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ABSTRACT

The purpose of this study is to outline the main guidelines for the design of arrays of optical rectennas
aiming to harvest energy and for the optimization of the power transfer to an external load. In particular,
the novelty of this study consists in introducing the concept of the integrated design between the array
of optical rectennas and the harvesting circuit able to exploit the available energy.

The design of the array represents the crucial point in order to optimize the power transfer between
the antenna and the load and can influence the rectenna design. On the other hand, the maximum power
transfer to the load has to be obtained under matching conditions between the array and the load and can
influence both the design of the array and of the converter to supply a load.

A previous study of the main type of nanoantennas and their relative structures will be fulfilled in
order to choose the particular structure, which will be analysed in this work.

Therefore, a numerical analysis of the chosen structure, a dipole nanoantenna, and a description of
the rectenna topology will be performed.

The exploitation of the available energy requires the use of the DC-DC boost converter, which allows
to interface a rectenna system with a downstream load.

The choice of the commercially DC-DC boost converter will allows to design an array of optical
rectennas in order to achieve the impedance matching conditions to a harvesting circuit.

Finally, since the equivalent impedance of the array of optical rectennas changes with the solar
radiation during a day, the optimization of the maximum power transfer between the array and the

harvesting circuit will be investigated.
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INTRODUCTION

Nowadays, a growing demand for renewable energy requires the study and the development of new
technologies that are able to harvest ambient energy. Recently, several low power sources using different
mechanisms to harvest mechanical, thermal, solar, and chemical energy have been considered in the
literature. Among these, fuel cells as electrochemical systems able to convert chemical energy in
electricity have been discussed [1-3]. Piezoelectric systems exploit mechanical energy [4-7].
Thermoelectric generators convert heat in electricity [8-10]. However, the Sun seems to be the most
important source of renewable energy. As a matter of fact, during the last two decades several
approaches and technologies to harvest energy from the Sun has been proposed and implemented.
Among these, solar photovoltaic (PV) cells able to convert directly sunlight into electricity have been
discussed [11-20]. Traditional solar photovoltaic (PV) sources are typically p-n junction cells made of
semiconductor materials that can absorb photons whose energy is greater than the bandgap. Solar
radiation is composed of energy photons whose energy is generally higher than the bandgap of the solar
cells. Therefore, only photons charged with an energy equal to the bandgap can be efficiently harvested,
while the excess of energy is converted into heat by lattice vibrations or phonons. For this reason, the
upper efficiency is about 20% [21-22]. In order to overcome this limitation, multi-junction PV cells have
been studied and developed [16, 18-19]. Even if the Sun seems to be one of the most promising source
for harvesting purposes, there are some intrinsic limitations: PV cells are strongly dependent on daylight,
which makes them also sensitive to the weather conditions [23]. The thermal radiation from the fusion
reaction in the Sun is transferred in the form of electromagnetic waves into the free space. About 30%
of solar radiation is scattered and reflected back to the space from the atmosphere, and 70% is absorbed
by the atmosphere and by the surface of the Earth [24-25]. As a consequence, the Earth temperature
rises and electromagnetic waves in the wavelength range from 8 um to 14 um are reemitted. This type
of radiation, named Long-Wave Infrared Radiation (LWIR), is an electromagnetic wave radiation at
terahertz frequencies that cannot be collected by traditional PV sources. Therefore, new technologies
overcoming the drawbacks of the traditional PV conversion and harvesting the reemitted LWIR energy
are being developed [24]. These new devices, called nanoantennas, have only recently been considered
thanks to the development of electron beam lithography and similar techniques, which are able to assure
the required level of miniaturization for the purposes of realization and demonstration. Nanoantennas
operate at nanometers wavelengths and have dimensions in a range that goes from a few hundred
nanometres to a few microns. They exhibit potential advantages in terms of polarization, tunability, and
rapid time response. Furthermore, the nanoscale dimensions, combined with the high electric field

enhancement in the antenna gap, enable a small device footprint, which is compact enough to be
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monolithically integrated with electronics and auxiliary optics [26-27]. Similar to traditional RF
antennas, nanoantennas capture the incident visible or infrared electromagnetic wave causing an AC
current onto the antenna surface, such that it oscillates at the same frequency of that of the wave. As a
result, contrarily to the traditional PV cells no energy threshold is present. The movement of the
electrons produces an alternating current or voltage in the antenna circuit that can be rectified in order
to produce a DC power and to supply an external load. For this reason, a proper rectifier coupled with
nanoantenna is used. It can be noted that this is a difference in comparison to PV cells that provide a DC
current; whereas in both systems there is need to match the source with the load to achieve the maximum
available power [26, 28-32]. The rectifier usually coupled with a nanoantenna is an ultra-high speed
rectifier and contains one or more diodes whose power loss and fast response can influence the whole
device efficiency [33-35]. The combination of a rectifying device at the feed points of a nanoantenna is
known as rectenna. The first use of a rectenna for microwave applications dates back to 1960s [36-37].
The idea of harvesting solar energy using nano-rectennas was first proposed by Bailey in 1972 and the
first patent on solar rectennas issued to Marks in 1984 [38-39].

Photovoltaic sources and rectennas belong to the so called “frequency dependent energy conversion
devices”; a general optimization method, based on the exergy concept has been proposed by [40] where
it is developed in detail for PV sources. The article [40] also underlines the need to further study
rectennas in order to identify the thermodynamic losses and to rectify the high frequency solar radiation.
On the other hand, rectennas can benefit from the broadening of frequency responsive range.

The conversion efficiency of a rectenna depends on the power loss in the diodes, on the impedance
matching between the nanoantenna, the rectifier and the load, and on the nanoantenna efficiency [24-
25, 41]. Therefore, one of the main issues that can be find when the nanoantennas are employed in
energy harvesting systems is the radiation efficiency. In the literature, a great variety of nanoantenna
structures depending on the geometry of nanoparticles can be found [27, 42]. The radiation efficiency
depends on the metal used as conductor and on the dimension of the nanoantenna. The metals mainly
used are gold, silver, aluminium and copper, whose plasmonic properties lie in the optical range.
Therefore, an accurate choice of materials and design of nanoantenna is most important for its efficiency
[43]. Relatively to the rectifier, the main problems regard diode resistance, capacitance and reverse-bias
leakage. The diode resistance has to be sufficiently low in order to achieve a significant reduction of
power loss; the diode capacitance has to be small in order to have a fast diode. The significant current
for negative voltages in the diode is required to be lower, approximately 1 pA or less [33]. The values
of the rectenna output voltage and available power on the load matching conditions are on the order of
few tens microvolt and few picowatt, respectively. As a matter of fact, another issue is the impedance
matching between the optical rectenna and the load. The latter is typically a DC-DC boost power

converter that can be modelled by an equivalent input impedance. Considering the values of the internal
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nanoantenna impedance, the diode impedance and the harvesting circuit impedance, the optimal
matching can be achieved by a nano-rectenna array whose equivalent impedance equals the harvesting
circuit impedance [43]. In the literature, few contributions dealing with rectennas for energy harvesting
have been proposed; they are mainly focused on rectennas. [24] describes the main issues related to
infrared emission exploitation; [33] and [35] deal with solar cells based on the rectennas whereas [44]
is devoted to the use of nanoantennas subjected to electromagnetic radiation. As for the Author’s
knowledge, no contribution has been published about matching conditions between rectennas and loads.

To this purpose, this study is not an exhaustive work on the nanoantennas for energy harvesting or
on the main DC-DC boost converters for energy harvesting applications. Instead, the novelty of this
study consists in introducing the concept of integrated design between an array of optical rectennas and
a harvesting circuit able to exploit the available energy. Especially, the goal of this study is to define a
methodology with which to realize the integration of these two systems. For this purpose, the main
guidelines for the design of an array of optical rectennas aiming to harvest energy and for the
optimization of maximum power transfer to the external load are studied and discussed in this work. As
it will be explained in the following, the design of the array represents a crucial point in order to optimize
the power transfer between the antenna and the load and can influence the rectenna design. On the other
hand, the maximum power transfer to the load has to be obtained under matching conditions between
the array and the load and can influence both the design of the array and of the DC-DC boost converter.

In the chapter I, a description of the optical nanoantennas will be made. In particular, the main
structures of nanoantennas and their mode of operation will be explained.

In the chapter II, an analysis of the main nanoantenna parameters will be illustrated. Especially, the
method for the evaluation of the internal nanoantenna impedance, of the nanoantenna effective area and
of the electrical parameters will be validated.

In the chapter III, a rectenna topology will be analysed. The equivalent circuit configuration of a
rectenna and the main types of the rectifiers will be described. The diode equivalent impedance will be
evaluated.

The characteristics of the main commercially DC-DC boost converter for energy harvesting and
ultralow power applications will be described in chapter IV. The choice of the DC-DC boost converter
based on LTC3108 integrated circuit will be validated.

In chapter V, the main guidelines for the design of an array of optical rectennas will be defined. The
optimal impedance matching between the array and the load will be investigated in order to allow the
maximum power transfer. The available power and energy during a typical day of July in Palermo (south
of Italy, 38.1157° N, 13.3613° E) at the terminal of the array of optical rectennas under matching
conditions will be evaluated. The differences between photovoltaic cells and rectenna will be

highlighted.
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The optimization of the maximum power transfer between the array and the harvesting circuit will
be investigated in chapter VI. The design and implementation of an external control circuit in order to

dynamically obtain the impedance matching between the array and the harvester will be defined.
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CHAPTER I - OPTICAL NANOANTENNAS

An optical nanoantenna is an antenna suitable to be operated at nanometers wavelengths; it has
dimensions in a range that goes from a few hundred nanometers to a few microns. This device is able to
both efficiently receive and convert an optical frequency radiation into a strongly confined
electromagnetic field, and to transmit and convert the strongly confined electromagnetic field in the
optical frequency range created by a source into optical radiation [27]. In receiving mode, a nanoantenna
captures the incident visible and infrared electromagnetic waves causing an AC voltage or current onto
the antenna surface whose frequency is the same of that of the incident radiation. An optical nanoantenna
exhibits potential advantages in terms of polarization, tunability, and rapid time response. Furthermore
this device is able to harvest both visible and short-wave and long-wave infrared (LWIR) radiation [24-
25]. Two main types of optical nanoantennas (metallic and dielectric) can be identified based on their

functional properties [27].

1.1 — History of optical nanoantennas

In 1972, Robert Bailey and James C. Fletcher proposed the concept of optical nanoantenna able to
covert the incident light into electric power. They received a patent for the device named
“Electromagnetic Wave Energy Converter (EWEC)” [38]. This device is a particular detector consisting
of'a 100 nm-diameter thin metal onto a metal surface covered with a thin oxide layer, used by Ali Javan
in 1971 as a rectifier for the infrared radiation at a frequency of 58 THz [45]. In 1974, T. Gustafson and
coauthors demonstrated that these types of devices could rectify even visible light to DC current [46].
In 1984, Alvin M. Marks received a new patent for a device using a sub-micron antenna for the direct
conversion of light power to electrical power. This device showed substantial improvements in
efficiency over Bailey’s device [39]. In 1996, Guang H. Lin and coauthors reported resonant light
absorption by a fabricated nanostructure and rectification of light with frequencies in the visible range.
It is the first empirical design for the optical nanoantenna in the visible light. The design consists of a
dipole antenna array and a p-type boron single crystal wafer with 3 nm oxide layer for the rectification
[47]. In 2001, Kottman and coauthors introduced and simulated the idea of using irregular nanoparticles
to maximize the incident field enhancement compared to the field enhancement due to a regular one
[48]. In 2002, the ITN Energy Systems Inc. published a work on optical antennas coupled with high
frequency diode, whose efficiency however was very low [49]. Sundaranurthy and coauthors fabricated
two opposing gold 60° bowties with 16 nm tip-to-tip gap operating at optical regime in 2005. The
novelty of this study was the possibility to visualize the current distribution along the antenna surface

and the current behaviour at the gap [50]. In 2009, McMahon and coauthors proposed a nanoantenna
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design of two gold dimers with a diameter of 90 nm and studied the gap effect between the gold dimers
on the electric field intensity enhancement [51]. A year later, McMahon published a new study on the
designs of cylindrical nano-wires and bowtie antennas using nonlocal dielectric constants [52]. In the
same year, Kotter and coauthors designed and fabricated a spiral nanoantenna for solar energy
harvesting at mid-infrared region [53]. In 2011, Midrio and coauthors designed and analysed monopole
antenna based on nickel for the reception of thermal radiation [54]. In 2012, Chen fabricated a 60°
bowtie nanoantenna operating in the IR regime [55]. In the same year, Vandenbosch and coauthors
introduced upper bounds for the solar energy harvesting efficiency of nanoantennas. This efficiency was
investigated in terms of the dimensions of the nanoantenna and the metal used as a conductor [56]. In
2014, Gadalla and coauthors proposed a THz bowtie antenna integrated with maximum near field
intensity enhancement at the infrared energy regime [57]. The state of art of nanoantennas has been
achieved only recently in 2015 by Sharma and coauthors that engineered metal-insulator—metal tunnel
diodes, with a junction capacitance of about 2 aF, at the tip of vertically aligned multiwalled carbon

nanotubes of about 10 nm in diameter, which act as the antenna [58].

1.2 — Metallic Nanoantennas

A metallic nanoantenna consists of one or more metallic nanoparticles working in a range of
frequencies close to plasmonic resonance of the used metal. At visible and infrared frequency, metals
no longer behave as perfect conductors and become less resistant to electromagnetic waves penetration.
Their optical response is described by a complex frequency-dependent dielectric constant and is
dominated by the collective behaviour of the free electron gas. The interaction with the electromagnetic
(EM) radiation depends on free conduction electrons in metals. These electrons oscillate with respect to
fixed positively charged ions in the metal at a frequency that depends both on materials and on incident
electric field, creating therefore a quasi-particles located on the metal surface namely plasmons. At the
interface between metal and dielectric, surface plasmons can be couple with photons and result in a
coherent electron charge oscillations called surface plasmon polarition (SPP). Localized surface
plasmons (LSP) exist when light interacts with particles much smaller than the incident wavelength. For
incident radiation wavelengths in a range from visible (400-700 nm) to infrared (700-1000 nm), some
materials, such as gold, silver, aluminium and copper, are characterized by a negative real part of the
dielectric constant and, as a consequence, by a high reflectivity of metal surfaces [26-27, 31, 59]. At this
range of wavelengths, the free conduction electrons in these metals are able to generate resonant
collective oscillations namely localized plasmonic resonances, originating from the characteristic
dielectric response of metals themselves at optical frequencies. These localized plasmonic resonances
produce an enhancement of the electrical field at the surface, in particular at the interface between metal

and dielectric (gap). Therefore, such enhancement depends on the metal used, on the geometry of
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nanoparticles, on the gap width and on the properties of the environment [27]. When metallic
nanoantennas absorb the incident electromagnetic radiation at the resonant frequency, a cyclic plasma
movement of free electrons is induced and an alternating current at the same frequency as the resonance
is generated, which then flows toward the antenna feed point creating a hot spot at which a field intensity

is enhanced. Thus, the electric field is concentrated at the center of this point [24, 31, 59].
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Figure 1: a) Surface plasmon polariton; b) localized surface plasmons; c) field enhancement in the gap between
two nano-metal particles [S9]

Metallic nanoantennas exhibit large ohmic losses in close proximity to the surface that should be as
low as possible. They can be kept low either by choosing a metal with large negative real part of the
dielectric constant or by selecting low imaginary part. The metals mainly used are gold, silver, aluminum
and copper, whose plasmonic properties lie in the optical range.

A great variety of metallic nanoantennas depending on the geometry of nanoparticles can be found
in literature. The simplex type of metallic nanoantenna is the monopole nanoantenna. It consists of a
single metallic nanoparticle that increases the strength of the electromagnetic field in its vicinity. The
characteristics of monopole nanoantenna depend on the shape, size, material and dielectric environment
of the nanoparticle. The dimer nanoantennas confine the high field in the gap between two nanoparticles
and include dipole and bowtie nanoantennas that are described in the following sections [41]. Figure 2

shows a monopole and a dimer antennas.

Dimer

Monopole

200 nm 100 nm

L

Figure 2: Monopole and dimer metallic nanoantennas [27].
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1.2.2 — Dipole

The dipole nanoantennas consist of two coupled nanorods or nanospheres with a gap G in between,

as shown in Figure 3.

) D oM

Figure 3: Nanodipole model

The length of each arm (in x direction) is L and the width (in z direction) is W. The height (in y
direction) is H. The electric field enhancement is concentrated in the gap G. The spectra response of

dipole depends on the arm length L and on the size of the gap, as it can be noted in Figures 4a) and 4b).
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Figure 4: Spectra of intensity enhancement a) for different dipole arm lengths, b) for different gap sizes [60].

The distribution of the electric field enhancement in the gap is shown in Figure 5.

Figure 5: Spatial distribution of electric field enhancement in the gap of the dipole [61]
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It can be noted that the distribution of electric field is mainly concentrated in the gap, at the interface
between metal and dielectric. This confirms that a dipole nanoantenna is able to generate strong localized
field when an electromagnetic wave irradiates its surface [62]. The image of dipole nanoantenna,

obtained by scanning electron microscopy (SEM), is shown in Figure 6.

100 nm

Figure 6: Dipole nanoantenna SEM image [27]

The dipole nanoantennas offer several advantages in terms of easy production, fine-tuning of the
operation mode and high confinement of electric field in the gap. They usually are employed in wireless
and nanophotonic communication systems with the aid of optical fibres. Furthermore, in order to obtain

a higher output power, it is possible to realize an array of dipole nanoantennas [27].

1.2.3 — Bowtie

A bowtie nanoantenna consists of two triangles facing each other from their apices and with a gap in

between. The electric field is typically concentrated at its gap [27, 35, 63-64].

»q

L

Figure 7: Bowtie nanoantenna model

Bowtie nanoantenna can be applied to enhance molecular fluorescence, Raman scattering and for
high-harmonic generation. It is characterized by a broad bandwidth and by a higher field enhancement
in the gap compared with dipole nanoantenna because of larger lighting-rod effect at apex [26]. Figure

8 shows an image of bowtie nanoantenna obtained by SEM.
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Figure 8: Bowtie nanoantenna SEM image[27]

Figure 9 shows the distribution of the electric field enhancement in the gap.
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Figure 9: Electric field distributions of bowtie nanoantenna at the resonances [65]

Even though the bowtie nanoantennas have a broad bandwidth, they exhibit a lower confinement

factor due to a larger amount of metal used for its fabrication, as shown in Figure 10.
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Figure 10: Spectra response comparison between dipole and dowtie nanoantenna [26]
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As a consequence, they have greater dissipative losses than a dipole nanoantenna. This is also
recently confirmed by Chekini and coauthors, who investigated five different nanoantenna structures,

i.e. dipole, bowtie, rounded bowtie, rounded cross bowtie and cross bowtie nanoantennas [42].
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Figure 11: Electric field enhancement versus wavelength for dipole and bowtie nanoantennas [42].

As it can be noted in Figure 11, dipole nanoantennas exhibits the maximum field enhancement in the
antenna gap but has the minimum bandwidth. On the other hand, bowtie nanoantennas suffer from low
electrical field enhancement and have a larger bandwidth [42]. Moreover, with this type of nanoantenna
it is possible to construct an array by coupling several bowtie elements in one configuration and by
combining the electric field from each element at the array feeding point, where a rectifier can be

embedded [27, 35, 63-64].

