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Summary

Steerable antennas are capable of directing the radiating beam in directions ex-
ternally specified. This feature is of extreme interest for satellite communications
on-the-move (Satcom on the move), which is currently attracting a lot of attention.
An important side requirement in this case is the extreme flatness of the desired an-
tennas (especially for mass mounting on cars). It originated in radar applications,
where the ability to steer the beam rapidly is useful for tracking moving objects.
In currently available solutions, the beam steering is obtained either mechanically
or electronically, in the form of phased array antennas. However, both these solu-
tions have drawbacks: mechanical steering requires external components that can
be subject to failure, and cannot be flat. Phased arrays are either very expensive
(and used in defense scenarios, e.g.) or intrinsically beset with high losses in the
array distribution network (beam-forming network).
Electronically reconfigurable metasurface antennas are promising to solve these
open issues.
A metasurface is a two-dimensional arrangement of sub-wavelength unit cells. A
simple example of this kind of surface is a texture of small (with respect to wave-
length) metallic square patches of variable size, printed on a grounded dielectric
substrate. Due to the sub-wavelength regime, the wave response to these struc-
ture is conveniently described in terms of a surface impedance - i.e. a relationship
between the local (tangent) electric and magnetic fields. The spatial distribution
of this surface impedance determines the radiation properties of the metasurface;
hence, proper design of this impedance surface can allow obtaining the desired ra-
diation pattern of the antenna.
In a second phase, the desired values of the surface impedance are realized by
proper design of the sub-wavelength patterning. In the example of a texture of
square patches, this feature is the local size of the patches.
A fundamental result is that a constant impedance surface (e.g. a pattern of identi-
cal square cells) produces a guided wave, i.e. a wave confined in the vicinity of the
surface, that does not radiate any field outside. Instead, if the impedance surface
is not spatially constant, i.e. modulated, the guided wave gets transformed into a
wavefield that radiates away; this is called a leaky wave in the relevant literature.
Hence, a leaky wave radiation arises from the perturbation (modulation) of a (sur-
face) guided wave.
A very important fact is that the direction of beam radiated by the leaky wave de-
pends on the phase velocity of the underlying guided wave. Hence, if one manages
to control the velocity of this guided wave (i.e. its wavenumber), one eventually
achieves the sought-for beam steering. Of course this should be done without
harming the radiation mechanism of the leaky wave. Controlling this velocity of



Figure 1: Simulated antenna: view of the upper layer, i.e. the sinusoidally-
modulated reactance surface (SMRS). This is the one that generates radiation

Figure 2: Simulated antenna: view of the middle layer, the electronically recon-
figurable back-plane; the layout and circuit elements (varactors) result in a surface
impedance whose value is voltage-controlled. This layer controls the phase velocity
of the guided wave.

the guided wave in an electronic manner is the main contribution of this Thesis
work.
To achieve our aim, we start from a leaky wave antenna with fixed beam (not

scanning). It has an upper layer that produces a sinusoidally modulated impedance
(reactance) surface (SMRS), via the variable-width metal strips shown in Fig.1. In
the fixed-beam antenna, this patterning is on the top face of a dielectric sheet, and
the back of this sheet is simply a metal plane (”ground”). To achieve steering,
the metal backplane is substituted by a stacking of a ground plane and, above it,
an electronically reconfigurable back plane (Fig.2). This produces a spatially con-
stant surface impedance, that has a variable, voltage-controlled value. This control
is achieved by the periodic repetition of a unit cell with varactor diodes across
an ad-hoc portions of the unit cell. By changing the DC polarization voltage of
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the varactors, one achieves variable capacitances; these in turn change the surface
impedance of the back plane, and this produces a different phase velocity of the
guided wave. This, as explained above, finally results in a variable direction of the
radiated beam, that is then voltage-controlled.

Analyzing the structure, three different layers compose the steerable antenna
(Fig.3a): on the bottom, there is a bare ground plane, separated by an air gap
from the reconfigurable metasurface, Fig.2, which is surmounted by a dielectric
layer and topped by a SMRS, Fig.1. The working principle is the following: chang-
ing the sheet impedance of the reconfigurable plane allows for the modification of
the wavevector of the surface waves sustained by the structure and, consequently, of
the surface impedance seen by such modes. The modulation of the overall surface
impedance gives rise to a leaky wave radiating away from the surface at a certain
angle, which depends on the average impedance and, ultimately, on the varactor
diodes’ capacitance.
State of the art systematic procedures allow deriving the admittance of a patterned
metallic sheet, whether this is printed on a grounded dielectric substrate or not,
starting from the scattering parameters. These techniques are tested and used to
determine the sheet admittance of the upper layer of the proposed antenna. Then,
the solution of the associated transverse resonance equation (TRE) gives the admit-
tance of the reconfigurable plane. The smart design of the admittance, as mentioned
earlier, plays a crucial role in achieving the maximum possible steerability of the
main beam. Eventually, a proper unit cell layout, replicated in a periodic lattice,
will implement such constant admittance values, given the range of capacitance of
a commercial varactor diode at the frequencies of interest.
The complete antenna is simulated and designed using the full-wave electromag-
netic solver CST. Despite some discrepancies between the expected results (based
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on an approximate simplified model) and the simulations, the ultimate design has
a clear steerability of the radiating beam, as can be seen from Fig.3b, which shows
the radiation patterns for two different values of the varactor capacitance C.
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Chapter 1

