.2. To this aim, Fig. 5.4 shows the
spatial distribution of the eigenvalues X; and X,. Both quantities are capacitive
everywhere on the metasurface, as desired. It is observed than one eigenvalue only
is noisy (denoted with 2). In order to analyze the impact of the eigenvalues on the
overall functioning of the metasurface it is instructive to analyze the (local) energy
associated to the eigenvalues, i.e.

W, =(U; , J)YX(U;, J), i=12 (5.98)

where U; is the eigenvector associated to eigenvalue Xj;; this is reported in Fig. 5.5
(in terms of Poynting theorem this stored energy density is proportional to the
reactive power density). From this figure it is apparent that the noisy eigenvalue
X5 contributes significantly less to energy storage. On one hand, this explains why
recovering it from energy-type testings of current and field is more prone to noise.
On the other hand, it also implies some degree of robustness of the process, as
the noise appears in the least relevant component of the impedance tensor for the
specific case of the undertaken design.

5.6 Conclusions and Future Work

In this Chapter, an automated design method for the design of tensor meta-
surfaces has been presented. Preliminary numerical results related to a circular
metasurface radiating a broadside pencil beam are promising; the next step will
involve implementation of the synthesized tensor impedance using anisotropic unit
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Figure 5.4: Clircular tensor metasurface with pencil beam, tensor impedance eigen-
values: (a) X7, (b) Xb.
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Figure 5.5: Circular tensor metasurface with pencil beam, reactive power density
associated to the tensor impedance eigenvalues: (a) Py, (b) P.

cells and validation of the design method via full-wave simulation of the complete
antenna.
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Chapter 6

Conclusions

In this dissertation, the deterministic design of metasurface antennas has been
addressed, by exploring and enhancing existing design methods and developing
more advanced ones. The metasurface is consistently modelled as an impedance
boundary condition (IBC); both analytical and numerical design approaches were
considered in the development of reconfigurable or static, scalar or tensor metasur-
faces.

First, an analytical design approach, based on the leaky-wave radiation paradigm
in sinusoidally-modulated reactance surfaces and the transverse equivalent network
analysis of multilayered structures, was used to design a low-profile, beam-scanning
dual-metasurface antenna, where beam steering is achieved thanks to a reconfig-
urable metasurface loaded with varactor diodes, biased by a single voltage signal
without the need for vertical vias. A prototype of the designed antenna was fabri-
cated and tested, and its performances were in excellent agreement with design and
simulation results, demonstrating the accuracy of the employed analytical tools. At
the same time, the noisy radiation pattern highlighted the limitation of employ-
ing a sinusoidal modulation of the surface impedance to generate radiation, thus
shifting the focus towards deterministic numerical methods for the synthesis of
metasurfaces.

In this perspective, a recently-developed current-based automated method for
metasurface design was generalized by introducing realistic 3-D feeding structures
and PEC regions inside the optimization instance, thus allowing the fully numer-
ical, self-consistent design of metasurface antennas by taking into account the in-
teractions between the real launching structure and the proper IBC region. This
required the introduction of a new functional inside the cost function that could
effectively impose the PEC condition on the corresponding region. This generalized
automated design method was successfully applied to the synthesis of center-fed cir-
cular antennas and edge-fed rectangular antennas, with radiation patterns ranging
from broadside beams to squinted, multi-beam and cosecant squared patterns.

To further validate the proposed method, the design and fabrication of edge-fed,
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broadside-radiating leaky-wave antennas (LWAs), which notoriously suffer from the
open stopband (OSB) problem, was undertaken. The proper modeling of the feed-
ing structure and the intrinsic maximization of the realized gain in the proposed
algorithm were instrumental in overcoming the OSB, as demonstrated by experi-
mental results.

Finally, the automated synthesis method was extended to deal with tensor meta-
surfaces; this required to devise a new retrieval strategy for the tensor impedance
components from the optimum current and to define new IBC realizability function-
als. Preliminary results involving a broadside-radiating, circular tensor metasurface
showed that the method is capable of numerically synthesizing tensor impedances
without the need of a-priori parameterizations on the impedance profile.

Based on the work presented in this Thesis, several improvements can be out-
lined and pursued. First of all, given the great interest and potentiality in tensor
metasurfaces, the generalized tensor numerical method should be applied to the syn-
thesis of more complicated designs that involve realistic feeding structures; these
designs must then be physically implemented with anisotropic unit cells (e.g., dou-
ble anchors) and simulated to validate the method. Multi-feed excitation should
also be explored, since the same tensor metasurface can generate different radiation
patterns when illuminated by different incident fields.