1.2.4 — Spiral

Spiral nanoantennas reveal planar structure, circular polarization and broadband characteristics. They
are good resonators and they can produce a large field at the feed point with peak values of 8.9 N/C in
the wavelength range between 700 nm and 1100 nm. The electric field is enhanced in the gap between

the two metallic arms, as shown in Figure 13 [66-70].

Figure 12: Square spiral nanoantenna model [35]
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Figure 13: The Electrical field pattern of square spiral nanoantenna [69]

It is possible to enhance the performance of this nanoantenna by increasing the number of arms and,
consequently, obtaining an increased aperture area [35]. A square Spiral nanoantennas is modelled by
square spiral or logarithmic spiral. Moreover, two configurations of square spiral nanoantenna can be
designed: self-complementary (SC) antenna when the distance between the arms is identical and non
self-complementary (NSC) antenna otherwise. These spiral nanoantennas work in the infrared band and
captures the incident wavelength when the total length of the spiral equals one wavelength. Furthermore,
the inductive and capacitive effects can be exist on the antenna structure, due to the folded arms, that
affect the resonant frequency and contribute to give a broadband antenna [69]. Figure 14 shows the SC

and NSC spiral nanoantennas.

G || L

a) b)

Figure 14: a) SC spiral nanoantenna; b) NSC spiral nanoantenna [69]

The electric field in the NSC nanoantenna is higher than the electric field in the SC nanoantenna.
The structure requires a more complicated manufacturing process and a bigger quantity of metal for
both the antenna and the ground plane. Therefore, the power losses in these structures are much higher

[69].
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1.2.5 — Yagi-Uda

Yagi-Uda nanoantennas are narrowband devices that work at frequencies close to those of the
plasmon resonances, determined by the dimensions of the antenna elements [27, 71]. They are directive
antennas and have a high efficiency in terms of directivity and losses that occur throughout the antenna
while it is operating at a given frequency. Furthermore, they are very simple to build [71]. These devices
consist of an actively driven element called feed surrounded by passive elements, which are not driven.

These passive elements are usually of two types: a resonant reflector and one or several spaced directors,

as sketched in Figure 15.
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Figure 15: Yagi-Uda nanoantenna model [71]

The length of feeding element is the key parameter and should be at resonance at the desired
frequency. The lengths of the reflector and directors are chosen to be off resonance and in phase in the
forward direction. Therefore, the director elements are made shorter and the reflector is made longer
than the feeding element. Yagi-Uda nanoantennas suffer from the absorption losses in metals in the

visible and infrared range. Figure 16 shows an image of Yagi-Uda nanoantenna obtained by scanning

electron microscopy.
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Figure 16: Yagi-Uda nanoantenna SEM image [27]
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1.3 — Dielectric Nanoantenna

Metallic nanoantennas exhibit a small size and a strong localization of the electric field. However,
they have large dissipative losses due to utilized metal that reduce their range of working frequencies
and result in low radiation efficiency [72]. To overcome these disadvantages a new type of nanoantennas
based on dielectric nanoparticles with a high index dielectric constant has been realized. Dielectric
nanoantennas are fabricated from optically transparent materials and exhibit smaller dissipative losses
in the material with enhanced magnetic response in the visible. They support simultaneously both
electric and magnetic resonances which can be controlled independently [72]. They show a resonant
response due to the formation of an effective resonator inside the particle. Furthermore, they allow us
to achieve the superdirectivity effect. The dielectric nanoantennas include also the antennas based on
semiconducting particles, because this type of materials are sufficiently transparent in the visible
frequency range. Typically, dielectric nanoantennas consist of spherical particles and sometimes of rods
and disks [27]. Several configurations of dielectric nanoantennas have been proposed in the literature.

Whispering gallery antennas consist of dielectric microspheres and possess good directional
capabilities by virtue of their large surface area. However, they have a weak influence on the
spontaneous relaxation rate of the emitter.

Huygens optical element, consisting of a single dielectric nanoparticle, as shown in Figure 17, can

be considered for the creation of totally dielectric nanoantennas with good directional properties.

Figure 17. Huygens element [27]

The excitation of such a dielectric particle induces electric and magnetic dipole moments. Depending
on the frequencies and on the material and the size of the nanoparticles, the amplitudes of electric and
magnetic polarizabilities can be equal to each other. In this way, it is possible to create compact fully

dielectric nanoantennas with good directional properties.
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Figure 18: Wavelength dependence of directivity in Huygens element [27]

Dielectric Yagi-Uda nanoantenna consists of more dielectric nanoparticles of equal size. It exhibits
the radiation efficiency that slowly decreases with decreasing distance between the elements [27]. This
distance influences the operational regime of a dielectric Yagi-Uda nanoantenna. In order to have the
best directivity, this type of nanoantenna has to operate in a magnetic regime [27]. An example of

dielectric Yagi-Uda nanoantenna, consisting of four directors and one reflector, is shown in Figure 19.

g@

Figure 19: Dielectric Yagi-Uda nanoantenna [71]

Figure 20 illustrates the wavelength dependence of directivity of dielectric Yagi-Uda nanoantennas
for different values of gap G [27, 71-72]. The dipole excitation source is placed equidistantly between

the reflector and the first director.
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Figure 20: Wavelength dependence of directivity in dielectric Yagi-Uda Nanoantenna [71]
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The radiation efficiency of dielectric Yagi-Uda nanoantennas slowly decreases with the distance
between the elements. Furthermore, the operational regime strongly depends on the distance between
the elements [27]. Figures 21 shows the radiation efficiency of dielectric and plasmonic Yagi-Uda

nanoantennas. It can be noted that the efficiency curves are similar [41, 72].
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Figure 21: Efficiency curves of dielectric and plasmonic antenna [41, 72]

A hybrid nanoantenna consists of a pair of metallic nanoparticles. Such antenna enhances the
spontaneous emission rate of an emitter placed between them, and a dielectric (TiO,) microsphere
needed to effectively collect radiated light into a narrow beam [27]. This nanoantenna combines the
advantages of metallic and dielectric nanoantennas resulting in good directive properties and in a

significantly enhancement of the confined field [27].

1.4 — Fabrication

The fabrication of optical nanoantennas requires reliable and reproducible structuring techniques
with a typical resolution below 10 nm, in order to define exactly critical dimensions such as feed-gap
size or antenna arm length. This because the resonances of optical nanoantennas depend on the exact
geometry and dimensions [26]. Several nanofabrication approaches have been applied in the literature
to experimentally realize optical nanoantennas. In particular, there are two different kinds of methods
for manufacturing nanomaterials either top-down or bottom-up. Top-down approach typically
transforms larger objects into nanoscale material components. It requires a large amount of material,
therefore it is not suitable for mass production. The two main top-down nanofabrication approaches are
Electron Beam Lithography (EBL) and Focused Ion Beam Milling (FIB). They usually start from a thin
multi-crystalline metal film on top of an optically transparent but electrically conductive substrate.
Furthermore, they are able to fabricate large array of identical nanostructures with well-defined
orientations and distances. Both of these top-down method are serial techniques and requires expensive

equipment. The bottom-up approach is the fabrication of nanoscale objects by building them up from

26



Innovative systems based on optical nanoantennas for energy harvesting application Chiara Di Garbo

atomic and molecular components. It takes advantage of chemical synthesis and self-assembly of metal
nanoparticles in solution that can be put on any substrate. However, this approach often requires precise
size selection and assembly strategies to create nontrivial structures [26]. Recently, a combination of
both approaches has been employed. This technique allows to fabricate high-definition nanostructures

with fine details over large areas [73].

1.4.1 — Electron Beam Lithography (EBL)

Electron Beam Lithography is one of the most famous techniques to fabricate nanoantennas on a

substrate. A typical implementation of EBL is shown in Figure 22. A high-
EBL patterning
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Figure 22: EBL [26]

resolution electron-sensitive resist, such as Poly methyl methacrylate
(PMM), is patterned by means of a focused electron beam. Electron beams
can focus up to nanoscale size and can be deflected either electromagnetically
or electrostatically. When an electron beam enters the polymer layer, it loses
its energy via elastic and inelastic collisions. Elastic collisions cause
deflection in the direction of the electron beam, while inelastic collisions
cause a decrease in the energy of beam. While the electrons penetrate the
solid, they spread out producing a transverse electron flow normal to the
incident beam direction. Due to this spread, it can be noted an exposure of
the resist at points remote from the point of initial electron incidence. The
patterns are then developed and selectively removed. A thin layer of metal
with the desired thickness is then evaporated covering both the voids and the
remaining resist. The voids are covered by means of lift-off technique.
Finally, the sample is subjected to a solvent which removes the remaining
resist and leaves the metal structures in the voids unchanged. An appropriate
software then controls the pattern. This software controls different aspects of

pattern and transfer pattern data to the beam deflection systems. The spatial

resolution of the pattern typically obtained by EBL is usually below 5 nm. Moreover, the electron beam
cannot cover large area, so typically for EBL a mechanical stage has to move during the process. It
means that the stage stays steady until the beam can write a part of pattern, then the stage moves to the
other part needed to be exposed. In order to increase the stability of the fabricated structures during the
lift-off, a thin adhesion layer of titanium or chromium, typically below 5 nm, is often used. Such layers,

however, can significantly increase the damping of the surface plasmon [26, 74].
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1.4.2 — Focused Ion Beam Milling (FIB)

Focused Ion Beam milling is another top-down technique for the realization of optical nanoantennas.
This method has been applied since the development of the liquid metal ion (LMI) source in 1975. It is
able to build high-resolution patterns and to produce microscale electronic devices. Moreover, several
advantages can be attributed to FIB method, such as high resist exposure sensitivity and its negligible
ion scattering within the resist along with low back scattering from the substrate. However, this
technique shows some drawbacks which limits its application, such as lower throughput and extensive
substrate damage. Therefore, FIB is usually employed in industrial manufacturing of components.
Figure 23 shows a typical implementation of FIB. Two different kinds of FIB patteming
FIB etching can be applied, physical sputtering etching and chemical
assisted etching. The localized sputtering of material uses accelerated Ga
ions extracted from a liquid metal ion source. The emitted ions are - ITo
accelerated with a higher energy, focused into a beam with a few Epsirate
nanometer spot and scanned over a conductive substrate in order to Au deposition

bombard the area to be etched, to erode material from the sample and to

produce a desired pattern. lon collisions generate a cascade inside the solid .
removing atoms from their equilibrium position and giving rise to a local _
surface erosion. Chemical etching is based on chemical reactions between | ga° jong, patieming
the substrate and gas molecules absorbed on the substrate. This method \ N/
exhibits some advantages such as an increased etching rate and a little -
residual damage. FIB nanofabrication couples nanoscale resolution with

the high versatility of the patterns. The broad applicability to almost

different materials and the very good resolution are the two main )

advantages of FIB method. For these reasons, this technique allows to
fabricate the prototype surface nanostructures and gaps in the range of 10
nm - 20 nm. On the other hand, since FIB is a sputtering process, part of
the sputtered material can be redeposited back to the surface and Figure 23: FIB [26]
contaminate the already fabricated structure. Therefore, it is crucial to design an accurate pattern and to
have a correctly writing sequence. Although FIB sputters away the material, the accelerated ion beam

can cause a Ga implantation into the target metal film and substrate [26, 75].

1.4.3 — Nano-imprint Lithography (NIL)

Nano-imprint Lithography (NIL) is a possible low-cost and high-throughput alternative of both EBL
and FIB techniques. The NIL process uses a hard mould that contains all the surface topographic features

to be transferred onto the sample and is pressed under controlled temperature and pressure into a thin
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polymer film, thus creating a thickness contrast [26, 76]. The resolution of patterns is usually on the
order of 10 nm. In order to reduce the cost of mould fabrication and to achieve patterning over large
areas at lower pressures, soft-nanoimprinting techniques have also been developed. These techniques
are based on polymeric flexible stamps replicated from a single master mould [77]. In future, NIL might
become the ideal technique for low-cost and highly reproducible realization of optical antennas array

covering large areas.

Conclusion

Several types of optical nanoantennas have been introduced and discussed in this chapter. In
particular, the difference between metallic and dielectric nanoantennas have been examined.

Metallic nanoantennas works in a range of frequency close to the plasmonic resonance of metals
used. The main structures of metallic nanoantennas have been investigated. Dipole nanoantenna consists
of two nanoparticles with a gap in between. It is able to generate strongly localized field when an
electromagnetic wave irradiates its surface. Furthermore, it offers several advantages in terms of easy
production, fine-tuning of the operation mode and high confinement of electric field in the gap. Bowtie
nanoantennas consist of two triangles facing each other from their apices and with a gap in between.
They are characterized by a broad bandwidth and by a higher field enhancement in the gap compared
with dipole nanoantenna because of larger lighting-rod effect at apex. However, they exhibit a lower
confinement factor compared to a dipole nanoantenna due to a larger amount of metal used for their
fabrication. Spiral antenna reveals planar structure, circular polarization and broadband characteristics.
The structure requires a more complicated manufacturing process and a bigger quantity of metal for
both the antenna and the ground plane. Therefore, the power losses in this structure are much higher.
Yagi-Uda nanoantennas are narrowband devices that work at frequencies close to those of the plasmon
resonances, determined by the dimensions of the antenna elements. They are directive antennas and
have a high efficiency in terms of directivity and losses that occur throughout the antenna while it is
operating at a given frequency. However, they suffer from the absorption losses in metals in the visible
and infrared range.

Dielectric nanoantennas are made of optically transparent materials, such as semiconducting
materials. They exhibit smaller dissipative losses in the material with enhanced magnetic response in
the visible. Typically, dielectric nanoantennas consist of spherical particles and sometimes of rods and
disks. The main structures of dielectric nanoantennas have been investigated. Whispering gallery
antennas consist of dielectric microspheres and possess good directional capabilities by virtue of their
large surface area. However, they have a weak influence on the spontaneous relaxation rate of the
emitter. Huygens optical element, consisting of a single dielectric nanoparticle, can be considered for

the creation of totally dielectric nanoantennas with good directional properties. Dielectric Yagi-Uda
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nanoantenna consists of more dielectric nanoparticles of equal size and exhibits the radiation efficiency
that slowly decreases with the distance between the elements.

Finally, the main techniques used for the fabrication of optical nanoantennas have been described.
They include Electron Beam Lithography and Focused lon Beam milling that are top-down approaches
requiring expensive equipment and, therefore, are not suitable for mass production. However, the top-
down approaches are able to fabricate large array of identical nanostructures with well-defined
orientations and distances. The bottom-up approaches take advantage of chemical synthesis and self-
assembly of metal nanoparticles in solution that can be put on any substrate. However, these approaches
often require precise size selection and assembly strategies to create nontrivial structures.

The analysis of the two main types of nanoantennas and of their main structures have allowed to
choose the particular structure studied in this work. Especially, to the purpose of this work the structure
chosen has been the dipole nanoantenna that offers easy production, fine tuning, high confinement of
electric field in the gap and less dissipative metal loss. The material chosen has been aluminium because
it shows a reasonable efficiency values over the whole frequency band of interest. Moreover, it has a

transparent oxide.
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CHAPTER II - ANALYSIS OF THE MAIN OPTICAL NANOANTENNA
PARAMETERS

A numerical analysis of the dipole nanoantenna in order to acquire the main parameters is fulfilled
in this section. First, the main theoretical methods of simulation and several commercially simulation
tools will be overviewed. A description of the software used in this work and of the simulated structure
will then be made. Finally, the main results of simulations of the dipole nanoantenna will be summarised.
In particular, the evaluation of the internal nanoantenna impedance will be detailed; the method used in
order to evaluate the effective nanoantenna area will be described; the analysis of the main electrical
parameters, i.e. the Poynting vector and the available power on the load matching conditions, will be

made.

2.1 — Simulations

This subsection considers the numerical analysis of dipole nanoantenna. At the beginnings, the
fundamental theoretical techniques widely used for the computational electromagnetics will be
discussed. Several simulation tools implementing these techniques will then be overviewed. Finally, a

description of the software used in this work and of the simulated structure will be made.

2.1.1 —Modelling techniques

In order to design a nanoantenna or to study the interaction between nanometric structures and
electromagnetic waves, a determination of the electromagnetic field distribution close to the structure
and the relative radiation properties are needed. The variation of the antenna geometric parameters and
the choice of appropriate materials make possible to obtain a plasmonic resonance frequency in the
range of interest. To this purpose, a simulation of the nanostructures assumes a greater interest. Two
main types of methods of simulation can be identified: Integral Equation (IE) and Differential Equation
techniques [78]. Integral Equation methods make use Maxwell’s equations in integral equation form in
order to formulate the electromagnetic problem in terms of unknown currents flowing on the object to
be described. These currents are related to the fields by means of a Green’s function tensor, which
includes the electromagnetic influence of the complete background environment. Therefore, the problem
formulation covers the entire surrounding space without making any approximations and allows to
evaluate the electromagnetic fields in every point. One of the most important integral equation technique
is the Method of Moment (MoM). This method allows a functional equation to be transformed in a dense
matrix equation, which can be solved using standard matrix algebra technology. The boundary equations

can be solved applying Volume Integral Equations (VIE). IE-MoM is usually applied in the frequency
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domain; therefore, the solution has to be determined at each frequency of interest. IE formulations are
very power free because they minimize the number of unknowns for a certain problem. However, the
resulting dense MoM matrix needs to a large memory demand. IE-MoM satisfies the radiation
conditions by the Green’s function. The latter allows multi-layered structures to be analysed, which are
of interest in the analysis of planar antennas. The only elements, which cannot be described by means
of the Green’s function, are local scattering objects with medium or small dimensions. The IE-MoM
technique becomes inferior to the differential equation techniques only in the case of complex
environment. Differential equation methods are derived directly from Maxwell’s curl equations or the
Helmholtz wave equations with little analytical preprocessing. The main differential equation-based
methods are the Finite Element Method (FEM) and the Finite-Difference Time Domain method
(FDTD). Differential equation methods are usually applied for modelling small full three-dimensional
volumes that have complex geometrical details. The reason is that the number of unknowns is
proportional to the volume and the resolution considered. Furthermore, these methods require a
discretization of the entire space under consideration. Therefore, they are less suitable for open
problems, which require infinite space. This problem can be solved employing truncating techniques
such as Absorbing Boundary Conditions and Perfectly Matched Layers (PML). The Finite Element
Method (FEM) is a differential equation method based on solving partial differential equations. It
subdivides the space in elements, for example tetrahedral. The fields inside these elements are expressed
in terms of a number of basic functions. These expressions are inserted into the functional of the
equations and the variation of the functional is null. This yields a matrix eigenvalue equation whose
solution yields the fields at the nodes. The Finite-Difference Time Domain (FDTD) technique is one of
the oldest differential equation methods. The main property of this method is that, at any point in space,
an uploaded value of the E/H-field in time is dependent on the stored value of E/H-field and the
numerical curl of the local distribution of H/E-field in space. The interaction of an electromagnetic wave
with the matter can be mapped into the space lattice by assigning appropriate values of permittivity to
each electric field component and permeability to each magnetic field component. For this reason,
FDTD is extremely versatile [78-79]. The Finite Integration Technique (FIT) consists of a discrete
reformulation of Maxwell’s equations in their integral form. It allows to simulate real-word
electromagnetic field problems with complex geometries. In the time-domain, the resulting discrete grid
equations of FIT are often identical to the discrete equations derived with the classical Finite-Difference

Time-Domain (FDTD) method [78].