Introduction

1.1 Metasurface antennas

Metasurfaces are periodic textures patterned at a sub-wavelength scale which are
able to manipulate surface waves or to scatter incident waves in a peculiar manner
[3]. Examples of metasurfaces are a texture of square patches printed on a grounded
dielectric slab [4] or an array of metal strips separated by a gap [2]. The properties
of this kind of surfaces can be summarized by a single parameter, namely the sur-
face impedance [5]. In particular, the radiation mechanism of metasurface antennas
is based on the modulation of such surface impedance, which is obtained by varying
the geometrical parameter of the unit cell forming the metasurface, like the patch
size [4] or the gap width [2]. The modulation of the surface impedance transforms
a surface wave into a leaky wave, i.e. a wave that radiates energy while traveling
along the antenna and, therefore, has a complex propagation wavenumber [6]. A
leaky wave radiates away from the surface at an angle which depends on the phase
constant, so it is possible to steer the beam by varying the working frequency.
What we aim to achieve in this work is the design of a steerable metasurface an-
tenna that allows for beam scanning at a fixed frequency.
To do so, we plan to build a metasurface whose reactance is modulated sinusoidally
(SMRS - Sinusoidally Modulated Reactance Surface) and place it above an electron-
ically reconfigurable ground plane, i.e. a periodic arrangement of sub-wavelength
cells whose reconfigurability is achieved through the insertion of varactor diodes in
the unit cell. The goal is to reconfigure the impedance of the ground plane by vary-
ing the varactor diodes’ capacitance, so that for different values of the DC driving
voltage the antenna radiates at different controllable angles.
Ergo, the steerable metasurface antenna will be composed by three layers: on the
bottom there is a bare ground plane, separated by an air gap from the reconfig-
urable metasurface, which is surmounted by a dielectric layer and topped by a
SMRS. The working principle is the following: changing the sheet impedance of
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Introduction

the reconfigurable plane allows for the modification of the wavevector of the sur-
face waves sustained by the structure and, consequently, of the surface impedance
seen by such modes. The modulation of the overall surface impedance gives rise to
a leaky wave radiating away from the surface at a certain angle, which depends on
the average impedance and, ultimately, on the varactor diodes’ capacitance.

1.2 Thesis Outline

This thesis is organized as follows: in Chapter 2 state-of-the-art systematic pro-
cedures are described which allow to derive the sheet admittance of a patterned
metallic metasurface, whether this is printed on a grounded dielectric substrate [1]
or not [7], starting from the scattering parameters. The knowledge of the sheet
admittance of every layer of our antenna is critical in order to obtain the overall
surface impedance of the structure; such problem can be dealt with in different
manners, all of which are reported in Chapter 3. In Chapter 4 two SMRSs [2, 8]
with different unit cells are studied as candidates for the realization of the upper
layer of the antenna. As for the reconfigurable ground plane, its implementation
is described in Chapter 5, together with the stack-up of the total antenna, which
is then simulated and the results compared to the expected behavior. Finally, in
Chapter 6, conclusions are drawn and future developments are teased.

2



Chapter 2

Sheet admittance extraction

methods

In this chapter, systematic procedures are described which allow to derive the
sheet admittance of a patterned metallic metasurface. In section 2.1 a technique
to extract the sheet admittance of a printed-circuit tensor impedance surface is
outlined, based on what is done in [1]. In section 2.2 another way to obtain these
quantities is described which is applicable to a patterned metallic sheet that is not
backed by a ground plane [7].

2.1 Sheet extraction method for a printed-circuit
tensor impedance surface

The procedure to extract the sheet admittance of a printed-circuit tensor impedance
surface (PCTIS) is described in detail in [1]. Here we summarize the main steps.
One of the structures analyzed in [1] is then simulated with the full-wave electro-
magnetic solver CST [9] and an in-house solver in order to validate the repeatability
of the aforementioned method.
Let’s consider a unit cell - composed by ground plane, dielectric layer and pat-
terned metallic cladding - placed in the xy plane, while the vertical stacking hap-
pens along z. The metallic sheet is therefore located at the interface between two
regions, namely region 1 and 2, made of different materials, typically dielectric be-
low (region 1) and air above (region 2). Two normal-incidence illuminations must
be performed from above: one with the electric field polarized along x (illumination
TM or A) and the other with the electric field directed along y (illumination TE or
B). Then, from the total (incident plus scattered) electric and magnetic fields eval-
uated in region 2 at the z coordinate corresponding to the metallic sheet, the tensor

3
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input admittance for normal incidence is derived using the following formulas:

Y in
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y H

B
y − EB

y H
A
y

EA
x E

B
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xE
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y

(2.1)

Y in
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A
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x H
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x E

B
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Y in
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x H
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A
x
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B
y − EB

xE
A
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(2.4)

At this point, the tensor sheet admittance is easily found:

Ysheet =

[︃
Y in
xx Y in

xy

Y in
yx Y in

yy

]︃
−

⎡⎢⎣
1

jη1 tan (k1d)
0

0
1

jη1 tan (k1d)

⎤⎥⎦ (2.5)

where η1, k1 and d are the wave impedance, the wavenumber and the thickness of
region 1 respectively.
The procedure just described is applied to the unit cell represented in figure 3 of
[1] using CST (fig. 2.1). This implies setting unit-cell boundary conditions at xmin,

Figure 2.1: Unit cell described in [1] replicated with CST

xmax, ymin and ymax, the condition Et = 0 at zmin and open boundary at zmax; the
last one automatically creates a Floquet port, that allows to excite the two different
incident plane waves. The patterned metallic cladding is located at z = 0. The
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fundamental point is to evaluate the average total electric and magnetic fields at
this interface: the best way to do so is to measure the fields at a certain height from
the surface (typically half a wavelength) and then de-embed the phases, in order to
allow sufficient space for the highly oscillatory fields near the surface to subside [1].
However it is worth mentioning that CST calculates the required input admittance
matrix automatically once we’ve set the reference plane for the de-embedding of
the phase of the scattering parameters at z = 0. The tensor sheet admittance can
then be computed using (2.5).
The same structure is analyzed with an in-house solver. The geometry of the
patterned metallic cladding is drawn in Matlab, which allows also to elaborate its
mesh (fig. 2.2). Such mesh, together with some files that contain the description
of the structure scenario, is given as input to the solver. In general, the structure
is composed by some layers of finite thickness, enclosed in two semi-infinite media;
these two media are called upper and lower media [10]. In this case, the upper
medium is free-space and the lower is a Perfect Electric Conductor (PEC). Here
we define two layers, starting from the coordinate z = 0: the first of thickness d,
with ϵr of the current dielectric material, and the second of thickness λ/2 with
unitary ϵr.
The solver gives as output the scattering parameters computed at the interfaces

Figure 2.2: Mesh of the unit cell described in [1] produced for the in-house solver;
all dimensions are in m

between the semi-infinite media and the structure; we label port 1 the interface
with the upper medium and port 2 the interface with the lower medium. Since the
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considered unit cell is PEC-backed, we are only interested in S11:

S11 =

[︃
STE,TE
11 STE,TM

11

STM,TE
11 STM,TM

11

]︃
(2.6)