Another very relevant improvement would be the fully automated selection of
the optimum weights in the optimization cost function for the rapid convergence of
the synthesis algorithm, both in the scalar and tensor cases. In the perspective of
improving the performance of the proposed method, optimization algorithms other
than the non-linear conjugate gradient should be tested.

Finally, the deterministic numerical method could also be applied to the design
of multilayered, beam-scanning antennas, to investigate the possibility of obtaining
a wider steering range and overall better performances than the ones obtained with
analytical methods.
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Appendix A

Cost Functionals

A.1 Radiated Field Functional

The cost function encompassing the radiation requirements is defined as
frad — wcopco + wcxpcx + wtotptot7 (Al)

where each individual functional of the weighted sum is given by the sum of terms
over all considered far field directions:
X Ni X
p= Zj:1 Pj (A.2)

MW

where “x” should be replaced by the corresponding component (“co”, “cx” or “tot”),
and the index j = 1,..., Ni refers to the far field direction (6, ¢;). Below are the
definitions of each term:

= 1O = )+ 2 = M), (A3)
pjx — r2(ijcx _ M;X), (A4)
Pt = r2(FIOF — M), (A.5)

where r(z) = max(z,0), and

2

F =Bl (A.6)
Fe =B (A7)
B = e+ B (A8

The co- and cross-polarization components of the electric field are obtained by
applying the discretized radiation operator to the current coefficients:

E© = R, (A.9)
E™ = R (A.10)
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A.2 Scalar Impedance Realizability Functional

The total realizability cost function for the IBC includes the conditions of passiv-
ity and losslessness (“act”), scalarity (“scal”), and upper/lower impedance bounds
((éimp”):

fibc — wactpact + wscalpscal + wimppimp. (All)
It is formulated as a weighted sum of functionals. Each of these functionals in turn
is expressed as a sum of functionals defined over individual cells,

px = Ziel—ibc p?L( (A]‘2)

W,

where “x” should be replaced by the corresponding condition (“act”, “scal” or
“imp”), and Zip. = {i € N|S; C Sizc}. Individual terms are defined as follows:

pit = P?, (A.13)
Pt =& T — (PP +Q7), (A.14)
P =1 (XuinTi — Qi) + 12(Qi — XinaxT2), (A.15)
where

P, = lee/ E-J"dS =Re(I"lLV), (A.16)
1Im//E J*dS =Im (I"r,V), (A.17)
- Ai/&_ TP dS = Pr (A18)
&= i // |E|”dS = V'"T,V, (A.19)

A s,

with A; being the surface area of the i-th cell. In the above,
V =G (Vige + LI), (A.20)

where G € RV is the Gram matrix of the RWG basis functions, defined as

= //Am(r) A, (r)dr (A.21)

and I; € R is the (averaging) local Gram matrix for the i-th cell, defined as

= jz//SAm(r) <Ay (r) dr. (A.22)
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Appendix B

Scalar Impedance Retrieval

Starting from the discretized integral equation (3.6) restricted to the IBC region,
the impedance is first expanded into a linear combination of basis functions,

M
Z(r) = Zi:l zi (7). (B.1)
From the knowledge of the (optimal) equivalent current, the coefficients of the
impedance expansion are found by minimizing the error in the integral equation,
ie.,
z = argmin ||Vio, — Wz|| (B.2)

zeCM
where z collects the impedance coefficients, Vi,; = Vine + LI is the total electric field
in terms of the equivalent current, and the elements of the matrix W,

(V)i = (A, 00 T) (B.3)

with JA = 2’:1 I, A, represent the linear dependence of the total field on the
coefficients of the impedance. Finding the impedance through (B.2) constitutes a
convex optimization problem.

If we express the impedance in terms of piece-wise constant basis functions on
each triangle, i.e.,

0, elsewhere

wi(r):{l’ forrme& N (B.4)

the optimum impedance coefficients can be obtained in closed form as
W5, Bean - J*dS 1MLV

A limiting case, often encountered in practice, is when the denominator of (B.5) is
close to zero, while its numerator is much larger than zero, which corresponds to an
infinite impedance value. This implies the absence of the IBC over the considered

triangle, a condition that can be easily implemented in the numerical solution by
removing the corresponding degrees of freedom from the discretization.
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