2.1.2 —Software tools

In order to design a nanoantenna, the choice of the software tool, which implements one or more

solution methods of Maxwell’s equations in the range of interest, is crucial. This choice depends on
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many factors, such as costs, computational times and spaces, solution techniques, integration with other
software or databases. In particular, most important is the geometry of the analysed structure because it
can change the resolution efficiency of a certain method [80]. The main commercial and academic
software tools are CST Microwave Studio (CST MWS), Ansoft’s HFSS, FEKO, COMSOL
Multiphysics, Lumerical and MAGMAS 3D. CST MWS is based on the finite integration technique
(FIT). It allows to choose the time domain as well as the frequency domain approach. The Time Domain
Solver calculates the broadband behaviour of electromagnetic devices in one simulation run with an
arbitrarily fine frequency resolution. A problem sometimes observed with CST is a ripple in the
frequency response in case the tool settings are not appropriate [78, 80]. HFSS is based on a 3D FEM
solution of the electromagnetic topology under consideration. The purpose of this tool is to extract
parasitic parameters, to visualize 3D electromagnetic fields and to generate SPICE models. Furthermore,
automatic adaptive mesh generation and refinement characterize it [78, 80]. FEKO is based on the 1E-
MoM method. The matrix elements are computed using a mixed-potential formulation and a spatial
domain approach. The solver can model arbitrary 3D structures. The surface of the structure is
discretized using triangular mesh, while tetrahedral mesh is used for volumetric discretization [77, 79].
COMSOL Multiphysics is a finite element code which allows to solve partial differential equations in
2D and 3D domains. The geometry, material parameters and boundary conditions of the problem can be
set up in a graphical user interface (GUI). After defining boundaries and domains, the mesh has to be
generated. This includes the selection of the basis functions’ order and the choice of the order of the
curved mesh elements [80]. Lumerical FDTD Solutions is based on the FDTD technique. It uses a
rectangular mesh. The fundamental simulation quantities (material properties and geometrical
information, electric and magnetic fields) are calculated at each mesh point. By default, the simulation
mesh is automatically generated. To maintain accuracy, the meshing algorithm creates a smaller mesh
in high index. In some cases, it is also necessary to manually add additional meshing constraints [80].
MAGMAS 3D is the IE-MoM code developed at the Katholieke Universiteit Leuven, Belgium. The
matrix elements are computed using a hybrid dyadic-mixed potential formulation and a combined
spectral-space domain approach. This allows to perform a large part of the computation procedure for
these matrix elements analytically in the spectral domain. Surface and volume currents are decomposed
in horizontal and vertical currents, which are both expanded using generalized rooftop functions. A full
mesh control of combined rectangular and triangular mesh cells is available in manual meshing mode.
The exact coordinates and dimensions can be set for every single mesh cell. A Graphical User Interface

is available [78, 81].
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2.1.3 — Software CST Studio Suite

The software chosen for the design of optical nanoantennas has been CST Studio Suite. It provides
a good compromise between costs and performances. CST Studio Suite is an electromagnetic simulation
software that offers most accurate and efficient computational solutions for electromagnetic designs. It
includes several tools for the design and optimization of devices operating in a wide range of
frequencies. The tool used for the purpose of this work is the CST MicroWave Studio (MWS). It is an
innovative tool for the fast and accurate 3D simulation of high frequency devices, such as antennas, and
market leader in the Time Domain simulation. Furthermore, it allows to choose the time domain and
frequency domain solver. The Time Domain Solver calculates the broadband behaviour of
electromagnetic devices in one simulation run with an arbitrarily fine frequency resolution. The transient
analysis of an antenna can be done utilizing the hexahedral mesh type. The automatic mesh generator
detects the important point inside the structure and locates mesh nodes there. The user can be manually
add fixpoints on a structure, as well as, control the number of mesh lines in each coordinate relatively
to the specified wavelength. Energy based adaptation of the mesh allows to refine it in a predefined
number of passes. As a consequence, a mesh refinement of sophisticated design features can be provided
and a longer overall simulation time can be required. Real time domain simulation is useful for studying
the field propagating through a component. Field results for many frequencies (for example 100 farfield

samples) can be derived from one single simulation run [82].

2.1.4 — Simulated structure

Several issues have been taken into account for the study and design of optical nanoantennas. These
devices have to be able to efficiently capture the polarized incident radiation. This can be achieved using
an appropriate structure. The nanoantenna structure, in particular the metals used as conductor and the
dimensions of nanoantenna, also influences one of the most important nanoantenna parameter, the
radiation efficiency. This is the ratio between the radiated power and the power injected at the terminals.
Therefore, an accurate choice of materials and design of nanoantenna is most important for its efficiency.
The structure chosen for the purpose of this work is the dipole nanoantenna that offers easy production,
fine tuning, high confinement of electric field in the gap and less dissipative metal loss. The metal chosen
is aluminium because it shows a reasonable efficiency values over the whole frequency band of interest.
Moreover, it has a transparent oxide. The numerical analysis has been performed with CST MWS,; in
particular the Time Domain solver. The mesh used for the simulation has been the hexahedral mesh
type, which allows most accurate computational solutions but longer simulation time. The number of
cells for wavelength is about 20. In particular, the simulation time has been about 8-12 hours using a
workstation with the following features: Intel ® Core ™ 15-4590 CPU @ 3.30 GHz and RAM 8 Gb.

The wavelength range of interest is between 300 nm and 1200 nm, which corresponds to a frequency
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range of 250 THz — 1000 THz. This is the range commonly used in literature since it covers the visible
and infrared interval. The simulated dipole nanoantenna consists of a width W (in z direction) and of a
height H (in y direction), both equal to 40 nm. The arm length L varies in a range from 100 nm to 350
nm in steps of 50 nm. The gap G is fixed to 10 nm [56, 83-84]. Figure 24 shows a sketch of the dipole

structure for arm length equal to 150 nm.

Figure 24: Sketch of simulated dipole nanoantenna for L equal to 150 nm

The reference frequency is equal to 350 THz, which is close to the plasmonic resonance frequency
of the aluminium. All the simulation has been made at a frequency of 250 THz, 350 THz and 1000 THz.
In particular, the frequency range used in CST has been equal to 150 THz — 1500 THz in order to best
analyse the end of the band of interest 250 THz — 1000 THz, whereas the frequency monitors have been
applied at a frequency of 250 THz, 350 THz and 1000 THz respectively. During the simulation, the
excitation signal has been a default Gaussian pulse in a range of frequency from 250 THz to 1000 THz,

as shown in Figure 25.

Excitation: defaut
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Figure 25: Excitation signal
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The nanodipole has been irradiated by circularly polarized plane wave at a frequency of 250 THz,
350 THz and 1000 THz, respectively. The electric field along x direction have an arbitrary amplitude of
1000 V/m.

Figure 26: Sketch of circularly polarized plan wave

In order to obtain the electric field enhancement and the voltage in the gap, a discrete port of 25 Q,

50 Q, 75 ©Q and 1000 Q respectively has been introduced within the gap, as sketched in Figure 27.

Figure 27: Discrete port in the gap

Figures 28 and 29 show the electric field enhancement of dipole in the gap.
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Figure 28: Electric field enhancement at interface dipole-gap
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Figure 29: Zoom of electric field enhancement at the interface between dipole and gap

As it can be noted in Figure 29, the enhancement of electric field in the gap is mainly evident in
correspondence of the interface between the gap and the surface. This is due to the greater plasmonic
resonance effect at the interface between the metal and the dielectric.

All the simulations of the nanodipole have been considered in vacuum. The presence of the substrate,
typically glass, only influences the efficiency of the antenna. In particular, in this case the efficiency is

lower than in the case of the vacuum [56].

2.2 — Simulation results

This subsection summarizes the main results of simulations of the dipole nanoantenna. First, the
evaluation of the internal nanoantenna impedance are detailed. The method used in order to evaluate the
effective nanoantenna area will then be described. Finally, the analysis of the main electrical parameters,

1.e. the Poynting vector and the available power on the load matching conditions, will be made.

2.2.1 — Nanoantenna impedance evaluation

The antenna operating in receiving mode can be represented by a voltage source, Vopen, and an
impedance in series Za = Ra+jXa. Vopen 1s the open circuit voltage at the end of the antenna when the
load is not connected. Z, is the antenna impedance characterized by an antenna reactance X, which is
equal to zero at resonant frequency, and an antenna resistance Ra defined as the sum of the radiation
resistance Ryq and the loss resistance Rioss. Rrag models the radiated power and depends on the antenna
geometry and on the surface current distribution; Rjess models the conductive and dielectric losses and
depends on the resistive losses of antenna material. In order to reduce ohmic dissipation in the antenna
and then to have a greater radiation efficiency, the radiation resistance has to be larger than ohmic
resistance [24, 85-87]. The proposed analysis has general validity and can be performed, following the
proposed approach, on different antennas topologies. The internal nanodipole impedance has been

evaluated by simulation at a frequency of 250 THz, 350 THz and 1000 THz. This is the range commonly
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used in literature since it covers the visible and infrared interval. On the other hand, the nanodipole is
expected to have a higher bandwidth; for this reason, the choice of this interval will give an under
estimation of the energy. As mentioned above, the numerical analysis has been performed with a
commercial full-wave 3D electromagnetic simulator CST Studio Suite 2016. During the simulations,
the excitation signal was a default Gaussian pulse in the range of frequency from 250 THz to 1000 THz.
The nanodipole has been irradiated by a circularly polarized plane wave at a frequency of 250 THz, 350
THz and 1000 THz, respectively. The electric field along x direction had an arbitrary amplitude of 1000
V/m. First, the open circuit voltage Vopen at the end of the antenna when the load Zi 4 is not connected
has been calculated. Since the value of the internal nanodipole impedance is in a range from 50 Q to
100 Q, the value of Vopen has been evaluated in correspondence of Zia equal to 1000 Q. Then, the
voltage V, occurring when the load Z 4 is connected to the antenna has been evaluated. In order to
evaluate Vy, Z1a has been fixed equal to 25 Q, 50 Q and 75 Q, respectively. Figure 30 shows the antenna
equivalent circuit considered in order to calculate the internal nanoantenna impedance Za.

ZA

Vopen ZLA

Figure 30: Circuit for calculation of internal nanoantenna impedance

The internal nanoantenna impedance Za can be expressed as

Zn = (Vope"—lj-zm (1)

u

Figures 31 and 32 show the curves of Vgpen and Vy, when Zia is equal to 50 Q and their FFT,

respectively.

38



Innovative systems based on optical nanoantennas for energy harvesting application Chiara Di Garbo

8e-005

6e-005 ~

4e-005 -

2e-005 ~

-2e-005

-4e-005

-6e-005 -

-8e-005

Discrete Port Voltage Time Signals

Port 1 [pw]

0

Relative amplitude

0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01 0.011
Time [ ps

0.9 K —

0.7 H —

0.6 H -

0.5 H -

04 H .

0.2 —

L | | | |

0 0.5 1 15 2 25 3
frequency (Hz) \lEI'-E'

Figure 31: a) Open circuit voltage at the end of dipole when load is not connected; b) FFT
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Figure 32: a) The voltage occurring when the load Z.. is connected to the dipole; b) FFT
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These curves are relative to a dipole whose arm length is equal to 150 nm. The curves of Vpen and
V, for each other dipole have the same trend; the difference is only in the peak values. Considering the
maximum values of Vopen and of Vy and Zpa equal to 25 Q, 50 Q and 75 Q, the internal nanoantenna
impedance has been obtained [43, 88-89]. Table 1 shows the values of the internal nanodipole
impedance evaluated by simulation at a frequency of 250 THz, 350 THz and 1000 THz for dipole arm
lengths L varying between 100 nm and 350 nm in steps of 50 nm. It can be noted that the waveforms of
the Vopen and of the V,, differ only for a scale factor. These results confirm that the internal nanoantenna
impedance can be considered as resistive. Therefore, the imaginary part of the impedance has been
neglected since it results much lower than the resistive part. The values of the nanoantenna impedance
shown in Table 1 are in agreement with the main values of the nanoantenna impedance in the literature

that are in a range of 50 Q — 100 Q [61-62, 84-87].

Table 1: Internal nanodipole impedance values at 250 THz, 350 THz and 1000 THz

L [nm] Impedance [Q] at 250 | Impedance [2] at Impedance [Q] at
TH 350 THz 1000 THz
100 69.85 69.64 69.58
150 69.26 69 69.18
200 69.15 69.04 69.27
250 66.47 66.3 66.59
300 62.41 62.47 62.49
350 62.19 62.05 62.17

Moreover, it can be noted that the difference in percentage between the values at 1000 THz, 350 THz
and 250 THz is about 0.03% - 0.44%. As a consequence, the internal nanodipole impedance has been
approximated to be constant all over the range of frequency from 250 THz to 1000 THz, which
corresponds to a range of wavelength from 300 nm to 1200 nm. The values chosen are calculated at the

frequency of 350 THz.

2.2.2 — Effective area evaluation

A parameter usually used in the antenna theory is the effective area of antenna Ae. This is the ratio
between the received power in the case of matching with the load and the incident power density [24,
83]. The effective area At can be calculated in terms of Vgpen, 0f the incident electric field E; and of Za

with the formula (2)

2
At = Vopen Z0

P 2
4E}Z, @
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The nanoadipole effective area At has been evaluated by simulation at a frequency of 250 THz, 350
THz and 1000 THz. The nanodipole has been irradiated by circularly polarized plane wave with an
arbitrary amplitude of 1000 V/m at a frequency of 250 THz, 350 THz and 1000 THz, respectively, and
electrical field along x direction. Considering the values of Vgpen and of the internal nanodipole
impedance Za, the value of the intrinsic impedance of free space Zo equal to 377 Q and the value of the
incident electric field E; of 1000 V/m, the values of nanodipole effective area A< has been obtained [88-

89]. Table 2 shows the results.

Table 2: Effective nanodipole area values at 250 THz, 350 THz and 1000 THz

L [nm] Effective area at 250 Effective area at Effective area at 1000
" THz [10°° m?] 350 THz [10°° m?] THz [10°° m?]
100 5.5927 5.5926 5.6562
150 6.1675 6.1665 6.2519
200 4.8427 4.8377 4.902
250 3.2488 3.2417 3.2718
300 2.5645 2.5583 2.5701
350 2.5307 2.5264 2.5412

It can be noted that the difference in percentage between the values at 1000 THz, 350 THz and 250
THz is in a range from 0.22% to 1.4%. Therefore, the effective nanodipole area has been considered
constant all over the range of frequency from 250 THz to 1000 THz for given dipole arm length. The

values chosen are at the frequency of 350 THz.

2.2.3 — Nanoantenna electrical parameters evaluation

In order to obtain the available power on the load matching conditions, the Poynting vector has to be
calculated. In the case of solar energy harvesting, the Sun has been characterized by a blackbody source
with temperature equal to 5778 K. The energy radiated by the Sun follows the Plank’s blackbody

radiation formula:

27hc?
Wis—% — 3)
2 (e KT _ 1)

where h is the Plank’s constant equal to 6.63 10~* [J s] and k is the Boltzmann’s constant equal to
1.38 10 [J/K]. It should be noted that formula (3) is expressed in [W/m*/unit wavelength in meters],

its shape depends on temperature and wavelength. In order to evaluate the total energy emitted by the
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Sun, formula (3) can be multiplied for the Sun surface. Since the energy coming from the Sun travels
for about 150-10° km before encountering the Earth’s atmosphere, and remains practically unchanged,
the energy on the Earth is obtained by dividing by the area of the surface whose radius is the distance
Sun-Earth. Since the surface of the Sun is given by n- (Sun_radius)? and the surface of the sphere having
the Sun as center tangential to the Earth is - (distance_Sun_Earth)? , formula (3) must be scaled of a
coefficient equal to C=2.164- 10 [41]. Nanoantennas are characterized by the radiation efficiency

whose values depend on the wavelength.

P rad P rad
rad
n = P inject = P rad +P loss (4)

Figure 33 shows the efficiency versus wavelength of aluminum dipole antennas characterized by an
arm length in a range from 100 nm to 350 nm. These curves are taken from [56]. It has to be noted that
the efficiency depends on the frequency, and it influences the calculation of the effective value of the

Poynting vector on the antenna.
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Figure 33: Radiation efficiency versus wavelength, for dipole arm length in a range from 100 nm to 350 nm [56]

The Poynting vector in the ideal case can be calculated integrating (3) in the operating nanoantenna
range between 300 nm and 1200 nm, equivalent to a frequency range of 250 THz + 1000 THz, at the
temperature of the Sun equal to 5778 K.
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S= T\jvl (A, T)dA (5)

Amin

This range is commonly used in the literature because it covers the visible and infrared interval. In
practice, the efficiency shown in Figure 33 must be taken into account. For this reason, the actual

Poynting vector has been obtained as:

A max
S'= [W,(4,T)p™ (2)d4 (6)

Amin

The available power on the load matching condition has been evaluated as:

P=Ay-S' @

Table 3 shows the values of the actual Poynting vector and the corresponding power on the load in

matching condition of the dipoles with arm length from 100 nm to 350 nm.

Table 3: Poynting vector and optimal power

Actual Poynting
L [nm] vector <S’> [W/m?] Power P [pW]
100 239.00 1.337
150 412.95 2.546
200 500.44 2421
250 534.45 1.732
300 535.3 1.369
350 517.08 1.306

From the actual Poynting vector, the maximum value of the electrical field has been calculated as:

®)

where [0 is the intrinsic impedance of free space Zo equal to 377 Q. Figure 34 shows the antenna

&y

equivalent circuit that has been considered in order to calculate the nanoantenna power.
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Figure 34: Equivalent circuit for calculation of nanoantenna power

The impedance matching condition between the antenna Z, and the load Z;, has been assumed. The

voltage Vopen can be expressed as a function of the power

Vopen = 1I4PZA )

Vopen

Under matching conditions, the output voltage V, is equal to . Table 4 shows the values of

the incident electric field, of Vopen and of the output voltage V, for dipole arm length from 100 nm to
350 nm [88-89].