In particular, for normal incidence (θ = 0◦) the TM component of the electric
field is directed along x while the TE term lies along y. Therefore, taking up the
notation used before, we can easily compute the scattered electric field in terms of
illuminations A and B:

EAs
x = STM,TM

11 EAi
x (2.7)

EAs
y = STE,TM

11 EAi
x (2.8)

EBs
x = STM,TE

11 EBi
y (2.9)

EBs
y = STE,TE

11 EBi
y (2.10)

where the superscripts i and s denote the incident and scattered field respectively,
at the coordinate z = d + λ/2. Now we just have to de-embed the phase at the
surface of the unit cell (z = d), find the incident and scattered magnetic field using
the impedance relation, compute the total fields and we can use eqs. (2.4)-(2.5).
In table 2.1 the tensor sheet impedance, i.e. the reciprocal of the sheet admittance
matrix, is reported: the values obtained with CST and the in-house solver are
compared to those listed in [1]. While there is close agreement between the results
produced by CST and those of the aforementioned paper, a little discrepancy can be
detected among the latter and the in-house solver outcome, in particular regarding
ηsyy. This, however, does not affect the applicability of the sheet extraction method
within our in-house solver.

CST In-house solver [1]
ηsxx −95.68j −101.56j −97.54j
ηsxy −47.01j −50.48j −47.73j
ηsyx −47.01j −50.48j −47.81j
ηsyy −173.12j −185.65j −176.40j

Table 2.1: Sheet impedance values corresponding to the simulated geometry; all
values are in Ω
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2.2 Sheet admittance from the scattering matrix

In [7] the relation between scattering parameters and sheet admittance is investi-
gated.
Let’s consider a metasurface consisting of a patterned metallic sheet placed at the
interface between two regions with different wave impedances, namely η1 and η2.
Through Floquet ports normally incident plane waves are excited, hitting the sheet
from both sides; this kind of simulations is easily performed with CST or the in-
house solver described in the previous section. It can be shown that the sheet
admittance is related to the scattering parameters (de-embedded to the patterned
sheet) via the following expressions:

Ysheet =
(︂I− S11

η1
− I+ S11

η2

)︂
(I+ S11)

−1

=
(︂I− S22

η2
− I+ S22

η1

)︂
(I+ S22)

−1 (2.11)

where I is the identity matrix and

Snm =

[︃
Sxx
nm Sxy

nm

Syx
nm Syy

nm

]︃
(2.12)

is “a 2x2 matrix relating the field scattered into region n when a plane wave is
normally incident from region m” [7].
As an example, the geometry shown in fig.S3 (d) of the supplementary material of
[7] is implemented and simulated with both the aforementioned solvers (fig. ??)
and its sheet admittance is computed using eq. (2.11).
The obtained results are listed in table 2.2, where they are compared to the values
reported in [7]. We can see that the sheet admittance values obtained with CST
and the in-house solver are in close agreement and only slightly different from those
of the paper.

CST In-house solver [7]
Y s
xxη0 5.26j 5.26j 5.67j

Y s
xyη0 0j 0j 0j

Y s
yxη0 0j 0j 0j

Y s
yyη0 −2.34j −2.23j −2.63j

Table 2.2: Sheet admittance values corresponding to the simulated geometry
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(a) (b)

Figure 2.3: Unit cell in CST (a) and corresponding mesh for the in-house solver
(b)
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Chapter 3

Dispersion relation

In this chapter, different approaches are used to compute the wavevector of a TM
surface wave sustained by a particular structure. In section 3.1 a Transverse Reso-
nance Equation (TRE) is derived from a transmission-line equivalent model of the
antenna. In section 3.2 the unknown wavevector is obtained from the enforcement
of boundary conditions on the tangential electric and magnetic fields.

3.1 Transverse resonance technique

The transverse resonance technique relies on the derivation of an equivalent transmission-
line model of the considered antenna. It stems from the interchangeability between
tangential (to the structure) electric field and voltage and between tangential mag-
netic field and current. Here is an example.

3.1.1 Example: mapping surface impedance to gap size

Let’s consider the simple case of a SMRS consisting of an array of metallic strips
separated by a varying gap, printed over a grounded dielectric substrate [2] of
thickness d, lying in the xy plane. Let’s also assume that this structure sustains
a TM guided mode that propagates in the x direction. If we focus on a unit cell
and consider its vertical stacking (ground, dielectric and metallic cladding) we can
see that, for the electric and magnetic fields tangential to the surface Ex and Hy,
it is equivalent to a vertical transmission line that extends along the z axis. This
line starts at the bottom with a short circuit that represents the ground plane; at a
distance d from it an admittance YSMRS corresponding to the modulated surface is
inserted in parallel; then the line goes on to infinite as the free-space region that lies
above the SMRS. This equivalent model is shown in fig. 3.1, where the semi-infinite
transmission line that represents the free-space region above the antenna has been
replaced by the TM wave admittance in air (Y TM

00 ), since that is what the SMRS

9
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sees.
In particular, regarding the TM surface wave we can define the propagation

Y TM
00

YSMRS

d ǫ1, k1, Y
TM
01

Ydown

Yup

z

x

Figure 3.1: Equivalent transmission-line model of a SMRS printed on a grounded
dielectric substrate, as the one described in [2]

wavenumber kx, which is related to the transverse wavenumbers in free space (kz0)
and in the dielectric (kz1) by the following expressions:

kz0 =
√︂
k2
0 − k2

x = −j
√︂

k2
x − k2

0 (3.1)

kz1 =
√︂

k2
1 − k2

x (3.2)

where k0 = ω
√
µ0ϵ0 and k1 = ω

√
µ1ϵ1. By definition, a surface wave must be con-

fined in the structure and attenuate away from it, therefore the transverse wavenum-
ber in free space has to be purely imaginary and kx must be in the range [k0, k1].
Now, we must define a reference section in the transmission line: in fig. 3.1 it is
set right above the SMRS, at the interface between the antenna and the free space.
The transverse resonance equation consists in setting equal to zero the sum of the
admittance that you see looking up from the reference section (Yup) and the one
that you see looking down (Ydown):

Yup + Ydown = 0 (3.3)

where

Yup = Y TM
00 (3.4)

Ydown = YSMRS − jY TM
01 cot (kz1d) (3.5)

10



Dispersion relation

and

Y TM
00 =

ωϵ0
kz0

(3.6)

Y TM
01 =

ωϵ1
kz1

(3.7)

Solving the TRE allows to find the propagation wavenumber kx and therefore the
surface impedance of the antenna, which is nothing more than the reciprocal of
Ydown, for every value of YSMRS, i.e. every possible gap width between the strips
that form the modulated reactance surface. As an example, the relation between
gap spacing and surface reactance for the structure described in [2] at the frequency
of 10 GHz is plotted in fig. 3.2. This graph is of great importance because it allows

Figure 3.2: Gap spacing vs surface reactance for the antenna designed in [2]
obtained with CST and in-house solver

to identify the physically achievable surface impedance range and to translate a
sinusoidal modulation of the reactance into a varying geometrical parameter of the
metasurface unit cell (gap width between the strips).