Table 4: Electrical field, Vopen and output voltage Vo

L [nm] E; [V/m] Vopen [uV] Vo [uV]
100 424.51 19.298 9.649
150 558 26.508 13.254
200 614.27 25.857 12.928
250 634.80 21.432 10.716
300 635.31 18.495 9.247
350 624.40 18 9

Conclusion

The analysis of the main nanoantenna parameters has been illustrated, in this chapter. At the
beginnings, the fundamental theoretical techniques widely used for the computational electromagnetics
has been discussed. Two main types of methods of simulation can be identified, Integral Equation (IE)
and Differential Equation techniques. Integral Equation methods make use Maxwell’s equations in

integral equation form in order to formulate the electromagnetic problem in terms of unknown currents
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flowing on the object to be described. These currents are related to the fields by means of a Green’s
function tensor, which includes the electromagnetic influence of the complete background environment.
Therefore, the problem formulation covers the entire surrounding space without making any
approximations and allows to evaluate the electromagnetic fields in every point. One of the most
important integral equation technique is the Method of Moment (MoM). Differential equation methods
are derived directly from Maxwell’s curl equations or the Helmholtz wave equations with little analytical
preprocessing. The main differential equation-based methods are the Finite Element Method (FEM) and
the Finite-Difference Time Domain method (FDTD). Differential equation methods are usually applied
for modelling small full three-dimensional volumes that have complex geometrical details. The reason
is that the number of unknowns is proportional to the volume and the resolution considered.
Furthermore, these methods require a discretization of the entire space under consideration. Therefore,
they are less suitable for open problems, which require infinite space. This problem can be solved
employing truncating techniques such as Absorbing Boundary Conditions and Perfectly Matched Layers
(PML). Several simulation tools implementing these techniques have then been overviewed. The main
commercial and academic software tools are CST Microwave Studio (CST MWS), Ansoft’s HFSS,
FEKO, COMSOL Multiphysics, Lumerical and MAGMAS 3D. A description of the software chosen
for the design of optical nanoantennas, CST Studio Suite 2016, has been made. This software provides
a good compromise between costs and performances. It is an electromagnetic simulation software,
which offers most accurate and efficient computational solutions for electromagnetic designs. It includes
several tools for the design and optimization of devices operating in a wide range of frequencies. The
tool used for the purpose of this work is the CST MicroWave Studio (MWS), in particular the Time
Domain solver. It is an innovative tool for the fast and accurate 3D simulation of high frequency devices,
such as antennas, and market leader in the Time Domain simulation. The numerical analysis has been
performed. The mesh used for the simulation has been the hexahedral mesh type, which allows most
accurate computational solutions but longer simulation time. In particular, the simulation time has been
about 8-12 hours using a workstation with the following features: Intel ® Core ™ 15-4590 CPU @ 3.30
GHz and RAM 8 Gb. The wavelength range of interest is between 300 nm and 1200 nm, which
corresponds to a frequency range of 250 THz — 1000 THz. This is the range commonly used in literature
since it covers the visible and infrared interval. The simulated dipole nanoantenna consists of a width
W (in z direction) and of a height H (in y direction), both equal to 40 nm. The arm length L varies in a
range from 100 nm to 350 nm in steps of 50 nm. The gap G is fixed to 10 nm. Finally, the main results
of simulations of the dipole nanoantenna have been summarized. In particular, the evaluation of the
internal nanoantenna impedance has been detailed. The method used in order to evaluate the

nanoantenna effective area has then been described. Finally, the analysis of the main electrical
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parameters, i.e. the Poynting vector and the available power on the load matching conditions, has been

performed.
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CHAPTER III - RECTENNA TOPOLOGY

A description of the rectenna topology, in particular the equivalent circuit configuration, is performed
in this section. The main types of rectifiers usually employed for the rectification in the range of terahertz

will be described. Finally, the diode equivalent impedance will be evaluated.

3.1 — Equivalent circuit configuration

The nanoantenna output is an AC current that has the same frequency of the incident radiation.
Therefore, a proper rectifier is usually employed in order to obtain a DC output. The typical block

diagram of a rectenna is shown in Figure 35 [35, 41, 44, 63, 90-92].

T~
4+
|:| T T
H | |
Nanoantennas Low-pass Filter Rectifier DC low=pass filter Load

Figure 35: Block diagram of Solar Rectenna

A low-pass filter is placed between the nanoantenna and the rectifier. This device avoids that the
radiation of higher harmonics, generated from the rectification of the nonlinear diode, comes back to the
nanoantenna resulting in power losses. Furthermore, this filter makes possible the matching between the
nanoantenna and the following circuitry [35]. In order to separate the high frequency component from
the DC signal, a DC low-pass filter is placed between the rectifier and the load [24]. The equivalent
circuit of a solar rectenna consists of the rectifier in parallel with the nanoantenna circuit. The equivalent

scheme is shown in Figure 36 [44, 91-92].
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Figure 36: Equivalent circuit of Solar Rectenna

The nanoantenna is shaped as a voltage source Vopen With an impedance in series Za. The rectifier is
usually modelled by a junction capacitance Cp, it defines the diode switching time, and a non-linear
series resistance Rp. A threshold voltage also characterizes a rectifier. Two main conflicting factors can
limit the conversion efficiency of a rectenna, the RC constant and the impedance matching. Every
electrical component can be associated with a capacitance and a resistance; the RC product thus
determines how quickly a voltage across the device can be change. In order to operate at frequencies in
the range of terahertz (approximately 1 PHz), the RC time constant has to very low, of the order of a
few femtoseconds. The RC time constant of the rectenna depends on the antenna resistance. Especially,
because of the diode resistance and the antenna resistance are in parallel, when the antenna resistance is
much less than the diode resistance, the RC time constant is approximate to ZACp. This means that Zx
and Cp should be both low. In practice, this is in conflict with the second factor, the impedance matching.
As a matter of fact, impedance matching determines how much of the power received by the antenna
couples to the diode. The optimal case should be Z4 equal to Rp. The condition for the RC time constant
implies that Rp and Cp should be both very low. Therefore, a compromise between the two factors has

to be achieved, as it will be explained in details in chapter V.

3.2 — Main rectifiers

In order to ensure a better rectification, an ultra-high speed rectifier has to satisfy several
characteristics. The insulator layer should be on the order of a few nanometers, which allows sufficiently
large electrical current and ensures the tunneling effect. The (V) characteristics of the rectifiers should
be asymmetric, i.e. different metals should be used on both sides of the insulator layer with great work
function difference between them. In order to increase the cut-off frequency and to allow the THz
rectification, the area must be very small [93-94]. The junction capacitance defines the diode switching
time; as a consequence, a fast diode should have small junction capacitance. The cut-off frequency

depends on both the diode capacitance and resistance, as expressed in formula (10)
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2RC, (10)

It can be noted that the resistance Rp mainly depends on the fabrication process. Therefore, the cut-
off frequency can be tuned by adjusting the capacitance Cp. However, the presence of the nanoantenna
impedance Za can modify the overall device response. Consequently, the cut-off frequency can be

expressed as

Z,+R,

fo=—A"TD
272 ,R.Cy

(11)

In order to achieve a high cut-off frequency, the RC time constant has to be small. Therefore, a small
junction area and an appropriate material selection and fabrication are required. The cut-off frequency
also changes with the type of rectifier used in the rectenna. This is due to the physical nature of the diode
operation. Furthermore, the threshold voltage has to be considered, especially when low power levels
have to be harvested. Consequently, in order to obtain a better rectification a low cut-off voltage diode
has to be chosen [24, 95].

The main types of ultra-high speed rectifiers used in a rectenna are metal-insulator-metal (MIM)
diodes [33, 93, 96], metal-oxide-metal (MOM) diodes [97-99], geometric diodes [33, 100-102], carbon
nanotube forests [58, 103]. They will be described in the following subsections.

3.2.1 - MIM diode

The MIM diode is a thin film device consisting of an insulator layer of few nanometers in a thickness
placed between two metal electrodes. The metals have a higher work function than the electronic affinity
of the insulator. In this way, at the interface between metal and insulator a barrier is produced. The
charge transport across the insulator is due to quantum mechanical tunnelling of electrons. A
transmission probability is associated with the probability of an electron tunnelling through the classical

forbidden region of the insulator bandgap. Figure 37 shows the energy band profile of this diode.
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Figure 37: Energy band profile of a single insulator MIM diode [96]

The probability of an electron tunnelling across the insulator depends exponentially on the distance
(thickness and height of the barrier) of the bandgap of the insulator. Since this distance changes linearly
with the diode voltage, the current is an exponential function of the voltage and depends also on the
diode characteristics. To ensure that tunnelling is the dominant conduction mechanism, the thickness of
the insulator should not be more than a few nanometers [93, 95-96]. MIM diode has a carrier transit time
of the order of femtosecond and can be easily integrated with the nanoantenna. A major drawback of
this diode is a relatively large RC time constant; therefore, it can work efficiently at low terahertz
frequencies. To make an efficient rectenna, the diode needs to satisfy several characteristics. One is high
responsivity, which is the measure of the rectified DC voltage or current as a function of input radiant
power. Another characteristic is a low resistance, of the order of the internal nanoantenna impedance,
in order to provide good impedance matching between the antenna and the diode. A third property is the
asymmetry in the curve I(V). This characteristic is crucial in order to operate the rectenna without
applying an external DC bias. A MIM diode can have asymmetric I(V) characteristic if different metals
are used on the two sides of the insulator. This gives rise unequal barrier heights. Because of a large
asymmetric barrier, a high responsivity can be obtained. However, keeping the diode resistance low
requires low barrier heights on both sides and the asymmetry is limited. In order to achieve high
responsivity, maintaining high asymmetry and low resistance, a multi-insulator tunnel barrier can be
used. The metal multi-insulator metal (MIIM) diodes provides enhanced I(V) non linearity, which allow
enhanced responsivity, low resistance and a reduced reverse-bias leakage current. Two mechanisms of
operation originate to the enhanced nonlinearity. One is the formation of resonant tunnelling of electrons

through a quantum well formed between two insulators. This occurs when the metal Fermi level on the
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higher barrier side is biased positive creating a right-triangular well at the interface between the two
insulators. The other mechanism occurs for the opposite bias polarity. An abrupt increase in current
occurs when the metal Fermi level on the higher barrier side rises above the conduction band of the
lower barrier, reducing the tunnel distance. The choice of insulator materials and thicknesses determines
the dominant mechanism [33, 93, 95-96]. In order to enhance matching efficiency between nanoantenna
and rectifier, a MIM Travelling-Wave diode has been proposed [33, 91, 104-107]. This device consist
of MIM plasmonic waveguides. The antenna captures the electromagnetic wave that propagates through

a transmission line rectifier and decays totally by the end of the transmission line.

3.2.2 - MOM diode

The MOM diode consists of two metal electrodes that are separated by a thin oxide layer. It operates
based on quantum-mechanical tunneling of electrons. As a matter of fact, depending on the work
function of the electrodes, electrons tunnel from one electrode to the other with a certain probability. If
the metal electrodes are different and have dissimilar work functions, the MOM diode reveals an
asymmetric I(V) characteristic. The asymmetry in the structure causes electrons tunnelling effect from
the electrode with higher work function to the other creating thus a net tunneling current flow. Due to
this asymmetry, the MOM diode exhibits a rectifying behaviour, even without the need of an external
bias. Therefore, it is used in the rectenna systems. The tunneling times are of the order of femtoseconds.
MOM diode is also characterized by fast response time in mid-infrared measurements and it has a non-
linear I(V) characteristic. The greatest shortcoming of using MOM diodes is represented by their low
efficiency, which can be even less than 0.1% in the far IR region. Furthermore, the operating frequency

is limited due to large RC response time and poor impedance matching to nanoantenna [91, 97-99].

3.2.3 — Geometric diode

The geometric diode is a ballistic ultralow voltage diode with geometrical asymmetry, low
capacitance and low resistance to match the antenna impedance [100]. It uses long mean-free path length
(MFPL) material with physical asymmetry that determines the preferred direction of the charge
movement. This device consists of a patterned conductive thin film whose size is of the order of the
MFPL of the charge carriers in the material. Its planar structure allows charge carriers to flow in one
direction. The diode is a thin film device designed in order to obtain the asymmetric constriction in the
neck region, on the order of the MFPL of the charge carriers or smaller than MFPL. Graphene is chosen
because the MFPL of charge carriers is an order of magnitude greater than those in metals at room
temperature [108]. The shape of such a geometric graphene diode is an inverse arrowhead so that the

charge carriers flow through forward direction, from left to right, as shown in Figure 38.
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Figure 38: Inverse arrowhead geometric diode structure [101]

The charges moving from right to left are largely blocked by the vertical side wall of the arrowhead.
Such a geometric effect causes a (V) asymmetric characteristic. Increasing charge MFPL and reducing
the neck width leads to an increase of the asymmetry of the (V) characteristic. The choice of the material
and the fabrication determine the neck width. Therefore, in order to obtain a large geometric effect, the
carrier MFPL in the thin-film material has to be sufficiently large compared to the neck width. Graphene
geometric diode provides a low RC time constant, of the order of 10"° s and responds efficiently at
petahertz frequencies. The value of the resistance lies in a range from 1 kQ to 3 kQ and the capacitance

is estimated in a range from 10" F to 10”8 F [33, 100-102, 109-110].

3.2.4 — Carbon nanotube forests

The forest of multiwalled carbon nanotubes consists of nanotubes, which, at high density, are grown
on a metal-coated substrate, coated with an insulator and capped with a second metal coating in order

to form a diode at the upper contact, as shown in Figure 39.
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Figure 39: Schematic of carbon nanotube rectenna [58, 103]

The nanotubes act as an antenna, collecting the incident radiation into alternating current that is
transferred to the diode. The diode then converts this current into electrical DC power. The area of the
tip is very small, with a diameter of about 10 nm. Therefore, the diode capacitance is very low. The

diode resistance is instead very high due to the minute diode area. Consequently, there is a relevant
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difference between the diode resistance and the antenna resistance and the impedance matching is not
satisfied. Nevertheless, the forest of carbon nanotubes works well, because each nanotube is optically

coupled to its neighbours and the power rejected from one diode is coupled to neighbours [58, 103].

3.3 — Diode equivalent impedance

The optical radiation incident on rectennas is quantized in the form of photons, the current flowing
from the antenna to the diode and the rectification process maintain the quantum nature of energy. As a
matter of fact, a quantum description is required for each of these processes in optical rectennas. The
photon energy ho depends on the diode current-voltage I(V) characteristics [111-112]. Especially,
depending on the amplitude of the diode AC voltage V., the rectenna can operate in classical, quantum
or transition regime [113-114]. This voltage is a dynamic quantity and changes with the rectenna output
voltage Vo. Therefore, in order to determine the operating regime, V,, is approximated to Vopen. The
rectenna operates in the quantum regime when Vpen is lower than the photon energy divided by the
electronic charge (hw/q). Electrons can absorb only individual photons. After the photons are absorbed
by the antenna, their energy quantization is maintained in form of surface plasmons making up the
current flowing to the diode. At the diode, these energy packets can induce transitions of the charge
carriers from one side to the other side of the diode. Therefore, to determine the response of the rectenna
the photon-assisted tunnelling (PAT) theory can be applied to high-speed diode operation [112]. The
voltage across the diode consists of the DC operating voltage Vp and an AC voltage V,,. Figure 40 shows
a typical illuminated I(V) curve. The region of positive current at negative voltage corresponds to power

generation.
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Figure 40: Illuminated I(V) curve. Vpn is the photon energy ho/q [111]

The AC diode resistance Rp is the reciprocal of the slope of the secant between two points on the

I(V) curve Ry, one photon energy above and below the Vp [111-112, 115-116]
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where Lgark is the diode DC dark current. This resistance is twice the DC diode resistance Rpc. When
Vopen €xceeds hw/q, electrons absorb multiple photons and the rectenna operates in the transition regime.
The electron transitions are described quantum mechanically, but the description of the field can be
classical. The rectification process requires a semiclassical description. The I(V) curve is sampled at

discrete points corresponding to £hm/q about the operating voltage, as shown in Figure 41.

h
 J
h J

hw/e hw/e

Figure 41: Sketch of a current-voltage I(V) curve for a rectenna diode [33]

AS Vopen 18 much greater than hw/q, the rectenna operates in the classical regime and each electron

absorbs many photons. The AC diode resistance Rp can be expressed as

2V
RD — open

(VO + Vopen ) (VO _Vopen ) (1 3)

R, R

r

where Rr and R, is the diode forward resistance and the diode reverse resistance respectively and V,
is the operating voltage of rectenna [117]. Electromagnetic radiation from the Sun consists of low
intensity but high energy photons. When this type of broadband radiation illumines the rectenna, it
operates in quantum regime. In order to achieve the impedance matching in the rectenna, the diode
secant resistance has to be equal to the nanoantenna resistance. An infinite reverse resistance that allows
to neglect reverse leakage current, and a forward resistance that matches the antenna and the diode for
optimum power transfer usually characterize an ideal diode. The values of forward resistance are in a
range of 50-300 Q for metal-insulator-metal (MIM) diodes and of the order of 3 kQ for geometric diode.

A realistic diode shows a finite reverse resistance of the order of 10°-10” Q [116].
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3.4 — Rectenna systems applications

A great variety of rectenna applications have been discussed in the literature. [94] shows an example
of a rectenna consisting of an IR dipole nanoantenna coupled to a MIM diode. One end of both dipole’s
arm has been cut in order to build a MIM diode. The two arms of the dipole are then overlapped over
an area of 50 x 50 nm?, where an insulator layer of 8.5 nm-thick has been inserted within the gap region.
The MIM diode used in this system reveals a diode resistance Rp of about 100 Q and a cut-off frequency
of 76.43 THz, so that this configuration is suitable to rectify the 10 pm incident infrared wave. An
application of the travelling-wave MIM diode is referred in [105]. Two types of travelling wave MIM
plasmonic waveguides are considered: vertical coupled strips (VCS) and lateral coupled strips (LCS)
transmission lines. These two metallic strips are placed on top of each other or beside each other. Their
length is greater than the surface plasmon decay length at the minimum frequency of the band of interest.
In this way, the travelling wave is attenuated along the line and there is not reflection at the open-circuit
end of the line. Therefore, these transmission lines have the input impedance equal to their characteristic
impedances. In order to obtain a dipole nanoantenna that resonates at 30 THz, its length should be
optimized. Moreover, the cross-section dimensions of the dipole’s arms are fine-tuned to ensure the best
matching with the transmission lines. The antenna efficiency for nanodipole terminated by VCS and
LCS is respectively 83.61% and 80.15%. The total efficiency, which is the product of antenna harvesting
efficiency, matching efficiency and rectifier quantum efficiency, is nine order of magnitude higher for
nanodipole terminated by VSC rectifier than that for nanodipole terminated by LSC rectifier [105]. An
application of the MOM diode coupled to a bowtie nanoantenna is referred in [98]. It consists of bowtie
coplanar slots with MOM diode building between hot and ground metallization of a coplanar waveguide.
In this way, the DC power obtained is about 4.6 pW. Another type of rectifier used in the rectenna
system is a planar MIM diode formed by two crossed thin film metallic strips made of gold (Au) and
copper (Cu) with a very thin copper oxide (CuO) in between them. This diode is integrated with bowtie
nanoantennas whose arm is overlapped and the diode is realized in between this overlap. This
configuration offers two main advantages: higher field enhancement due to the sharp bowtie tip and a
path only available through the rectifier for the highly localized electromagnetic fields [57]. Best
performances are obtained employing a sharp tip bowtie nanoantenna with Au/Al,Os/Pt MIM diode due
to the overlapping antenna arms and the utilization of different electrodes that produces a higher value
of tunneling current [118]. It is possible to achieve some improvements increasing the work function
difference between the two metal electrodes. So, the I(V) characteristic becomes strongly non-linear and
the contact area of the tunnelling junction is reduced; as a consequence, a better impedance matching
between antenna and diode is obtained. For this reason, sector bowtie nanoantenna coupled with
Au/TiO/Ti MIM diode is realized [119]. The choice of sector sharp instead of a traditional triangle is

due to the fact that sector configuration can avoid the issue of sharp corners that exist in the traditional
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triangle configuration. The Au/TiOx/Ti MIM diode is chosen because gold and titanium are
characterized by a large difference in the work function and so a strong rectifying effect is achieved. By
increasing the refractive index of the substrate, the value of power conversion efficiency reached with

this type of nano-rectenna is 11.1% [119].