3.1.2 Application to our multi-layered antenna

The transverse resonance technique can be applied to our multi-layered antenna.
Let’s denote with YSMRS the sheet admittance of the upper layer and with YVAR the
sheet admittance of the reconfigurable plane. Let d0 be the width of the air gap
between ground and varactor layer and d1 the dielectric thickness. The equivalent
transmission-line model of the overall structure for a TM mode is shown in fig. 3.3.
As in the previously discussed example, the reference section is set right above the
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Y TM
00

YSMRS

YV AR

Yup

Ydown

z

x

d1

d0

ǫ1, k1, Y
TM
01

ǫ0, k0, Y
TM
00

Figure 3.3: Transmission-line model of our multi-layered antenna

sinusoidally-modulated reactance surface. The admittance of the equivalent ground
plane (YEGP), composed by the fixed ground and the reconfigurable layer, is given
by:

YEGP = YVAR − jY TM
00 cot (kz0d0) (3.8)

While Yup has the same expression as before (eq. (3.4)), Ydown is the sum of YSMRS

and the input admittance of a line of length d1 loaded with YEGP:

Ydown = Y TM
01

YEGP cos(kz1d1) + jY TM
01 sin(kz1d1)

Y TM
01 cos(kz1d1) + jYEGP sin(kz1d1)

(3.9)

Eq. (3.3) can then be solved for the propagation wavenumber and the overall
surface impedance of the antenna can be found.

3.2 Boundary conditions on tangential fields

The same results given by the transverse resonance technique can be derived, start-
ing from the tangential electric and magnetic fields, by imposing boundary condi-
tions.
Let’s divide our structure in three regions, as depicted in fig. 3.4, and set the ori-
gin of the z axis at the interface between SMRS and free space. In region 1, the

12
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tangential electric and magnetic fields Et1 and Ht1 are:

Et1 =
(︁
E+

01e
−jkz0(z+d1) + E−

01e
jkz0(z+d1)

)︁
x̂ (3.10)

Ht1 = Y TM
00

(︁
E+

01e
−jkz0(z+d1) − E−

01e
jkz0(z+d1)

)︁
ŷ (3.11)

where the dependence on the x coordinate (e−jkxx) has been omitted since it is
common to all terms. The transverse wavenumbers kz0 and kz1 are expressed by
eqs. (3.1)-(3.2). E+

01 and E−
01 are the amplitudes of the forward and backward waves

in the z direction, defined at z = −d1.
In a similar manner, the tangential fields in region 2 and 3 can be expressed as:

Et2 =
(︁
E+

02e
−jkz1z + E−

02e
jkz1z

)︁
x̂ (3.12)

Ht2 = Y TM
01

(︁
E+

02e
−jkz1z − E−

02e
jkz1z

)︁
ŷ (3.13)

Et3 = E+
03e

−jkz0zx̂ (3.14)

Ht3 = Y TM
00 E+

03e
−jkz0zŷ (3.15)

where the amplitudes E+
02, E

−
02, E

+
03 are all defined at z = 0. In region 3 there is only

the wave propagating towards positive z because free space is infinitely extended
and no reflection takes place.
At this point the boundary conditions at both the metasurfaces and the ground

YSMRS

YV AR

0

−d1

−d1 − d0

z

region 2

region 1

region 3

ǫ0, Y
TM
00

ǫ1, Y
TM
01

ǫ0, Y
TM
00

Figure 3.4: Vertical structure of our multi-layered antenna

plane must be enforced. Since we are dealing with purely electric admittance sheets,
we have, at z = −d1 and z = 0, that the jump in the tangential magnetic field is

13
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equal to the electric surface current density and that the tangential electric field
must be continuous:

ẑ×
(︁
Ht3(z = 0+)−Ht2(z = 0−)

)︁
= YSMRS

Et3(z = 0+) + Et2(z = 0−)

2
(3.16)

ẑ×
(︁
Et2(z = 0−)− Et3(z = 0+)

)︁
= 0 (3.17)

ẑ×
(︁
Ht2(z = −d+1 )−Ht1(z = −d−1 )

)︁
= YVAR

Et2(z = −d+1 ) + Et1(z = −d−1 )

2
(3.18)

ẑ×
(︁
Et1(z = −d−1 )− Et2(z = −d+1 )

)︁
= 0 (3.19)

Moreover, we must set the electric field to be null at z = −d1 − d0:

Et1(z = −d1 − d0) = 0 (3.20)

Eqs. (3.16)-(3.20) form a five-equation system with five unknowns (the field am-
plitudes); in fact, they can be re-written as:

−Y TM
00 E+

03 + Y TM
01

(︁
E+

02 − E−
02

)︁
= YSMRS

E+
03 + E+

02 + E−
02

2
(3.21)

E+
02 + E−

02 − E+
03 = 0 (3.22)

−Y TM
01

(︁
E+

02e
jkz1d1 − E−

02e
−jkz1d1

)︁
+ Y TM

00

(︁
E+

01 − E−
01

)︁
= YVAR

E+
02e

jkz1d1 + E−
02e

−jkz1d1 + E+
01 + E−

01

2
(3.23)

E+
01 + E−

01 −
(︁
E+

02e
jkz1d1 + E−

02e
−jkz1d1

)︁
= 0 (3.24)

E+
01e

jkz0d0 + E−
01e

−jkz0d0 = 0 (3.25)

In matrix form:

M

⎡⎢⎢⎢⎣
E+

01

E−
01

E+
02

E−
02

E+
03

⎤⎥⎥⎥⎦ =

⎡⎢⎢⎣
0
0
0
0
0

⎤⎥⎥⎦ (3.26)

where:

M =

⎡⎢⎢⎢⎣
0 0 Y TM

01 − YSMRS

2
−
(︁
Y TM
01 + YSMRS

2

)︁
−
(︁
Y TM
00 + YSMRS

2

)︁
0 0 1 1 −1

Y TM
00 − YVAR

2
−
(︁
Y TM
00 + YVAR

2

)︁
−
(︁
Y TM
01 + YVAR

2

)︁
ejkz1d1

(︁
Y TM
01 − YVAR

2

)︁
e−jkz1d1 0

1 1 −ejkz1d1 −e−jkz1d1 0
ejkz0d0 e−jkz0d0 0 0 0

⎤⎥⎥⎥⎦
(3.27)

A nontrivial solution of (3.26) exists for the values of the propagation wavenumber
kx such that det (M) = 0. In fact, enforcing this condition allows to find the guided
modes and also the field profile along the structure in the z direction.
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Chapter 4

Design of a

Sinusoidally-Modulated Reactance

Surface

In this chapter, the procedure described in [2] is applied to design and simu-
late leaky-wave antennas based on a Sinusoidally-Modulated Reactance Surface
(SMRS). The impedance modulation is achieved by varying a geometric feature of
the metasurface unit cell, e.g. the gap width between metal strips [2] or the size
of square patches [8]. The theory of SMRSs was first investigated by Oliner and
Hessel [11]; here, only the principal results are reported in section 4.1. In section 4.2
two antennas based on different SMRSs are designed in order to radiate at θ = 30◦.
Finally, in section 4.3, the same procedure is applied to our multi-layered antenna
in order to devise, once the upper layer physical implementation has been chosen,
which values of sheet admittance of the reconfigurable plane are required to obtain
the maximum possible steering of the leaky-wave beam.

4.1 Theory

Let’s consider a surface whose reactance is modulated sinusoidally along the x axis.
The expression of its reactance is:

X(x) = Xs

[︂
1 +M cos

(︂2π
a
x
)︂]︂

(4.1)

where Xs is the average surface reactance, M is the amplitude of modulation and
a is the period. Let’s suppose that the overall surface impedance is inductive in
order to sustain a TM surface wave [2]. Since the structure is periodic, the total
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Design of a Sinusoidally-Modulated Reactance Surface

field is given by the sum of infinite modes. Let’s also define kx as the propagation
wavenumber of the fundamental mode in the x direction, which is related to the
transverse wavenumber kzn of the nth mode by:

kzn =

√︃
k2
0 −

(︂
kx +

2nπ

a

)︂2

(4.2)

where k0 is the free-space wavenumber. It can be shown, starting from the trans-
verse resonance condition, that the unknown modal currents In are linked by an
infinite set of linear homogeneous equations [11]:

In+1 +DnIn + In−1 = 0

n = 0,±1,±2... (4.3)

where

Dn =
2

M

[︂
1− ȷ

kzn
Xsωϵ

]︂
(4.4)

System (4.3) has a nontrivial solution if its determinant is zero. Once the average
reactance and the index of modulation have been chosen, solving this equation for
the guided waves gives the Brillouin diagram, which allows to identify the radiating
harmonics. An example of such diagram is shown in figure 4.1, for Xs = 1.2 and
M = 0.2 as in [2].
In this graph we can see the radiation cone and the different spatial harmonics. At

Figure 4.1: Brillouin diagram for Xs = 1.2 and M = 0.2; the blue curves corre-
spond to the harmonics, the radiation cone is drawn in green, while the working
point k0a is indicated by a red line
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about kxa = π ± 2nπ stop-bands appear, the width of which depends on the index
of modulation M . In particular, we are interested in the n = −1 harmonic: once
we’ve established our working point (given by the operating frequency multiplied by
the period of modulation), the main radiating beam of the leaky wave corresponds
to the point belonging to this harmonic at the ordinate k0a. There can also be
parasitic beams due to other harmonics; for example, in the case shown in fig. 4.1,
an intersection between the red line and the n = −2 harmonic inside the radiation
cone is present, which indicates that also this mode radiates.
The first step in the procedure described in [2] to design a SMRS relies on the
assumption that the modulation factor is zero, so that the following equation can
be written:

sin (θn=−1) ≈
√︁

1 +X ′2
s − 2π

k0a
(4.5)

whereX ′
s is the average surface reactance normalized by the free-space wave impedance.

Once the working frequency, the desired radiation angle and one among X ′
s or the

period a have been fixed, eq. (4.5) can be used to determine the remaining value.
To compute a more accurate value of the complex propagation wavenumber and,
consequently, of the radiation angle, the determinantal equation of system (4.3)
must be solved. Then, with the help of the Brillouin diagram, one must verify that
the operating point k0a does not fall in the band-gap. Finally, the presence of other
radiating harmonics must be checked.

4.2 Example: SMRS on a grounded substrate
pointing at 30➦

Following the procedure outlined in [2] the antenna designed in that paper is re-
produced and simulated with CST (fig. 4.2). A sinusoidal modulation is physically
realized by varying the gap width between parallel strips. To this purpose the graph
in fig. 3.2 is used.

The radiated farfield at 10 GHz is shown in fig. 4.3. There is good agreement
between this graph and the pattern reported in fig. 15 of [2].