3.5 — Seebeck nanoantennas

Despite nanoantennas coupled to an ultra-high speed rectifier offer high theoretical efficiency, this
rectenna system reveals low efficiencies due to the poor performance of the common rectifiers at optical
frequencies. So in the last decade new devices based on the use of nanoantennas to confine optical
energy and on the exploitation of the thermoelectric properties of their metallic interfaces to recover
energy, are under study. This new device consists of a nanoantenna coupled to a metallic thermocouple.
The rectification mechanism is based on the Seebeck effect, a thermoelectric voltage generation due to
the infrared irradiation induced currents in the antenna [120]. A thermocouple is usually built from two
wires of several materials; one end of each wire is connected to a junction (hot junction) while the other
ends are unconnected (cold junction). If the temperature of the joined ends increases, an open-circuit
voltage occurs across the cold junction of the thermocouple. The value of open-circuit voltage Voc is
proportional to the temperature difference between the two junctions and the two Seebeck coefficients

of the metals:

V.. =(S,-S,)- AT (14)

This new device reduces the complexity of the fabrication process. Moreover, it is possible to
increase the sensitivity of the detectors by varying the material combinations. Figure 42 shows the
electric equivalent circuit of the antenna-coupled thermocouples. A high-frequency voltage source, an
antenna resistance and a reactance represent the antenna. A current controlled voltage source and an

internal resistance represent the thermocouple.
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Figure 42: Electric equivalent circuit of the antenna-coupled thermocouples [90]

Similarly to the rectenna, the main types of nanoantennas coupled to thermocouples are the dipole,
bowtie antenna and spiral antenna. An antenna-coupled thermocouple in [120] consists of hot junction
of a nanowire thermocouple placed at the feed point of a dipole antenna. The hot junction is heated by
the dissipation of induced currents due to incident radiation. Different combinations of materials are
taken into account for the thermocouple. The best normalized detectivity is obtained with the Palladium-
Chromium (Pr-Cr) thermocouple [120-121]. An array of dipole antenna coupled to thermocouples is in
[122]. The authors compare this device with the dipole antenna coupled to an MIM rectifier. The
conversion efficiency due to thermal effects is better than that due to tunnel effects [122]. Dipole
antennas coupled to thermocouples made of the same metal are in [123]. The hot junction of a single
metal thermocouple is located close to the center of the dipole. The nanowires of the thermocouples are
made of the same metal and with different cross-sections. The time response of this nanostructured
thermocouple is a picosecond and so it actually is the fastest THz detector [123]. A bowtie nanoantenna
coupled to a thermocouple is in [124]. The thermocouple consists of two wires made respectively of
gold and palladium. The hot junction is placed where the wires are joined to each other in the antenna.
A transmission line, typically a coplanar strip transmission line, is used to connect the antenna to the
thermocouple and to realize an impedance matching between them. The response of this device is
obtained varying the length of the transmission line. The best response is recovered using a device with
a transmission line of 1.3 um of length. This value is 2.4 fold higher than that of the device without the
transmission line. Further improvements can be achieved varying the dimensions of the transmission
line, adjusting its characteristic impedance, and as a consequence, by optimizing the impedance match
between the antenna and the thermocouple [124]. The Spiral nanoantenna is a convenient system for
energy harvesting due to its ideal frequencies-independent electrical impedance. This device can be
polarized linearly although better performances are obtained with the right-handed circularly polarized
light; the electrical field is concentrated at the center of the nanoantenna [125]. A new device proposed
in [125] consists of a metallic thermocouple shaped as a spiral nanoantenna whose size is suitable for

the resonance at mid-infrared wavelengths. This device exploits the temperature gradient caused by the
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resonant currents in the structure in order to generate a DC voltage Voc thanks to the Seebeck effect at
its open ends. Two types of structures have been chosen for the spiral nanoantenna: square spiral and
Archimedean spiral. Thin film thermocouples shaped as spiral nanoantenna are built with their arms
made of different metals. To optimize the thermal energy harvesting, the chosen power generators have
one Ti-Ni interface located at the center of the structures. The percent total efficiencies obtained with
these two spiral thermocouples are around 10 and 10”7 [125-126]. An array of metallic thermocouples
shaped as spiral nanoantennas are proposed as infrared detectors in [127]. The thermocouple is built
employing Archimedean geometry with a left-handed and right-handed spiral connected by the ends and
separated from the centers by a distance of 4 um. The efficiency values obtained with these types of
Seebeck nanoantennas are in a range from 10 % to 10° % [127]. Despite several advantages compared
to the rectenna systems, Seebeck nanoantennas suffer from heat losses through the substrate, so the
efficiencies remain low. It is possible to increase the response of Seebeck nanoantennas reducing the
effective thermal conductivity of the substrate. This can be achieved by using freestanding architecture,

1. e. by suspending the device on air above its substrate [125].

Conclusion

The rectenna topology has been analysed in this chapter. In particular, the equivalent circuit
configuration of a rectenna has been illustrated. It consists of a voltage source Vpen With an impedance
in series Za, shaped the nanoantenna, and a parallel between a junction capacitance Cp and a non-linear
series resistance Rp, modelled the rectifier. A threshold voltage also characterizes a rectifier. The
junction capacitance defines the diode switching time; as a consequence, a fast diode should have small
junction capacitance. In order to ensure a better rectification, an ultra-high speed rectifier has to satisfy
several characteristics. The insulator layer should be on the order of few nanometers, which allows
sufficiently large electrical current and ensures the tunneling effect. The I(V) characteristics of the
rectifiers should be asymmetric, i.e. different metals should be used on both sides of the insulator layer
each of them should have a work function different each other. In order to increase the cut-off frequency
and to allow the THz rectification, the area must be very small. The cut-off frequency also changes with
the type of rectifier used in the rectenna. This is due to the physical nature of the diode operation.
Furthermore, the threshold voltage has to be considered, especially when low power levels have to be
harvested. Consequently, in order to obtain a better rectification a low cut-off voltage diode has to be
chosen.

The main types of the rectifiers have been described. The MIM diode is a thin film device consisting
of an insulator layer of few nanometers in a thickness placed between two metal electrodes. This diode
has a carrier transit time of the order of femtosecond and can be easily integrated with the nanoantenna.

It shows a large RC time constant and can work efficiently at low terahertz frequencies. The MOM
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diode consists of two metal electrodes that are separated by a thin oxide layer. It is characterized by fast
response time in mid-infrared measurements and it has a non-linear I(V) characteristic. The geometric
diode consists of a patterned conductive thin film whose size is of the order of the mean-free path length
(MFPL) of the charge carriers in the material. It provides a low RC time constant and responds
efficiently at petahertz frequencies. The forest of multiwalled carbon nanotubes consists of nanotubes
acting as an antenna, coated with an insulator and capped by a metal layer, forming a thin tunnel diode.
A low diode capacitance and a high diode resistance characterize this device.

The diode equivalent impedance has been evaluated. Depending on the amplitude of the diode AC
voltage V,, the rectenna can operate in classical, quantum or transition regime. The rectenna operates
in the quantum regime when Vpen is lower than the photon energy divided by the electronic charge
(hw/q). Electrons can absorb only individual photons. The AC diode resistance Rp is the reciprocal of
the slope of the secant between two points on the I(V) curve Ry, one photon energy above and below
the Vp. This resistance is twice the DC diode resistance Rpc. When Vpen €xceeds hw/q, electrons absorb
multiple photons and the rectenna operates in the transition regime. As Vpen is much greater than hw/q,
the rectenna operates in the classical regime and each electron absorbs many photons. The AC diode
resistance Rp can be expressed in terms of the diode forward resistance Ry, of the diode reverse resistance
R: and of the operating voltage of rectenna Vo. Electromagnetic radiation from the Sun consists of low
intensity but high energy photons. When this type of broadband radiation illumines the rectenna, it
operates in quantum regime. An infinite reverse resistance that allows to neglect reverse leakage current,
and a forward resistance that matches the antenna and the diode for optimum power transfer usually
characterize an ideal diode. The values of forward resistance are in a range of 50-300 Q for metal-
insulator-metal (MIM) diodes and of the order of 3 kQ for geometric diode. A realistic diode shows a
finite reverse resistance of the order of 10°-107 Q.

A great variety of rectenna applications, discussed in the literature, has been summarized and
compared.

Finally, a new device based on the use of nanoantennas to confine optical energy and on the
exploitation of the thermoelectric properties of its metallic interfaces to recover energy, has been
described. This new device consists of a nanoantenna coupled to a metallic thermocouple. The
rectification mechanism is based on the Seebeck effect, a thermoelectric voltage generation due to the
infrared irradiation induced currents in the antenna. A thermocouple is usually built from two wires of
several materials; one end of each wire is connected to a junction (hot junction) while the other ends are
unconnected (cold junction). If the temperature of the joined ends increases, an open-circuit voltage
occurs across the cold junction of the thermocouple. The value of open-circuit voltage Voc is

proportional to the temperature difference between the two junctions and the two Seebeck coefficients
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of the metals. This new device seams to overcome the limits of low efficiencies due to the poor

performance of the common rectifiers at optical frequencies, which characterize the rectennas.
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CHAPTER 1V - DC-DC BOOST CONVERTERS FOR ENERGY
HARVESTING APPLICATIONS

The characteristics of the main commercially DC-DC converters for energy harvesting and ultralow
power applications will be discussed in this section. At the beginnings, the constraints of the design of
a system based on optical rectennas will be defined. On the basis of these, a commercial DC-DC
converter will be chosen. Finally, the characteristics and the mode of operation of the chosen DC-DC

converter will be analysed.

4.1 — Main issues of optical rectenna

In order to design a system based on optical rectennas for energy harvesting application, several
issues have to be taken into account. The conversion efficiency of a rectenna is limited by two main
factors, the RC time constant of the rectifier and the impedance matching between the nanoantenna and
the rectifier. The value of the RC time constant has to be of the order of a few femtosecond. This would
ensure a good rectification in the range of terahertz. The RC time constant of the rectenna depends on
the nanoantenna impedance Zx, on the diode resistance Rp and on the diode capacitance Cp. When the
value of the nanoantenna impedance is much lower than the value of diode resistance, the RC time
constant of the rectenna can be expressed only as a function of Z4 and Cp. This means that both Z and
Cp should to be low. In practice, this is in conflict with the impedance matching condition. As a matter
of fact, the impedance matching determines how much of the power received by the antenna couples to
the diode. In order to ensure the maximum power transfer between the nanoantenna and the rectifier, Za
should be equal to Rp. This would imply that Rp and Cp should be both very low, that is in conflict with
the condition for the RC time constant. The diode resistance Rp is the characteristic element for each
type of diode. The values are typically in a range of 50 Q -300 Q for the state of art of MIM diodes and
of the order of 1 kQ - 3 kQ for the state of art of geometric diode. This means that the impedance
matching between the nanoantenna and the rectifier is very difficult to obtain without any expedients.
Another issue is tied to the available power on load matching conditions and to the output voltage of the
nanoantenna, whose values are respectively on the order of few picowatt and on the order of tens
microvolt. Ultralow power applications usually require the values of input voltage that are much higher
than that of the nanoantenna output voltage, typically of the order of tens or hundreds of millivolt. For
this reason, in order to interface an external load with a rectenna a DC-DC boost conversion system is
needed. This system provides the matching with a downstream load, which harvests the output energy

from the rectenna. The following subsections will describe the main type of commercially DC-DC boost
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power converter for the Ultralow power applications. Furthermore, the characteristics and the operation

mode of the DC-DC boost converter chosen for the purpose of this work will be analysed.

4.2 — Harvesting circuits

The DC-DC power converter is typically a system based on the switching elements to obtain an
output DC voltage lower or higher than the DC input voltage. This device can be analysed in steady
state, which are regulated by means of the turn off and the turn on of the switch, typically a MOSFET.
The duty cycle D of the MOSFET defines the value of the output voltage with respect to the input
voltage. The basic converter topologies are step-down and step-up. A step-down DC-DC converter,
named also Buck converter, produces a lower average output voltage than the DC input voltage. A step-
up DC-DC converter, named also boost converter, instead, produces the output voltage greater than the
DC input voltage. In energy harvesting applications, a DC-DC power converter has to be able to operate
in conditions of extremely low input voltage values, of the order of a few millivolt, and to provide output
voltage values on the order of Volt, typical for the supply of the electronic circuits. To this purpose,
specific Ultralow Power Devices for energy harvesting application must be considered. These are
typically boost converters, charge pump boost converters and resonant converters. Figure 43 shows an

equivalent circuit of the step-up DC-DC converter.
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Figure 43: Step-up DC-DC converter [128]

The switch usually is a MOSFET, which turn on and turn off by means of a feedback control
maintaining the output voltage constant with respect to the input voltage variations. The switch and the
diode operate in complementary mode. In particular, when the switch is on, the diode is reverse biased
thus isolating the output stage. The input energy is transferred to the inductor, while the output energy,
stored in the capacitor, is transferred to the external load. Instead, when the switch is off, the diode is
forward biased and the output stage receives the energy from the inductor and from the input. The

interval during the switch is on and the interval during the switch is off depend on the duty cycle of the
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switch as well as the ratio between the output voltage and the input voltage, as expressed in formula

(15)

Vo _
Vi (15)

In particular, when the duty cycle increases, the output voltage increases too. The control of the
average output voltage employs switching at a constant frequency and adjusting of the ON duration of
the switch. This method is known as Pulse Width Modulation (PWM) switching. The duty cycle is
generated by comparing a signal-level control voltage with a repetitive waveform. The control voltage
signal is obtained by amplifying the error, or the difference between the actual output voltage and the
desired value. The frequency of the repetitive waveform with a constant peak establishes the switching
frequency. The losses in a DC-DC boost converter generally are due to the switching and to the energy
dissipation for Joule effect in the parasitic resistances of the inductor and capacitor [128].

Figure 44 shows a charge pump step-up converter.
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Figure 44: Charge pump step-up converter [129]

This device originates from the classical boost topology and differs from the input stage in which a
charge pump, consisting of two diodes, a capacitor and two inductors, is introduced. This type of DC-
DC converter operates only in continuous mode and, with the same values of the load current, allows to
obtain a better efficiency than the traditional boost converter. Furthermore, it allows to supply higher

output voltage values. The charge pump step-up converter is usually employed in commercially boost
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converters for ultralow power applications, in particular during the start-up phase. The switch control is
performed by means of an output voltage sensing which influences the PWM switching [129].

Figure 45 shows a self-oscillating step-up DC-DC converter.
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Figure 45: Self-oscillating step-up DC-DC converter [130]

This converter can be coupled with the rectennas since it is able to produce the output voltages on
the order of volt with very low input power, on the order of microvolt or millivolt. This converter
contains two main blocks: the oscillator, composed by a transformer, a JFET and a capacitor C,s, and
the rectifier, whose function is conducted by a p-n junction between gate and source of the JFET and by
the capacitor Coui. When the current in the primary winding increases, the secondary winding applies a
positive voltage on the JFET gate. The gate-source PN junction of the JFET is conducting, and the output
capacitor is charged with a negative voltage. The output voltage is therefore negative. When the primary
current reaches saturation, the voltage across the primary winding cancels and the negative voltage of
the output capacitor is applied on the gate of the JFET pinching it off. The current in the primary winding
decreases and a negative voltage is applied by the secondary winding on the gate of the JFET, which
leads to its switching off. This peak voltage that switched off the JFET falls back to zero and the
oscillation process starts again. The efficiency of this device is between 10 % and 25 %, depending on
the value of the input power [130-131].

The boost or buck-boost DC-DC converters for energy harvesting application are usually optimized
in order to operate with sources whose values of power are extremely low and provide to an external
load output voltage values in the range of 3 V — 5 V. These types of converters are generally employed
in stand-alone systems for sensing applications, which require the current for short time pulse intervals.
During these time intervals, same dates can be harvested by means of circuits based on microcontroller
and can be transmitted by means of transceiver. Several commercial topologies, which can be operated

with different sources, i. e. photovoltaic cells or thermoelectric generators, has been found. The
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following subsections describe the main features of three type of commercially step-up boost power

converters for ultralow power applications that have been taken into account.