Another possible implementation of a sinusoidally-modulated reactance surface
is a texture of square patches with varying size [8]. This kind of surface is used to
design an antenna radiating at 30◦ at the working frequency of 30 GHz.
The first step requires the computation of the sheet admittance of this surface.
Using the technique described in Chapter 2, a unit cell made by a square patch
printed on a grounded dielectric substrate (RO4003C) is implemented in both CST
and in-house solver and two orthogonal illuminations are performed. From the
obtained data, the sheet admittance is derived and plotted in fig. 4.4 as a function of
the gap between two neighboring squares. Then, the transverse resonance equation
must be solved for every value of the sheet admittance YSMRS, according to the
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Figure 4.2: Simulated antenna with detail of the SMRS

Figure 4.3: Radiation pattern (cut for ϕ = 0◦) of the antenna designed in [2]
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Figure 4.4: Sheet admittance of a texture of square patches as a function of the
gap between them

transmission-line model represented in fig. 3.1; in this way we can obtain the
mapping between gap spacing of the SMRS and surface impedance and we can
translate the modulation of the latter into its physical implementation.
Once the dielectric material has been chosen, the surface impedance values derived
from the solution of the TRE depend on the dielectric thickness d; in particular,
we want sufficiently high values of surface impedance so that there is only another
harmonic radiating besides the n = −1. In fact, if we choose d = 0.508 mm we get
a possible range of surface impedance that goes from 92.75Ω to 146.9Ω; then, if we
select an average impedance Xs and a modulation factor M as to cover the whole
range, we obtain a very large period (a = 18mm) and also the n = −3 harmonic
radiating, as can be seen from the Brillouin diagram represented in fig. 4.5. If we
implement this kind of SMRS, the input power almost divides equally between the
three radiating harmonics and the radiation pattern has a very low directivity and
high side lobes (fig. 4.6).
The best choice is therefore to increase the dielectric thickness up to 1.016 mm; the
mapping between gap spacing and surface impedance points to higher values of the
latter (fig. 4.7), which allows to design a SMRS with a bigger average impedance.
Only the n = −1 and the n = −2 harmonics are radiating, as you can see from the
radiation pattern shown in fig. 4.8. A detail of the SMRS with square patches is
shown in fig. 4.9. Overall there are no big differences between this implementation
and the one with the array of strips, especially because the component of the sheet
admittance of our interest (Y sheet

xx ) is almost the same in both cases.
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Figure 4.5: Brillouin diagram of a SMRS with X ′
s = 0.3177 and M = 0.22

Figure 4.6: Radiation pattern for a printed leaky-wave antenna with X ′
s = 0.3177,

M = 0.22 and a = 18 mm
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Figure 4.7: Mapping between gap spacing and surface impedance for a SMRS
made by square patches with dielectric RO4003C and thickness equal to 1.016 mm

Figure 4.8: Radiation pattern (cut for ϕ = 0◦) of the antenna with square patches;
the main beam points at 32◦
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Figure 4.9: Detail of the SMRS with square patches

4.3 Application to our multi-layered antenna

The technique to design a SMRS outlined in the previous section can be applied to
our multi-layered antenna, but first one needs to know the sheet admittances of the
upper layer and the reconfigurable plane. In particular, it’s important to gather
which admittance values of the varactor layer are required to obtain a certain
amount of steering of the main beam, regardless of their actual implementation.
This analysis is carried out as follows:

1. The working frequency is set to be 30 GHz.

2. The physical implementation of the upper layer is chosen and its sheet admit-
tance is computed.
We decide to use as SMRS the array of strips. To calculate the relation be-
tween sheet admittance and gap width we resort to the technique described in
section 2.1: using both CST and the in-house solver we build a unit cell of di-
mension λ/10 consisting of two strips separated by a gap printed on a grounded
substrate made of the dielectric that is meant to be inserted in the complete
multi-layered antenna. This is important because the sheet admittance of a
metasurface depends on the media it is surrounded by [7]. In particular, we
decide to use RO4003C (ϵr = 3.55). The dielectric thickness is chosen so that
this extraction method is valid. Then from the input admittance the sheet
admittance is derived using eq. (2.5); its behavior at varying gap width is
shown in fig. 4.10.
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Figure 4.10: Sheet admittance vs gap spacing of the SMRS

3. Once the sheet admittance of the upper layer (YSMRS) is known, we must solve
the transverse resonance equation of the overall structure for different values
of the reconfigurable plane’s sheet admittance (YVAR) in order to identify the
maximum possible steering of the radiating angle of our antenna.
To study the behavior of the solutions of the TRE as YVAR changes the other
parameters must be fixed: referring to fig. 3.3, we set d0 = λ/20 = 0.5 mm
(arbitrary value) and d1 = 0.508 mm (one of the standard thicknesses for this
dielectric). The steerability of the antenna is evaluated as follows: for a given
value of YVAR, the TRE is solved for each possible value of YSMRS in order
to obtain a mapping between the physical gap width and the overall surface
impedance, as shown in fig. 3.2 for a simpler structure; this surface impedance
will fall into a particular range of values, whose limits depend on the consid-
ered YVAR. Now, we want the sheet admittance of the reconfigurable plane
that gives the lower values of surface impedance to correspond to a radiating
beam pointing at broadside (θ = 0◦); therefore, we compute the average reac-
tance Xs as (Zmax

surf + Zmin
surf )/2 and, from eq. (4.5), setting θ = 0◦ we find the

period a. The modulation factor M is calculated from Zmax
surf = Xs(1 + M).

Then the cosinusoid of eq. (4.1) is sampled in one period at points that are
a tenth of a wavelength apart (the dimension of our unit cell) and each sam-
ple is mapped to the correspondent gap width. Once we’ve established the
fixed gap width of every cell within one period for an antenna radiating at
broadside for YVAR that gives the lower values of surface impedance, we can
identify the main beam angle for the other values of YVAR by simply reversing
the procedure: using the graph that shows the mapping between gap width
and surface impedance, starting from the gaps we go back to the impedance;
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then, by interpolating the obtained values with a cosine we extrapolate Xs

and M and from those the radiating angle through eq. (4.1).
As for the sheet admittance of the varactor layer, two cases can be distin-
guished:

(a) YVAR ≥ 0: for positive values of YVAR there is only one solution of the
TRE in the allowed range of kx. This can be seen in fig. 4.11, where
the blue curve represents −Yup and the black curves depict Ydown for two
different values of YVAR. The value of YSMRS is fixed and corresponds to
a gap of 0.1 mm. The solution of the transverse resonance equation is
given by the intersection between the blue curve and a black one. The

Figure 4.11: Solutions of the transverse resonance equation for gap of the SMRS
equal to 0.1 mm and two different values of YVAR

intersections are very close and there is no appreciable variation in the
corresponding surface impedance (given by the reciprocal of Ydown). In
particular, if we design the antenna to radiate at broadside for YVAR = 0j
S, for YVAR = 0.6j S the radiation angle is only 2.75◦. If we increase further
the sheet admittance of the reconfigurable layer this angle doesn’t change.