4.2.1 -LTC3108

The LTC3108 is an ultralow voltage step-up converter and power manager made by Linear
Technology Corporation, CA, USA. This device is a highly integrated DC-DC converter for harvesting
and managing surplus energy from extremely low input voltage sources such as thermoelectric
generators, thermopiles and small solar cells. The LTC3108 is typically used in low power wireless
sensors applications; it is designed to manage the charging and regulation of multiples outputs and to
charge a standard capacitor, supercapacitor or rechargeable battery, using energy harvested from a

Peltier or photovoltaic cells. Figure 46 shows the equivalent circuit of a typical application of LTC3108.
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Figure 46: Equivalent Circuit of a typical application LTC3108 [132]

The mode of operation is based on the self-oscillating stage that contains the secondary winding of
the transformer, the gate-source junction of the integrated MOSFET and the external capacitor C,. The
1 nF-capacitor, that connects the secondary winding of the transformer to the capacitor C,, operates as
an external charge pump for the rectifying stage. The Vaux pin is the rectifier output and it is the most
important voltage reference for the activation of the other outputs. Moreover, it supplies the active
circuits within the LTC3108. The Vs; and Vs, pins allow to select the principal output voltage value
Vour by means of the connection of them to the ground or to Vaux. Table 5 shows the typical regulated

values of Vour using Vs; and Vso.
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Table 5: Regulated voltage using pins Vsi and Vsz [132]

Vsi Vs2 Vour
GND GND 235V
GND Vaux 33V
Vaux GND 41V
Vaux Vaux 5V

The second voltage output is Vourz, which can be turned on and off by means of the enabling of the
Vour en. This output can be used to supply external circuits, such as sensors and amplifiers that do not
have low power sleep or shutdown capability. The Vsrore output can be used to charge a large storage
capacitor or rechargeable battery after Vour has reached regulation. The Vipo pin is a Low Dropout
Output of 2.2 V for powering low power microprocessors or other low power integrated circuits. This
output is current limited to 4 mA. A power good comparator monitors the output voltage Vour. The Pgp
pin have the task of indicate when the converter can be operated in regime mode. The step-up topology
operates from input voltages as low as 20mV. The maximum value of input voltage is 500 mV. The
step-up transformer turns ratio determines the lower value of the input voltage for the start-up of the
converter. Using a 1:100 ratio, the minimum values that can be accepted is 20 mV. A MOSFET switch
is utilized to form a resonant step-up oscillator using an external step-up transformer and a small
coupling capacitor. This allows the minimum input voltage of 20 mV to be raised. The frequency of
oscillation depends by the inductance of the transformer secondary winding and is typically in the range
of 10 kHz to 100 kHz. The value of the LTC3108 input impedance depends on the value of the input
voltage Viv and on the value of the input current Iv. The average value of this current depends on the
frequency of the oscillator and as a consequence on the MOSFET switching frequency. The typical

value of Ziv is on the order of few ohm, as it can be noted in the Figure 47.
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Figure 47: Input resistance versus Vi~ [132]
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During the charge of Vour, the Pgp signal is low and the values of the input resistance are much
higher than those that are measured in regime mode of operation. Figures 48 a) and 48 b) show the start-

up voltage sequencing and the Pgp response versus Vour during a step load [132].
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Figure 48: a) Start-up voltage sequencing in LTC3108; b) PGD response versus Vour during a step load in
LTC3108 [132]

4.2.2 -LTC3105

The LTC3105 is a high efficiency step-up DC-DC converter made by Linear Technology
Corporation, CA, USA. This device is usually employed for low voltage, high impedance alternative
power sources such as photovoltaic cells, thermoelectric generators and fuel cells. An integrated
maximum power point controller (MPPC) maximizes the energy that can be extracted from any power
source. A Burst Mode operation allows to optimize the converter efficiency and the output voltage ripple
over all operating conditions. Figure 49 shows the equivalent circuit of a typical application of

LTC3105.
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Figure 49: Equivalent Circuit of a typical application LTC3105 [133]
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This device is characterized by a main output voltage Vour and by an output Vaux that supplies
external microprocessors and sensors while the main output is charging. The Vipo pin is a Low Dropout
Output of 2.2 V for powering low power microprocessors or other low power integrated circuits. The
power good output Pgp is used to indicate that Vour is in regulation. The start-up mode operation
requires the initial charge of the Vaux. When Vaux has reached the value of 1.4 V, Vipo begins
increasing and the converter leaves the start-up mode and enters in normal mode operation. The
converter continues charging Vaux until Vipo enters in regulation. When Vipo is in regulation, the
converter begins charging Vour until it is equal to Vaux. Vaux is maintained at a level sufficient to
ensure that the LDO remains in regulation. If Vaux becomes higher, charge is transferred to Vour. The
minimum start-up voltage is 250 mV, and the range of input voltages are from 225 mV to 5 V. Figure

50 shows the typical converter start-up sequence.
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Figure 50: Typical LTC3108 start-up sequence [133]

Both Vour and Vipo are regulated by an external feedback input. The Maximum Power Point Control
(MPPC) circuit allows to set the optimal input voltage operating point for a given power source. The
Burst Mode optimizes the output voltage ripple and the peak current, increasing thus the converter
efficiency. The Soft Start-up Mode prevents the peak currents during the start-up mode. The Shutdown
Mode disables the switching of the device and provides a quiescent current equal to 10 pA. Moreover,
an integrated thermal shutdown offers protection from over temperature faults. The LTC3105 is
optimized for low power application employing high internal resistance power sources like photovoltaic
cells and thermoelectric generators. This device does not provide the regulation of the minim input
voltage during the star-up mode by means of the turns ratio of an external transformer. This is because

only a power inductor of about 10 uH connects the input to the internal switch [133].
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4.2.3 - SPV1050

The SPV1050 is an ultralow power and high-efficiency energy harvester and battery charger made
by STMicrelectronics™ (USA). This device is suitable for both photovoltaic cells and thermoelectric
generators harvesting sources and it allows to charge any type of battery, including the thin film
batteries. Moreover, the SPV1050 implements the MPPT function and integrates the switching elements
for boost or buck-boost converter. The MPPT is programmable by a resistor input driver and allows to
maximize the source power under any temperature and irradiation condition. An unregulated voltage
output is available and two independent LDO pins are embedded for powering sensors and RF

transceivers. Figure 51 shows a typical block diagram of SPV1050.
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Figure 51: SPV1050 block diagram [134]

The main output is BATT pin, while STORE pin is an output for an auxiliary tank capacitor. An
Under Voltage Protection (UVP) and an End-Of-Charge (EOC) functions are implemented. The
BATT CHG and BATT CONN pins provide some information on the state of charge and the
connection of any battery. Several pins are dedicated to the MPPT function. MPP-SET and MPP-RESET
allow to enable and to disable respectively MPPC system and choosing an external voltage reference.
The IN_ HV, IN_LV, L HV pins are input voltage source that have to be set differently for boost and
buck-boost configurations. In the case of boost configuration, shown in Figure 52, the start-up mode

requires the use of an integrated high-efficiency charge pump until Vsrore remains lower than Viy. The
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DC-DC converter stage and the MPPT remain OFF. Once Vsrore is equal to Vin, the DC-DC converter

stage begins boosting the voltage and the MPPT mode becomes active.

| BATT
I 7
prommeesenoeed > Y | store
uvp
IN_ LV —
o N { :
VIn a2 —‘ _‘.EOC %
- x . —F
IN_HV £y k - 1
o Iy
| e
L T
- CONTROL| *™2E —
— 4; |_ LOGIC —,l -
Csrone Battery
MPP = T o N LDOT 10 0an1 = pr
— ---¥
MPP_SET | [N ==
MPPT a3y - ooz ¥
MPP_REF | iy __Toroanz.
J—
| L | T
LDO1_EN v I
| [ BATT_CON
LDO2 EN
"""""""""""" — " IBATT CHG
cone | L
T R . =
Cin L
T PGND ‘ GND
) B

Figure 52: SPV1050 Boost configuration [134]

Figure 53 shows the behaviour of Vix and Vsrore at the start-up.
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Figure 53: SPV1050 start-up behavior [134]

The integrated MPPT algorithm sets the converter internal impedance in order to maximize the
power, as shown in Figure 54. In particular every 16 s, Ttracking interval, the DC-DC converter stage

is disabled for a TsamrLe equal to 400 ms. During TsampLg, the input open circuit voltage Voc is sampled.
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Once the Tsampie is elapsed, the MPPT algorithm provides a new value of Vipp and the input impedance

is regulated so that Vv stay as close as possible to Vipp of the source.
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Figure 54: SPV1050 MPPT tracking [134]

The typical minimum input voltage is 150 mV. However, a first start-up in boost configuration

requires an input voltage as low as 550 mV [134].

4.3 — Choice of LTC3108

A comparison between the three types of commercial DC-DC converters described in the previous

subsections is illustrated in Table 6.

Table 6: Comparison between LTC3108, LTC3105 and SPV1050

DC-DC Converter Minimum VIN Maximum VIN MPPC/MPPT
LTC3108 20 mV 500 mV No
250mV (start-up mode)
LTC3105 225 mV (regime mode) >V Yes
500 mV (start-up mode)
SPV1050 150 mV (regime mode) 3V Yes

It can be noted that the LTC3108 DC-DC boost converter reveals the lower value of the minimum
input voltage, as low as 20 mV. However, it does not implements the MPPC/MPPT algorithm.
Otherwise, the other typologies of DC-DC converter are characterized by a higher start-up voltage and
implement the MPPC/MPPT function. Since the most important issues for the design of an energy
harvesting system based on optical nano-rectennas are the low output voltage, on the order of tens

microvolt, and the low available power on the load matching conditions, on the order of few picowatt,
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the LTC3105 and the SPV1050 are not suitable. Therefore, the DC-DC boost converter chosen for the
purpose of this work is the LTC3108. The absence of a maximum power point tracking system involves
that the input impedance of the converter would not be controlled immediately as the rectenna supplied
voltage changes. Therefore, the use of an external control is required in order to regulate the input
converter impedance. This circuit will be analysed in details in the chapter VI. The following subsections

instead will explain the evaluation board, the mode of operation and the input impedance evaluation of
the LTC3108.

4.3.1 — Evaluation board

The Demonstration Circuit 1582B featuring the LTC3108 is a highly integrated DC-DC converter
optimized for harvesting and managing energy from extremely low input voltage sources such as

thermoelectric generators. Figure 55 shows the connection diagram of the Demonstration circuit 1582B.
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Figure 55: LTC3108 Demonstration Circuit 1582B [135]

This Demonstration Circuit implements a transformer LPR6235 made by Coilcraft (USA). It has
been optimized for low start-up voltage with a 100:1 turns ratio transformer. Therefore, the minimum
input voltage for the star-up is 20 mV. The self-oscillating stage, consisting of the secondary winding
of the transformer and the capacitor C,, works at a frequency range from 10 kHz to 100 kHz. Considering
the Demonstration Circuit, the value of this frequency is about 44 kHz. The circuit includes three
external jumpers, which allow to connect Vs; and Vs pins to the output voltage pins Vaux and Gnp. In
this way it is possible setting the values of the output voltages Vour: and Voure. Table 7 shows the

electrical characteristics of the Demonstration Circuit 1582B [135].
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Table 7: Electrical characteristics of the Demonstration Circuit 1582B [135]

Chiara Di Garbo

Input Voltage Range 50 mV — 400 mV (typical no load start-up =20 mV)
Vipo 22V
Vour Jumper selectable from 2.35 Vto 5.0 V
Vour: Switching output, Vour2=Vour
Vsrore 525V

4.3.2 — Mode of operation

The block diagram of the LTC3108 boost converter is sketched in Figure 56.
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Figure 56: LTC3108 block diagram [132]

A specific output voltages sequencing characterize the start-up mode. The self-oscillating stage
supplies an alternating current to the transformer secondary winding that is boosted and rectified using
an external charge pump capacitor C; and the rectifiers internal to the LTC3108. The rectifier circuit
feeds current into Vaux, providing charge to an external Vayx capacitor and the other outputs. When
Vaux reaches the value of 2.0 V, synchronous rectifiers provide to the rectification of the input voltage,
improving thus the converter efficiency. A voltage reference is then activated. Once Vaux exceeds the
value of 2.2 V, the Vipo becomes active. When Vaux reaches the value of 2.3 V, the Vour is charging
and for its value within 7.5 % of its regulated voltage, Pop becomes active. This value indicates the

complete regulation of the main output voltage Vour. Once Vour has reached regulation, the Vsrore
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output begins increasing until it reaches its standard value. Figure 57 shows the output voltage

sequencing.
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Figure 57: Output voltage sequencing [132]

Therefore, the value of the LTC3108 input impedance depends on the value of Vv and on the value
of the input current Iv. The average value of this current depends on the frequency of the oscillator and
as a consequence on the MOSFET switching frequency. For this reason, the external control circuit,
which will be described in details in chapter VI, has to be able to change the MOSFET switching

frequency.

4.3.3 — Input LTC3108 impedance evaluation

In order to obtain a maximum power transfer from the energy harvesting system to an external load,
an impedance matching between the rectenna and the DC-DC converter is required. To this purpose, the
knowledge of the LTC3108 input impedance Ry is required. To estimate this input impedance the
voltage and the current at the input of DC-DC converter have been measured. These were taken
employing a DMM4050 Digital Multimeter (Tektronix, OR, USA), a E3615A Power Supply (Hewlett-
Packard, CA, USA), a MSO6104A Oscilloscope (Agilent Technologies, CA, USA), a 1582B Demo
Circuit (Linear Technology Corporation, CA, USA). The experimental rig is shown in Figure 58.
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Figure 58: The experimental rig

Figure 59 shows the sketch of the connections in the rig.
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Figure 59: Connections in the rig

The output voltage reference is indicated as Vsrore (see Figure 56). At the beginnings, a voltage in

a range of 40 mV — 400 mV is supplied at the input of LTC3108 by charging at first a 220 uF internal

capacitor Csrore between Vsrore and ground and then a 1000 pF external capacitor Cour between Vsrore

and ground. The input current has been measured. Then, the LTC3108 has been discharged by

connecting a 100 kQ resistor Rour at its end. The current has been calculated. Figure 60 shows the input

current during the charging phase of the output capacitor. This current is required from the circuit until

the voltage at Pgp terminal remains low. During this interval, it is possible to evaluate the input

impedance. The trends of Vsrore € Pep during a charge cycle also are shown in Figure 60.
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Figure 60: Time domain waveforms of input current Iin (top), Pcp voltage (middle) and output voltage Vsrore (bottom)

Table 8 shows the input impedance measures at Cour = Csrore = 220 uF and Royur = 100 kQ.

Table 8: Rix values at Cour =220 pF and Rour =100 kQ

Cror [uF] Rour [kQ] Vin [mV] Iiv [mA] Pcp Riv [2]
220 100 41.17 10.88 Low 3.78
220 100 41.19 12.46 High 3.30
220 100 90.66 33.06 Low 2.74
220 100 90.66 37.67 High 241
220 100 200.00 72.24 Low 2.77
220 100 200.00 78.42 High 2.55
220 100 300.00 113.40 Low 2.64
220 100 300.00 120.00 High 2.50
220 100 376.00 145.10 Low 2.59
220 100 376.00 151.00 High 2.49

Table 9 shows the values of the LTC3108 input impedance measured at Cror = Cour + Cstore = 1220
uF and Rour = 100 kQ.
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Table 9: Rin values at Ctor = 1220 pF and Rour = 100 kQ

Cror [uF] Rour [kQ] Vin [mV] IINn [mA] Pep Rin [Q]
1220 100 41.10 10.84 Low 3.80
1220 100 41.10 12.40 High 331
1220 100 90.33 33.25 Low 2.71
1220 100 90.33 37.70 High 2.39
1220 100 200.00 72.94 Low 2.74
1220 100 200.00 78.87 High 2.53
1220 100 304.00 115.20 Low 2.64
1220 100 304.00 121.60 High 2.50
1220 100 376.00 144.92 Low 2.59
1220 100 376.00 151.36 High 2.49

It can be noted that the input current of the LTC3108 is not influenced by the value of the load resistor
Rour. The values of Ry keep almost constant when the input voltage remains the same in both the two
measures. During the start-up phase, Pgp is still “Low”, the current is lower than its value in regime
mode and the value of Ry is higher, on the order of 3.8 Q — 2.5 Q. In correspondence of higher values
of input voltages, the values of the input current during the start-up and regime mode are almost similar.
As a consequence, the values of Ry are comparable. This because Vsrore is the output current driven.
This allows also to explain because the values of Rix measuring at Cror equal to 220 puF and 1220 pF
are the same. Other measures have been carried out at the value of Rour equal to 10 kQ and low values
of input voltages. At these conditions, Pgp has remained “Low”, highlighting how the value of the load
resistor Rour influences the discharge of the LTC3108. As a matter of fact, during the start-up the output
voltage sequencing provides that Vsrore begins to increase once the Vour reaches its rated value. The
load resistor Rour in parallel with the output implicates a charge and discharge of the storage capacitor.
As a consequence, the value of the discharge time constant RourCror could be much higher than the
value of the charge time constant; therefore, the LTC3108 converter would not reach the regime mode.
As the value of Rour changes to 100 kQ, Pgp is “High” and all the output reach their regulation. The
storage capacitor has an influence on the LTC3108 charge time and, as a consequence, on the start-up
time. The measures carried out at the two different values of Cror have confirmed these results.
Especially, the start-up time during the measures at Ctor equal to 220 pF is much lower than its value
during the measures at Cror equal to 1220 pF. In order to design the storage capacitor the knowledge of
the load impedance Zioap and, in correspondence of pulse mode operation, the maximum operation time

interval during which Csrore has to supply a constant current are needed.
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Conclusion

The main issues of the design of a system based on optical rectennas for energy harvesting application
have been taken into account. The RC time constant of the rectifier and the impedance matching
between the nanoantenna and the rectifier are two main factor that can limit the conversion efficiency
of a rectenna. The value of the RC time constant has to be on the order of a few femtosecond. This
would ensure a good rectification in the range of terahertz. Impedance matching between the antenna
and the rectifier determines how much of the power received by the antenna couples to the diode. In
order to ensure the maximum power transfer between the nanoantenna and the rectifier, Zs should be
equal to Rp. The diode resistance Rp is a characteristic element for each type of diode. The values are
typically in a range of 50 Q -300 Q for the state of art of MIM diodes and of the order of 1 kQ - 3 kQ
for the state of art of geometric diode. This means that the impedance matching between the nanoantenna
and the rectifier is very difficult to obtain without any expedients. Another issue is tied to the available
power on the load matching conditions and to the output voltage of the nanoantenna, whose values are
respectively on the order of few picowatt and on the order of tens microvolt. Ultralow power applications
usually require the values of input voltage that are much higher than that of the nanoantenna output
voltage, typically on the order of tens or hundreds of millivolt. For this reason, in order to interface an
external load with a rectenna a DC-DC boost conversion system is needed. This system provides the
matching with a downstream load, which harvests the output energy from the rectenna.

The main features of three type of commercially step-up boost power converters for ultralow power
applications have been taken into account. The LTC3108 is an ultralow voltage step-up converter and
power manager made by Linear Technology Corporation, CA, USA. This device is a highly integrated
DC-DC converter for harvesting and managing surplus energy from extremely low input voltage sources
such as thermoelectric generators, thermopiles and small solar cells. The mode of operation is based on
the self-oscillating stage that contains the secondary winding of the transformer, the gate-source junction
of integrated MOSFET and the external capacitor C,. The step-up topology operates from input voltages
as low as 20mV. The maximum value of input voltage is 500 mV. The LTC3105 is a high efficiency
step-up DC-DC converter made by Linear Technology Corporation, CA, USA. This device is usually
employed for low voltage, high impedance alternative power sources such as photovoltaic cells,
thermoelectric generators and fuel cells. An integrated maximum power point controller (MPPC)
maximizes the energy that can be extracted from any power source. The minimum start-up voltage is
250 mV, and the range of input voltages are from 225 mV to 5 V. The SPV1050 is an ultralow power
and high-efficiency energy harvester and battery charger made by STMicrelectronics™, USA. This
device is suitable for both photovoltaic cells and thermoelectric generators harvesting sources and it
allows to charge any type of battery, including the thin film batteries. Moreover, the SPV1050

implements the MPPT function and integrates the switching elements for boost or buck-boost converter.
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The typical minimum input voltage is 150 mV. However, a first start-up in boost configuration requires
an input voltage as low as 550 mV. A comparison between the three types of commercial DC-DC
converters have been made. Since the most important issues for the design of an energy harvesting
system based on optical nano-rectennas are the low output voltage, on the order of tens microvolt, and
the low available power on the load matching conditions, on the order of few picowatt, the LTC3105
and the SPV1050 are not suitable. Therefore, the DC-DC boost converter chosen for the purpose of this
work has been the LTC3108. The absence of a maximum power point tracking system involves that the
input impedance of the converter would not be controlled immediately as the rectenna supplied voltage
changes. Therefore, the use of an external control is required in order to regulate the input converter
impedance. The Demonstration Circuit and the operation mode of LTC3108 have been detailed. Finally,
the evaluation of the LTC3108 input impedance has been described. The values of this impedance are

in a range of 2.5 Q —3.8 Q.
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CHAPTER YV - DESIGN OF RECTENNA ARRAY

The main guidelines for the design of an array of optical rectennas will be defined in this section. In
particular, the optimal impedance matching between the array and the load will be investigated in order
to allow the maximum power transfer. The available power and energy during a typical day in Palermo
(South of Italy, 38.1157° N, 13.3613° E) at the terminals of the array of optical rectennas under matching
conditions will be evaluated. Finally, a comparison between photovoltaic cells and rectenna in order to

highlight the main differences will be performed.

5.1 — Impedance matching

In order to supply an external load a rectenna system is necessary. The equivalent circuit of a rectenna
consists of the nanoantenna circuit in parallel with the rectifier. The nanoantenna is shaped as a voltage
source Vqpen With an impedance in series Za. A junction capacitance Cp and a non-linear series resistance
Rp usually model the rectifier.

To calculate the impedance matching, the diode junction capacitance Cp can be neglected because it

behaves as a low pass filter. The current flowing in the circuit can be expressed as:

I _ Vopen —V RD + RL
Rat RoRL ° RA(RD + RL)+ RoRL (16)
Rp + R

The total power in the circuit can be expressed as:

Ro+R
PTOT =Vopen2 . > - (17)
RA(RD + RL)+ RoRL
The power in the antenna, in the diode and in the load are shown below:
Ra+ R ’
Pa = Vopen” - AT -Ra (18)
RA(RD + RL)+ RoRL
2
Po = Vopen > - Re -Ro (19)
RA(RD + RL)+ RoRL
2
PL = Vopen” - Ro ‘Ru (20)
RA(RD + RL)+ RoRL
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Figure 61 shows the curve of Pp. versus Ra and Ry.

Power

1
R antenna

Figure 61: Load power versus Ra and R.

It can be noted that if the value of Rp is greater than the values of Ra and Ry, the power in the diode
becomes very low and the power in the antenna and in the load are of the same order of magnitude. If
the values of Rp, Ra and Ry are similar, the power in the antenna, in the rectifier and in the load are
distributed like in (18)-(20). The best impedance matching condition is obtained when the value of Rp
is much larger than the values of Ra and Ry, and Ra and Ry are equal. In fact, the maximum of the curve
of the power supplied to the load is shown when the value of Ra is equal to the value of Ry; if the value
of Rp is close to the values of Ra and Ry, the power in the load decreases. This makes the matching
between a single rectenna and an external load very difficult, considering also the low output voltage.
Moreover, a single rectenna is not able to supply efficiently an external load. Therefore, the optimal
matching can be achieved by an array of optical rectennas whose equivalent impedance equals the
harvesting circuit impedance Zoost [43, 88-89]. The latter is typically a commercial DC-DC boost power
converter. To the purpose of this work, the LTC3108 boost converter has been considered, whose input
impedance Zioost i €qual to 2.5 Q.

The equivalent circuit of an array of optical rectennas is shown in Figure 62. Each cell consists of an
antenna with the rectifier placed in the gap, as it can be shown in several examples in the literature [57,

91].
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g

Figure 62: Equivalent circuit of an array of N*M optical rectennas

The equivalent resistance of a single rectenna Rgrecr can be expressed as:

R,R
Reect = —2—2— 22
RECT R, +R, (22)
The value of diode resistance Rp is assumed equal to 300 Q, typical for the state of art of MIM diode,
whereas the value of the internal nanoantenna impedance Ra depends on the dipole arm length.
If N rectennas are series connected (matrix column), the value of the column resistance Rcor, becomes

equal to

RA RD

RCOL:N'RRECT:N'RA_’_RD

(23)

This value is much higher than the value of the input impedance of the DC-DC boost converter.

Therefore, the impedance matching between the array and the DC-DC boost converter is not satisfied.
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As a consequence, the maximum power transfer between the harvesting system and the load is not
obtained [43]. It is needed, thus, to decrease this value of resistance connecting in parallel M column.
Therefore, the equivalent resistance of an array composed of N series connected optical rectennas

(string), parallel connected with M strings, is given by:

N N RR,
Req,array = M *NRect = M ) m (24)
from which the ratio of N/M is obtained as:
N Ra+R
—~ —-R J =22 D 25
M eqg,array ( RA' RD j ( )

The choice of the values of N and of M depends on the DC-DC boost converter downstream to the
array. In particular, N depends on the output voltage to be supplied to the DC-DC converter, whereas M

depends on the DC-DC converter input resistance.

5.2 — Voltage matching

In order to achieve the voltage matching between optical rectenna and harvester, the rectenna output
voltage has to be greater than the lower input voltage of DC-DC converter. This gives the lower limit
for N. Considering that the minimum voltage of the harvester is of the order of 20 mV, the minimum
voltage of the array has to be fixed to 40 mV. The maximum input voltage of the harvesting circuit is of
the order of 400 mV. So, the higher limit for N can be obtained when the maximum output voltage of
the array Vo amayis fixed to 800 mV (this value is equal to 400 mV when the matching load is connected
to the array). This is defined as the ratio between the maximum input voltage value of the harvester
Vinoost and the output voltage value at the rectenna Vpc. It should be noted that this value corresponds to
a DC voltage whereas until now the antenna has been considered as an AC generator. The diode
resistance and capacitance imply a rectifying behaviour giving the min value of the waveform obtained
by a nanoantenna. The DC value can be obtained by the Vpen by multiplying for 1/m (corresponding to

an half-wave rectifier). Therefore, N can be obtained as

Iboost

Vo Vopen (26)
T

N _VO,array _ 2V
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From the formula 25, it is possible to calculated the value of M:

N

R [ Ra+Ry (27)
eq,array Ra- RD

M =

Table 10 shows the values of N and M for nanodipoles whose arm length varies from 100 nm to 350

nm.

Table 10: Parameters of an array of optical rectennas

L [nm] Zipoost [2] Voc [uV] Vo,array [mV] N M
100 2.5 6.143 800 130230 2944382
150 2.5 8.438 800 94810 418293
200 25 8.230 800 97206 2184405
250 25 6.822 800 117268 2549305
300 25 5.887 800 135893 2810611
350 25 5.729 800 139641 2873272

It can be observed that the order of magnitude of the number of rectennas in an array of optical
rectennas coupled to the commercial DC-DC boost converter is about 10'%.

The array area can be expressed as

Aarray = N . M . Adipole. (28)

Table 11 shows the values of the effective area and the geometric area of a rectenna array for dipole

arm length between 100 nm and 350 nm.

Table 11: Effective area and geometric area of an array of optical rectennas

L [nm] Aeff [mm?] Ageom [mm?] Aeff/Ageom
100 2144 3220.9 0.665
150 1245.6 2504.78 0.497
200 1027.22 3482.33 0.295
250 969.11 6098.22 0.159
300 977.12 9319.4 0.105
350 1013.66 11395 0.09
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It can be noted that the effective area and the geometric area of each device are not the same.
Therefore, it is possible to define a Figure of Merit (FOM) as the ratio between the effective area and
the geometric area. This parameter is relative to the surface efficiency of the array of optical rectennas
and is as better as the dipole arm length is lower. Considering the values in Table 11, the dipole of 100

nm exhibits the most favourable ratio [88-89].

5.3 — Load power and energy evaluation

In order to evaluate the available power on the load the equivalent circuit shown in Figure 63 has

been considered.

Req,array

NVdc Ziboost | Vout

Figure 63: Equivalent circuit for calculation of rectenna array power

The impedance matching condition between the rectenna array Regaray and the load Zineost has been

assumed. The load power can be calculated by

V 2
I:)Ioad = 7 o (29)
Iboost
N C
where Vo is the output voltage at the load Zioost equal to T From the values of N and of Vpc

for each dipole and the value of Zoosi, the array power is equal to 64 mW. Considering the results shown
in Table 10 and 11, it can be deduced that the best performance have been obtained by the 150 nm
dipole. The 150 nm arm length dipole allows to obtain the lowest product N*M minimizing the overall
area of the array. On the basis of the results summarized in Tables 10 and 11, it can be deduced that the

dipole of 150 nm arm length exhibit, maintaining the same power on the load and the same voltage at
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the DC-DC boost terminals, the highest value of the single rectenna output voltage and consequently
the lowest size in terms of N*M matrix. In addition, the same dipole has a good ratio effective area over
geometric area. For this reason, the evaluation of the delivered energy is performed in the following
considering this kind of dipole.

Figure 64 shows the curve of solar radiation versus time during a typical day of July in Palermo
(south of Italy, 38.1157° N, 13.3613° E). It can be noted that the maximum of the solar radiation is at
the Zenith.
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Figure 64: Solar radiation versus time

The energy that can be delivered by an array of optical rectennas in a day can be expressed as:

R(t
é:day = J. I:)arrayﬁcIt (30)
t anax

where R(t) is the solar radiation versus time, Rmax is the value of solar radiation at Zenith and Parray is
the maximum value of the array power. On the basis of the curve shown in Figure 64, the energy
delivered to the LTC3108 DC-DC boost power converter, whose maximum input voltage and input
impedance are equal to 400 mV and 2.5 Q respectively, has been obtained. Under matching impedance
conditions, the array output power and the boost input power are the same and equal to 64 mW.
Therefore, the array output energy, calculated on the basis of formula (30), is equal to 1970.52 J. This
energy is able, for example, to charge a supercapacitor whose voltage is equal to 5 V and whose
capacitance is equal to about 157 F. If the operating voltage range of a common RF transceiver is about
0.5 V and the current is on the order of 30 mA, this value of the capacitance allows the operating mode
for about 40 minutes. The other dipoles analyzed need higher dimensions for both N and M and higher

surfaces in order to deliver the same energy [88-89].
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5.4 — Power evaluation under diode impedance mismatching

The available power on the DC-DC boost converter Pi,a¢ can be calculated as

2

Vo en
N 'Zlboost
T
N ({ R,-R
2 N A D +Zlboost
Vv M (R,+Rp (31)
I:)Ioad: =
Z Z

Iboost Iboost

In our case considering Rp equal to 300 €, the output power is about 64 mW. This value represents
a technological limit. A further reduction of Rp would allow the output power to be double; it
corresponds to the condition Rp equal to R as described in the literature [24, 33, 56, 83, 93]. On the
other hand, an increase of Rp does not imply a significant reduction of the power.

Figure 65 shows the trend of Pjoaq versus diode resistance Rp.
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Figure 65: Load power versus diode resistance

The available power on the DC-DC boost converter when it is connected to the array of rectennas
whose dipole arm length L is equal to 150 nm has been evaluated. The value of the diode resistance Rp
is varied in a range from 50 Q to 3000 Q with steps of 10 €. It can be noted that when the value of Rp

increases, the power on the boost decreases and tends towards a saturation value [88-89].
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5.5 — Comparison between Photovoltaic cells and optical rectenna

In Table 12, the main traditional PV cells and the optical rectennas features are compared.

Table 12: Comparison between traditional PV cells and rectennas

Traditional PV cell Rectenna

Reg
A —\AA——

l e
Source AN L

Model ) I\ / r \ o VaCoswt . ,

MPPT | Required Not required
P High low

V,1 Single cell Array

n 10 +20% Higher

It can be noted that a voltage source, Vopen, and an impedance in series Zeq model the optical rectenna,
while a current source, a diode and an impedance represent traditional PV cells. Therefore, the value of
nanoantenna impedance is crucial for the design and characterization of an optical rectenna. The
traditional PV cells, instead, require the maximum power point tracking (MPPT) and provide the values
of output power higher than the rectenna values. Moreover, the traditional PV cells depend on solar
radiation whereas the rectenna also could work in the absence of solar radiation exploiting the infrared
radiation. In particular, with respect to the traditional PV cells, in principle the rectenna is able to exploit
energy also at temperature lower than that of the solar radiation. In order to obtain solar energy
harvesting, a single traditional PV cell can be used. The output power and voltage of a single optical
rectenna are very low, of the order of picowatt and microvolt respectively; consequently, an array of
optical rectennas is needed to harvest solar radiation and to supply an external load. The theoretical
values of rectenna solar energy harvesting efficiency are much higher than the PV efficiency values.
The conversion efficiency of a rectenna depends on the power loss in the diodes, on the impedance
matching between the nanoantenna, the rectifier and the load, and on the nanoantenna efficiency [24,
41]. In the literature, a great variety of nanoantenna structures depending on the geometry of
nanoparticles can be found [27, 42]. The radiation efficiency of nanoantennas depends on the metal used
as conductor and on the dimension of the nanoantenna. The most used metals are gold, silver, aluminum
and copper, whose plasmonic properties lie in the optical range. Therefore, an accurate choice of
materials and design of nanoantenna is most important for its efficiency [56]. Relatively to the rectifier,
the main problems regard diode resistance, capacitance, and reverse-bias leakage. The diode resistance
has to be sufficiently low in order to achieve a significant reduction of power loss; the diode capacitance

has to be small in order to have a fast diode. The significant current for negative voltages in the diode is
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required to be lower, approximately 1pA or less [33]. Another issue is the impedance matching between
the optical rectenna and the load. The latter is typically a DC-DC boost power converter, modelled by
an equivalent input impedance. Considering the values of the internal nanoantenna impedance, the diode
impedance and the harvesting circuit input impedance, the optimal matching can be achieved by a

nanoantenna array whose equivalent impedance equals the harvesting circuit impedance [43].

Conclusion

The main guidelines for the design of an array of optical dipole rectennas to harvest the energy
coming from solar radiation has been defined. In particular, the optimal impedance matching between
the array and the load has been investigated in order to allow the maximum power transfer. In the case
of a single optical rectenna, the best impedance matching condition is obtained when the value of the
diode resistance Rp is much larger than the values of the internal nanoantenna impedance R4 and of the
load resistance Ri, and R4 and Ry are equal. Considering the values of the internal nanoantenna
impedance, the diode impedance and the harvesting circuit input impedance, the optimal matching
cannot be achieved by a single rectenna system. The power delivered to a load can be maximized by
matching the impedance of the nanoantenna and the impedance of the load. The optimal impedance
matching can be obtained by arranging the rectennas in a matrix of N*¥M optical rectennas to supply a
commercial DC-DC boost converter for harvesting applications. The equivalent impedance of the array
has to be equal to the harvesting circuit impedance. The choice of the values of N and of M depends on
the DC-DC boost converter downstream to the array. In particular, N depends on the output voltage to
be supplied to the DC-DC converter, whereas M depends on the DC-DC converter input resistance. The
order of magnitude of the number of rectennas in an array of optical rectennas coupled to the commercial
DC-DC boost converter is about 10'2. The effective area and the geometric area of each device are not
the same. Therefore, a Figure of Merit (FOM) as the ratio between the effective area and the geometric
area has been defined. This parameter is relative to the surface efficiency of the array of optical rectennas
and is as better as the dipole arm length is lower. The best results have been obtained by the 150 nm
dipole since it exhibits the highest value of the single rectenna output voltage and consequently the
lowest area in terms of N*M matrix. In addition, the same dipole has a good ratio effective area over
geometric area. For this reason, the evaluation of the delivered energy has been performed considering
this kind of dipole. The energy produced in a July sunny day has been calculated. This energy is able to
charge a supercapacitor of about 150 F with voltage equal to 5 V. The curve of the available power on
the DC-DC boost converter Pioaq as a function of the diode resistance Rp for a 150 nm arm length dipole
has been calculated. In particular, the value of the diode resistance Rp has been varied in a range from
50 Q to 3000 Q in steps of 10 Q. It can be noted that when the value of Rp increases, the power on the

boost decreases and tends towards a saturation value.
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Finally, the differences between photovoltaic cells and rectenna has been highlighted. A voltage
source, Vopen, and an impedance in series Z¢q model the optical rectenna, while a current source, a diode
and an impedance represent traditional PV cells. Therefore, the value of nanoantenna impedance is
crucial for the design and characterization of an optical rectenna. The traditional PV cells, instead,
require the maximum power point tracking (MPPT) and provide the values of output power higher than
the rectenna values. Moreover, the traditional PV cells depend on solar radiation whereas the rectenna
also could work in the absence of solar radiation exploiting the infrared radiation. The theoretical values
of rectenna solar energy harvesting efficiency are much higher than the PV efficiency values. In order
to obtain solar energy harvesting, a single traditional PV cell can be used. On the contrary, since the
output power and voltage of a single optical rectenna are very low, of the order of picowatt and microvolt
respectively, an array of optical rectennas is needed to harvest solar radiation and to supply an external
load. The array output energy is equal to 1970.52 J. This energy is able, for example, to charge a
supercapacitor whose voltage is equal to 5 V and whose capacitance is equal to about 157 F.

The analysis performed in this chapter represents a worst case scenario since the range of interest for
the collected radiation has been limited to 300 nm and 1200 nm, equivalent to a frequency range of 250
THz + 1000 THz and the rectifying diode impedance has been assumed to be equal to the best value
allowed by the actual technology.

The output impedance of the array of optical rectennas usually changes with the solar radiation during
a day, which depends on the Sun position. Therefore, in order to achieve an optimal impedance matching
between the array and the harvester and, as a consequence, a maximum power transfer, an external
control circuit that dynamically allows to obtain the impedance matching conditions is needed. This
circuit will be explained in details in the following chapter.

Despite several limitations, the designed matrix of rectennas appears very promising for energy

harvesting purposes.
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CHAPTER VI - MAXIMUM POWER TRANSFER OPTIMIZATION

This section considers the optimization of the maximum power transfer between the array of optical
rectennas and the harvesting circuit. At the beginnings, the external control technique will be discussed.
The design of the external control circuit in order to dynamically obtain the impedance matching
conditions will be defined. Finally, a description of the implemented external control circuit and several

tests will be performed.

6.1 — External converter control

The DC-DC boost converter chosen for the purpose of this work is the LTC3108. This device
operates from input voltages as low as 20 mV. The maximum value of input voltage is 500 mV. The
absence of a maximum power point tracking system involves that the input impedance of the converter
would not be controlled immediately as the rectenna supplied voltage changes. Since the impedance
matching between the DC-DC converter and the array of optical rectennas is needed in order to obtain
the maximum power transfer between the harvesting system and an external load, the use of an external
control is required in order to regulate the input converter impedance. The Demonstration Circuit 1582B
of the LTC3108 makes possible to access the SW pin, connected to the gate of the MOSFET, by means

of the welding area of the capacitor C,, as it can be shown in Figures 66 a) and 66 b).

Figure 66: a) Detail of the LTC3108 board; b) Detail of the LTC3108 block diagram [132, 135]

The accessing the gate of the MOSFET allows to control the duty cycle of the LTC3108 by means
of an external signal, to interrupt the switching cycle for a certain time interval, reducing thus the pulse
train that turns on the switch, and to decrease the average value of the LTC3108 input current Iiv. The
simulations of the equivalent circuit of the self-oscillating stage of the LTC3108, performed by means

of PowerSIM software, have allowed to verify the decrease of the LTC3108 input current stopping the
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pulse train through an external signal for a certain time interval. Figure 67 shows the equivalent circuit

simulated by the PowerSIM software.
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Figure 67: Equivalent circuit of the simulated self-oscillating stage of LTC3108

Figures 68 show the curves of reducing of the self-oscillating stage pulse train versus time.
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Figure 68: Trend of the reducing of the self-oscillating stage pulse train for different time intervals

It can be noted that in correspondence of the same value of the input voltage Vi, the decreasing of

the input current Iy results in the increase of the DC-DC boost converter input impedance Rin. In
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addition, these trends of the LTC3108 input current and of its average value confirm that it is possible
to obtain dynamically an impedance matching between the harvester and the array of optical rectennas
through an external control. The latter has to connect to the ground the input of the switch of the
converter, which turns off. Several simulations of the equivalent circuit of the self-oscillating stage with
an external signal have been performed for different values of the duty cycle of the square-wave external
signal, which short-circuits the gate of the MOSFET, obtaining thus the reduction of the pulse train, as

it is shown in Figures 69.
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Figure 69: Gate voltage of the MOSFET as a function of the external control

The control of the MOSFET gate has to be implemented when the increase of the value of the DC-
DC boost converter input impedance is needed. Otherwise, this control has not to operate and to supply
the MOSFET gate, compromising in this case the normal operation mode of the converter. The short-
circuit of the gate is realized connecting the external control circuit to the welding area of the capacitor

Ca.