(b) YVAR < 0: for negative values of YVAR there are two solutions of the TRE
(fig. 4.12), which correspond to two different TM modes. The solution
closer to k0 belongs to the second TM mode, while the one closer to k1
identifies the first mode to go above cutoff. We are interested in the
latter because it is the one that provides the most appreciable variation
in terms of radiation angle. In fact, if we design the antenna to radiate
at broadside for YVAR = −0.4j S, if YVAR reaches −0.013j S the radiation
angle becomes 36.93◦. It is worth noting that the greatest variation in the
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surface impedance happens in a range close to −0.013j S: between YVAR =
−0.4j S and YVAR = −0.04j S the steering is only of 5.44◦. Moreover,
−0.013j S is the maximum value of YVAR that is useful to our purpose:
after that, there is no longer the solution of the TRE close to k1 for the
smallest value of the SMRS gap, which means that the mapping between
gap width and surface impedance will be discontinuous. Finally, going

Figure 4.12: Solutions of the transverse resonance equation for gap of the SMRS
equal to 0.1 mm and three different values of YVAR

towards the limit value of YVAR the useful solution becomes unstable: the
intersection between −Yup and Ydown is grazing and more susceptible to
errors. Therefore we might expect the steering of the antenna to be less
accurate for large values of the radiation angle.

4. Once a suitable range of YVAR has been detected, the actual reconfigurable
metasurface needs to be physically implemented. This will be done in Chap-
ter 5.

To summarize, a range of negative values of YVAR has been identified which allows
to steer the radiation angle of about 30◦. This will be achieved by building a
sinusoidally-modulated reactance surface, consisting of an array of metallic strips
separated by a varying gap, on top of a reconfigurable metasurface, made so by the
insertion of varactor diodes in the unit cell of such texture.
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Chapter 5

Steerable leaky-wave antenna

In this chapter, a complete steerable leaky-wave antenna is simulated. First, in
section 5.1 the unit cell of the reconfigurable layer is designed in order to achieve
the suitable range of sheet admittance values which has been identified in Chapter
4. Then, in section 5.2, for discrete values of the varactor diodes’ capacitance
the radiation angle is computed solving the transverse resonance equation. The
complete antenna is simulated and a clear steering of the main beam is observed;
comparisons between expected and obtained results are made. Finally, in section
5.3 another version of the antenna is simulated which is equipped with a net of
buses for the application of the control DC voltage to the diodes.

5.1 Implementation of the reconfigurable plane

In [12] a unit cell with two varactor diodes in antiseries configuration is used as
building block of a polarization rotator. The same schematic is resized and ad-
justed to our application and its sheet admittance is evaluated to see if the range
of obtainable values is useful to our purpose.
A front view of such unit cell and its dimensions are reported in fig. 5.1. The
dimensions are carefully designed in order to allow the placement of two diodes
MAVR-011020-1141, whose capacitance is provided in their datasheet [13]. Overall
the cell is a square of λ/5 × λ/5, where λ = 10 mm at the working frequency of
30 GHz. The size is bigger than λ/10 in order to reduce the number of varactor
diodes in the complete structure.

The sheet admittance of this metasurface is computed using the standard tech-
niques described in Chapter 2. The diodes are modeled as RC series and the
capacitance is swept starting from the minimum theoretical value of 0.025 pF. The
admittance as a function of the capacitance is shown in fig. 5.2.

We can see that its values fall exactly in the range of our interest. In particular,
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Figure 5.1: Unit cell of the reconfigurable layer: (a) front view and (b) dimensions
(mm)

Figure 5.2: Sheet admittance of the reconfigurable metasurface with varying
varactor capacitance

at C = 0.025 pF YVAR = −0.072j S, while for a capacitance between 0.08 pF and
0.09 pF the limit value of about −0.013j is reached. Therefore, this unit cell proves
itself to be an excellent candidate for the implementation of the reconfigurable layer
of our antenna.
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5.2 Simulation of the complete antenna

Solving the transverse resonance equation for every possible combination of gap
width and varactor capacitance allows to study the modulation of the overall sur-
face impedance and to visualize the steering of the radiation angle. The expected
radiation angle of the main beam with varying varactor capacitance is shown in fig.
5.3.

Figure 5.3: Expected steering of the main beam with varying varactor capacitance

A complete antenna is then built stacking up ground plane, reconfigurable layer
and SMRS. The front view of the overall structure can be seen in fig. 5.4: the
upper layer is made by the sinusoidally-modulated reactance surface, which is 8-
period long; this ends with two feeders of length λ that are tapered down to 50Ω
microstrips along the lines of what is done in [2]. The dielectric layer is larger
than the SMRS, together with the ground plane. The reconfigurable metasurface
extends below the SMRS and joins the ground plane below the feeder, as shown in
fig. 5.5.

Finally, the complete antenna is simulated for different values of the varactor
capacitance. Expected radiation angle, actual radiation angle, directivity and side
lobe level are all listed in table 5.1. The resulting radiation patterns are shown in
fig. 5.6. The difference between expected and simulated steering is highlighted by
fig. 5.7.

Based on the data presented so far, some remarks can be made:

1. When the antenna is supposed to radiate at broadside (fig. 5.6a), as expected
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Figure 5.4: Front view of the antenna: SMRS and dielectric layer are clearly
visible

Figure 5.5: Detail of the blending between middle layer and ground plane right
below the feeder

this does not happen because it is an intrinsic limit of the structure [2]: instead,
we can see that the main beam is directed at θ = 2◦, but the gain is very low
and the side lobes really high.

2. In general, for every considered value of the varactor diodes’ capacitance, the
radiation pattern is not very clean, since parasitic lobes of various intensity
are present. This is due to two reasons: first, other than the n = −1 harmonic,
also the n = −2 radiates and its beam is directed at a negative θ (there is
an intersection between the line k0a corresponding to the working point and
the n = −2 harmonic inside the radiation cone in the Brillouin diagram, as
happens for the case depicted in fig. 4.1); second, the reflection coefficient
S11 is high (around −10 dB), therefore not all the input power ends up in the
desired beam. The last problem could be solved by adjusting the structure of
the feeder.

3. From fig. 5.7 it can be noticed that the simulated steering is a bit different
from the expected one; in particular, while the two curves are quite close for
radiation angles less than 15◦, they start growing apart for bigger angles with
an increasing divergence. This is due to the instability of the solutions of the
transverse resonance equation for high values of the varactor capacitance, as
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Capacitance Expected θ Actual θ Directivity Side lobe level
0.025 pF 0◦ 2◦ 11.6 dBi −2.5 dB
0.03875 pF 7.3◦ 9◦ 14.5 dBi −5.6 dB
0.0525 pF 15.6◦ 16◦ 15.9 dBi −8.7 dB
0.06625 pF 24.6◦ 21◦ 15.6 dBi −8.6 dB
0.08 pF 33.5◦ 25◦ 14.7 dBi −4.6 dB

Table 5.1: Expected and simulated radiation angle, directivity and side lobe level
for different values of the varactor capacitance

discussed in Chapter 4: a growing portion of the input power goes into the
other solution, which corresponds to a negative radiation angle (about −4◦).

To sum it up, there is a clear steering of the main beam with varying varactor
capacitance, however some problems emerge that require further study.
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(a) θ = 2◦ for C = 0.025 pF (b) θ = 9◦ for C = 0.03875 pF

(c) θ = 16◦ for C = 0.0525 pF (d) θ = 21◦ for C = 0.06625 pF

(e) θ = 25◦ for C = 0.08 pF

Figure 5.6: Simulated farfield (cut for ϕ = 0◦) for different values of the varactor
capacitance; the main beam steers from 2◦ (a) to 25◦ (d)
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Figure 5.7: Expected vs simulated steering of the main beam with varying var-
actor capacitance
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5.3 Simulation of the complete antenna with bus

A net of buses is introduced in the design of the antenna to allow the application
of the DC control voltage to the varactor diodes (fig. 5.8). The lower bus connects
strip alternatively to ground, while the upper one ties together the strips that will
be connected to the control voltage, which is the same for all the devices. This
newer version of our structure is then simulated to verify the impact of the buses
on the overall performances. The results are listed in table 5.2, while the radiation
pattern with varying varactor capacitance is shown in fig. 5.11.

Figure 5.8: Front view of the reconfigurable layer (with ground plane in the
background) with the addition of buses

Capacitance Expected θ Actual θ Directivity Side lobe level
0.025 pF 0◦ 1◦ 12.1 dBi −2 dB
0.03875 pF 7.3◦ 8◦ 13.6 dBi −5.7 dB
0.0525 pF 15.6◦ 15◦ 15.7 dBi −8.3 dB
0.06625 pF 24.6◦ 19◦ 15.3 dBi −4.4 dB
0.08 pF 33.5◦ 21◦ 13.9 dBi −5.4 dB

Table 5.2: Expected and simulated radiation angle, directivity and side lobe level
for different values of the varactor capacitance (antenna with buses)

Looking at the results in table 5.2, we can see that for this antenna the steering
is reduced with respect to the implementation without bus. However, it is possi-
ble to try and increase the varactor diode’s capacitance a bit more than before,
for example up to 0.1 pF. In fact, for this capacitance value the useful solution of
the transverse resonance equation is no longer available for the smallest gap width
of the SMRS and therefore there is a discontinuity in the mapping between gap
width and surface impedance (fig. 5.9); however, a single incorrect value in the
cosinusoidal shape of the impedance does not alter the overall modulation, so it is
possible to obtain a further steering in the main beam, even if it is lower than the
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theoretical one, at the cost of a minor directivity and an increase in the side lobe
level. The radiation pattern for C = 0.1 pF is shown in fig. 5.10: the radiation
angle is 28◦, the directivity is 12.8 dBi and the side lobe level is −3 dB.

Figure 5.9: Example of the discontinuity in the mapping between gap width
and surface impedance when the varactor capacitance (and therefore the sheet
admittance YVAR) exceeds a limit value

Figure 5.10: Radiation pattern for C = 0.1 pF (θ = 28◦)

The comparison between expected and obtained steering for the antenna with
buses is represented in fig. 5.12.

This antenna is now in the prototyping phase: fig. 5.13 shows the upper layer,
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i.e. the SMRS, while fig. 5.14 represents the middle reconfigurable plane, where
the diodes are placed.

35



Steerable leaky-wave antenna

(a) θ = 1◦ for C = 0.025 pF (b) θ = 8◦ for C = 0.03875 pF

(c) θ = 15◦ for C = 0.0525 pF (d) θ = 19◦ for C = 0.06625 pF

(e) θ = 21◦ for C = 0.08 pF

Figure 5.11: Simulated farfield for different values of the varactor capacitance
(antenna with buses); the main beam steers from 1◦ (a) to 21◦ (d)
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Figure 5.12: Expected vs simulated steering of the main beam with varying
varactor capacitance for the antenna with buses

Figure 5.13: Upper layer of the steerable metasurface antenna

Figure 5.14: Reconfigurable plane of the steerable metasurface antenna
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Chapter 6

Conclusions

In this thesis, a steerable metasurface antenna was designed and simulated. Sev-
eral concepts were exploited, mainly leaky-wave radiation, surface impedance and
transverse resonance technique. The main innovation was the introduction of a
reconfigurable ground plane inside a multi-layered structure: varying the sheet ad-
mittance of such layer, thanks to the presence of varactor diodes, allowed to change
the overall surface impedance of the antenna and therefore to steer the radiating
beam. Although some discrepancies between the expected and the simulated re-
sults emerged, a clear steerability of the radiating beam was obtained.
Thanks to its flatness, small dimensions and high working frequency (Ka band),
this particular antenna can prove itself to be a competitive solution for applica-
tions like satellite communications on-the-move. Bandwidth, power consumption
and production cost have yet to be determined.
Despite the promising results, some improvements can be made in the perspective
of future prototyping:

❼ improvement of the radiation pattern: this can be done using a uniaxial sub-
strate and tailoring the leakage and phase constants along the antenna [14],
or making a perfect conversion of a TM surface wave into a TM leaky wave
through a surface reactance that varies from inductive to capacitive [15];

❼ better realization of the feeder, in order to reduce the reflection coefficient of
the structure;

❼ further study on the choice of the dielectric and its thickness, to see if it’s
possible to obtain more stable solutions and a better matching between the
expected and the simulated steering;

❼ use of a more accurate model of the varactor diode, that reflects its actual
behavior;

❼ investigation of other types of sinusoidally-modulated reactance surfaces;
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❼ focus on the vector nature of the sheet admittance instead of considering it as
scalar.
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