6.1.1 — Open collector

In order to implement the external control of the gate of the MOSFET, a logic port has to used. In
particular, at the beginnings a NOT open collector port compatible with most TTL families has been
considered. The SN74LS06 is a hex inverter buffers and drivers with open collector high voltage

outputs. It is used to interface with high-level circuits and to drive TTL inputs. This device is
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characterized by two different output states. When the input is “High”, the output is “Low”, whereas
when the input is “Low”, the output is in “High impedance” state. A typical functional block diagram is

shown in Figure 70 [136].

Vece

OQutput
Input

GND

Figure 70: SN74LS06 functional block diagram [136]

The experimental rig, shown in Figure 71, has employed a DMM4050 Digital Multimeter (Tektronix,
OR, USA), a E3615A Power Supply (Hewlett-Packard, CA, USA), a MSO6104A Oscilloscope (Agilent
Technologies, CA, USA), a 1582B Demo Circuit (Linear Technology Corporation, CA, USA), a
PM5138 Function Generator 0.1 mHz — 10 MHz (Philips, USA) which generates the input square wave

of the open-collector port.
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Figure 71: Experimental rig
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Regardless of the control signal at the input of the NOT open-collector port, once this port is
connected to the capacitor C», the converter output voltage begins decreasing and the pulse train at the
gate becomes zero. This is because the open-collector internal resistance charges the converter self-
oscillating stage even there is not signal at its input. Therefore, this type of logic port cannot implement

the external control. The NOT three-state port has instead employed.

6.1.2 — Not three-state port

The NOT three-state port have three output states, “High”, “Low” and “High impedance”. The latter
allows to disconnect the device from the other parts of the circuit. A type of the SNx4LS24x families
has been implemented. In particular, the SN74LS244, which is an octal buffers and line drivers
specifically for three-state memory address drivers, clock drivers and bus-oriented receivers and
transmitters. This port is compatible with most TTL families made in Low Schottky technology having
operating frequencies on the order of tens MHz. The SN74L.S244, shown in Figure 72 a), is a 20-pin
chip which is characterized by two NOT line ports and 3-state outputs which are controlled by two

different inputs. The logic diagram is shown in Figure 72 b) [137].
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Figure 72: a) SN74L.S244 3-state octal buffer; b) SN74L.S244 functional logic diagram [137]

The input and the output of each buffer are sketched in Figures 73.
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Figure 73: a) SN74L.S244 typical input; b) SN74L.S244 typical output [137]

Table 13 shows the function table of the SN74L.S244 [137].

Table 13: SN741L.S244 function table

Inputs Outputs
G A Y
L L L
L H H
H X Z

The experimental rig, shown in Figure 74, is equal to that has been used for the tests with the NOT

open-collector port.
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Figure 74: Experimental rig
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The first of the eight buffers is connected at the input to Ve through the pull-up resistor, at the output
to the pin C; of the LTC3108 Demonstration Circuit. The square-wave control signal at a frequency of
1 kHz is connected instead to the control pin G. The value of the control signal frequency has been
chosen in order to be much lower than the switching frequency of the converter, the latter on the order
of 44 kHz. When the square-wave is “High”, the three-state port is in “High impedance” state regardless
of the input 1A. Otherwise, when the square-wave is “Low”, the three-state port turns on and the output
1Y becomes “Low”, i.e. equal to the ground. This means that at the C, pin there is a turnover of the
“High impedance” state Z, which corresponds to a virtual disconnection of the external control, and of
the “Low” state L, which corresponds to the short-circuit to the ground. The time interval in
correspondence of the output “Low” state is Torr. This time depends on the duty cycle of the square-
wave, which control the three-state port. The higher D, the lower Torr. This means that in
correspondence of high values of D the current decreases are smaller, whereas in correspondence of low
values of D, the current decreases are greater because the converter pulse train is reduced. An increase
of the values of the input impedance thus is expected. Figures 75, 76 and 77 show the measures
performed with the three-state port. In all the Figures the green curve is the input current Iy, the purple
curve is the gate pulse Vs, the yellow curve is the output voltage at Cour equal to 220 pF. The duty

cycle of the square-wave varies from 95% to 35%.
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Figure 75: Converter control at D = 95%
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Figure 76: Converter control at D = 50%
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Figure 77: Converter control at D =35%
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Table 14 summarizes the values of Inv € Riv in correspondence of a variation of D and for the same

value of the input voltage of 40 mV.

Table 14: Input current Iix and input impedance Rin values

Vin [mV] D Iy [mA] Rin [Q]
40 0.20 45.00 0.89
40 0.35 51.25 0.78
40 0.50 55.00 0.73
40 0.95 65.20 0.64

Figure 78 shows the trend of the input impedance versus the variation of the duty cycle D of the
square-wave. It can be noted that it is possible to regulate the converter input impedance by means of

the external converter control described in this section.

Rin VS Duty Cycle
I

0.9 T

0.6 1 1 | |
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Duty Cyle

Figure 78: Input impedance Rin versus square-wave duty cycle D

6.2 — Control circuit

The output impedance of the array of optical rectennas varies with the change of the radiation
conditions, which depends on the position of the Sun during the day. Therefore, the control of the gate
of the MOSFET has to be implemented when the condition of the impedance matching is not satisfied.
Otherwise, this control has not to operate and to supply the MOSFET gate, compromising in this case
the normal operation mode of the converter. The NOT three-state port can be employed as a switch able
to cancel the pulse train at the gate of the MOSFET. In the following subsections, the design of an
external control circuit which allows to enable or to disable the control on the DC-DC converter will be

explained.
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6.2.1 — Design of control circuit

The NOT three-state port can be driven by the square-wave signal at the pin G. In this way, the output
1Y can switch from the “High impedance” state to the “High” or “Low” state, depending on the value
at the input 1A. In order to disable its operation, the three-state port is driven by an OR port, made in
Low Schottky technology. The SN74LS32 is a quadruple 2-input positive OR gate, whose connection
diagram and logic diagram are sketched in Figures 79a) and 79b) respectively [138].
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Figure 79: a) SN74LS32; b) Logic diagram [138]
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Figure 80 shows the schematic of each OR gate [138].
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Figure 80: Schematic of the SN74L.S32 [138]

As it can be noted in Table 15, the output of the OR port is in “Low” state only if both inputs A and
B are in “High” state. If one of the two input is “High”, the output is “High”.

101



Innovative systems based on optical nanoantennas for energy harvesting application Chiara Di Garbo

Table 15: SN74LS32 function table [138]

Inputs Outputs
A B Y
H X H
X H H
L L L

This involves that only once the input B is in “Low” state, the output Y follows the square-wave
signal at the input A. In the designed external control circuit, the OR port drives the three-state port and

it is connected to the pin G, as it can be noted in the logic diagram shown in Figure 81.
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Figure 81: Logic diagram of the three-state port driven by the OR port

Table 16 shows the function table of this circuit.

Table 16: Function table of logic diagram in Figure 81

OR Gate 3-state NOT Gate
Al B1 Y1 G A Y
H X H L X Z
X H H L X Z
L L L H L H
L L L H H L

In order to drive the three-state port, the OR input Al is short-circuit to the ground while the square-
wave signal is applied at the OR input B1. In this way, the turn-on and the turn-off of the three-state
port is complementary with respect to the square-wave signal. In particular, the three-state output Y is
in “High impedance” state Z when the square-wave signal is “High”, whereas the three-state output Y
is equal to the three-state input A when the square-wave is “Low”. Therefore, depending on the three-

state input A, two case studies may arise.
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1) The three-state input A “Low”. If the OR input Al is “Low” and the OR input B1 is “Low”, the
three-state output Y is “High”, whereas if the OR input Al is “Low” and the OR input B1 is
“High”, the three-state output Y is in “High impedance” state Z. As a consequence, as the duty
cycle increases, the circuit is in “High impedance” state for a longer time. During the control,
the gate is thus not short-circuit to the ground. The value of its voltage is instead equal to output
three-state port voltage Vy. The control to the gate of the MOSFET is greater for low values of
the duty cycle D. Therefore, the external circuit operates in negative logic.

2) The three-state input A is “High”. If the OR input Al is “Low” and the OR input B1 is “Low”,
the three-state output Y is “Low”, whereas if the OR input A1 is “Low” and the OR input B1 is
“High”, the three-state output Y is in “High impedance” state Z. As the duty cycle increases,
the external circuit operates in negative logic. In this case, during the control, the gate is short-
circuit to the ground.

The operation in negative logic is because the three-state control pin is implemented by a NOT port.
In order to obtain an external control circuit operating in positive logic, the use of another NOT port
between the OR output and the three-state control pin is needed. This allows that as the value of the duty
cycle increases, the time during that the gate is controlled is longer. To this purpose, a NAND port
operating as a NOT port has been implemented. The SN74LS00 is a quadruple 2-input NAND gate
made in Low Schottky technology, whose connection diagram and logic diagram are sketched in Figures

82a) and 82b) respectively [139].
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Figure 82: a) SN74LS00; b) Logic Diagram of each gate [139]

As it can be noted in Table 17, the output of the NAND port is in “Low” state only if both inputs A
and B are in “High” state. If one of the two input is “Low”, the output is “High”.
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Table 17: SN74LS00 function table [139]

Inputs Outputs
A B Y
L X H
X L H
H H L

Connecting one of the two NAND input to the Vcc by means of a pull-up resistor, the NAND output
Y is equal to the inverter of the other input. The NAND port thus behaves as a NOT port. In this way,
the external control circuit operates in positive logic and, as the duty cycle increases, the time during
that the gate is controlled is longer. The logic diagram of the circuit consisting of the OR port, the NAND

port and the three-state port is shown in Figure 83. Table 18 summarizes its function table.

Vcc

Y1

B1

Figure 83: Logic diagram of the circuit with the OR port, the NAND port and the three-state port

Table 18: Function table of logic diagram in Figure 83

OR Gate NAND Gate 3-state Gate
Al B1 Y1 A2 B Y2 G A3 Y3
L H H H H L H H L
L L L L H H L H Z

The OR input Al is short-circuit to the ground in order to allow that the OR output Y1 follows the
square-wave signal. The NAND input B2 is connected to Vcc by means of the pull-up resistor, operating
therefore as a NOT port. The three-state input A3 is connected to Vcc by means of a pull-up resistor
allowing thus the output Y3 to switch between the “Low” state (the gate is short-circuit to the ground)

and the “High impedance” state (regime mode of the self-oscillating stage of the converter).
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6.2.2 — Implementation of control circuit

Chiara Di Garbo

The block diagram of the prototype of the external control circuit is shown in Figure 84.
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Figure 84: Block diagram of the prototype of the external control circuit [140]

Figure 85 shows its equivalent circuit.
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Figure 85: Equivalent circuit of the prototype of the external control circuit [140]

This circuit consists of the OR, NAND and three-state ports, two switches and two pull-up resistors.
The switch SW1 is used to carry the three-state port in “High impedance” state, allowing therefore to
disconnect the external circuit from the DC-DC converter. The switch SW2 allows to choose if, during

the gate control, either the gate is short-circuit to the ground or the gate voltage is equal to the three-
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state output voltage (High logic level). Even in the case of the external control output switches between
the “High” state and the “High impedance” state, the DC-DC input current can be regulated and the
value of the DC-DC input impedance can change [140].

6.2.3 — Measures

In order to validate the mode of operation of the system composed of the external control circuit and
the DC-DC boost converter, several measures have been carried out. The experimental rig, shown in
Figure 86, has employed a DMM4050 Digital Multimeter (Tektronix, OR, USA), a E3615A Power
Supply (Hewlett-Packard, CA, USA), a MSO6104A Oscilloscope (Agilent Technologies, CA, USA), a
1582B Demo Circuit (Linear Technology Corporation, CA, USA), a PM5138 Function Generator 0.1
mHz — 10 MHz (Philips, USA) which generates the square-wave signal.
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Figure 86: Experimental rig

The frequency of the square-wave signal is equal to 1 kHz, much lower than the frequency of the
LTC3108 self-oscillating stage equal to 44 kHz. The measures have been performed considering that
the external control circuit output switches between the “High” state H and the “High impedance” state
Z, following therefore the trend of the square-wave signal. Although the gate of the MOSFET is not
short-circuit to the ground, the value of the DC-DC converter input impedance is modulated through the
duty cycle of the square-wave signal at the input of the external control circuit. Figures 87 show the
trend of the gate voltage (in yellow) and the trend of the square-wave control signal (in purple). It can

be noted that during the gate control the pulse train can be cancelled.
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Figure 87: The trends of the gate voltage (yellow) and the square-wave duty cycle (purple) [140]
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Table 19 summarizes the values of the DC-DC converter input current Iy, the DC-DC converter input

voltage Vv and the input impedance Ri.

Table 19: Input current Iin, input voltage Vin and input impedance Rin values

D [%] Viv [mV] Iiv [mA] Rin [Q]
0 173.0 76.0 2.28
10 168.0 90.5 1.86
20 162.9 103.6 1.57
40 152.3 129.3 1.18
60 142.7 155.0 0.92
80 131.0 180.0 0.73

Figure 88 shows the curve of the DC-DC converter input impedance as a function of the square-wave

duty cycle.
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Figure 88: The DC-DC converter input impedance Rin versus the square-wave duty cycle D [140]

It can be noted that in correspondence of the same variations of the duty cycle, the range of Ry is
greater than that obtained during the testing with only the three-state port. Choosing the switching of the
external control circuit output between the “Low” state and the “High impedance” state, the range of
R is smaller; in particular, the maximum value is lower. The performed tests have demonstrated that
it is possible to vary the input impedance of the commercial DC-DC boost converter such as the
LTC3108 by means of the external control [140].

The block diagram of a possible typical energy harvesting system based on nanoantennas is sketched

in Figure 89.
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Figure 89: A block diagram of a typical energy harvesting system based on nanoantennas

This system should consist of an array of optical rectennas, a DC-DC boost converter, a load Z;, an
external control circuit and an external circuit implemented MPPT algorithms, which drives the external
control circuit. The MPPT algorithm circuit should operate a sensing of the values of the output current
and the output voltage of the array of optical rectennas. Furthermore, it should supply a signal
proportional to the square-wave duty cycle at the output of the control circuit. A typical MPPT
algorithm, usually implemented in photovoltaic cells based system, is the hill climbing. It allows to track
the maximum power point in real time and to carry out an impedance matching between the source and

the DC-DC converter.

6.3 — Power evaluation under mismatching conditions

The tests of the LTC3108 input impedance have demonstrated that, in correspondence of the
variation of the input voltage Vi, the input current Iy absorbed by the LTC3108 changes. This entails
that the DC-DC input impedance also changes and the impedance matching could be not satisfy. Table
9, in chapter IV, summarizes the values of Vi and Iy, which allow to evaluate the DC-DC converter
input power. Considering the variation of the input impedance Ry with respect to the optimum value
Rwm of 2.5 Q, it is possible to evaluate the input power as a function of the ratio between Ry and R
Table 20 shows the values of the input voltage Vi, the input current Iy, the input impedance Ry and

the values of the input power expressed as the formula

By =Vin i (31)
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Table 20: Input voltage Vin, input current Iin, input impedance Rix and input power Pin

Vin [mV] Iy [mA] Riv [2] Piv [mW]
41.10 10.84 3.80 0.44
90.33 33.25 2.71 3.00
200.00 72.94 2.74 14.59
304.00 115.20 2.64 35.02
376.00 144.92 2.59 54.50

These values are referred to the DC-DC converter start-up phase, in which the Pgp signal is in “Low”
state, and to the load that is the parallel between the capacitor Cour equal to 1000 uF and the resistor
Rour equal to 100 kQ.

Figure 90 shows the curve of the input impedance Ry as a function of the input voltage Vv during

the start-up phase.

RIN VS VIN (START-UP MODE)
. : ?

Rin |ohm]|

e N 100 130 200 150 e 3 40
Vin [mV]

Figure 90: Input impedance Rin versus input voltage Vin

Figure 91, instead, shows the curve of the input power Py as a function of the values of the input

impedance Ri.
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Figure 91: Input power Pin versus input impedance Rin

Normalizing the values of Py with respect to the maximum value of Py, Pmax = 54.50 mW, and the
values of Ry with respect to the optimum value of Ry, Rm = 2.5 Q, the curve shown in Figure 92 can

be obtained.

Pin/Pmax VS Rm/Rin (Start-Up Mode)
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Figure 92: Normalized input power versus the ratio Rm/Rin

It can be noted that the maximum value of the normalized input power decreases rapidly when the
ratio Rm/Rin is not equal to 1. This ratio represents a Figure of Merit (FOM) and expresses the mismatch
between the DC-DC boost converter input impedance and the rectennas array output impedance. The
maximum value equal to 1 represents the best impedance matching condition. Especially, from the
Figure 92, it can be noted that the input power decreases of about 90 % with respect to the maximum

value when the ratio Ry/Rix is about of 5 %. The results confirm that to the purpose of the maximum
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power transfer between the array of optical rectennas and the external load, an external control of the

DC-DC converter input impedance is needed.

Conclusion

The optimization of the maximum power transfer between the array of optical rectennas and the
harvesting circuit has been considered. In fact, the absence of a maximum power point tracking system
in the DC-DC boost converter chosen for the purpose of this work involves that the input impedance of
the converter would not be controlled immediately as the rectenna supplied voltage changes. Since the
impedance matching between the DC-DC converter and the array of optical rectennas is needed in order
to obtain the maximum power transfer between the harvesting system and an external load, the use of
an external control is required in order to regulate the input converter impedance. At the beginnings, the
external control technique has been discussed. The accessing the gate of the MOSFET allows to control
the duty cycle of the LTC3108 by means of an external signal, to interrupt the switching cycle for a
certain time interval, reducing thus the pulse train that turns on the switch, and to decrease the average
value of the LTC3108 input current Iiv. The control of the MOSFET gate has to be implemented when
the increase of the value of the DC-DC boost converter input impedance is needed. Otherwise, this
control has not to operate and to supply the MOSFET gate, compromising in this case the normal
operation mode of the converter. The short-circuit of the gate is realized connecting the external control
circuit to the welding area of the capacitor C,. The simulations of the equivalent circuit of the self-
oscillating stage of the LTC3108, performed by means of PowerSIM software, have allowed to verify
the decrease of the LTC3108 input current stopping the pulse train through an external signal for a
certain time interval. In order to implement the external control of the gate of the MOSFET, a logic port
has to used. At the beginnings, a NOT open collector port has been chosen. Regardless of the control
signal at the input of the NOT open-collector port, once this port is connected to the capacitor C,, the
converter output voltage begins decreasing and the pulse train at the gate becomes zero. This is because
the open-collector internal resistance charges the converter self-oscillating stage even there is not signal
at its input. Therefore, this type of logic port cannot implement the external control. The NOT three-
state port has been thus employed. A square-wave control signal at a frequency of 1 kHz has been
connected to the three-state control pin G. The value of the control signal frequency has been chosen in
order to be much lower than the switching frequency of the converter, the latter on the order of 44 kHz.
When the square-wave is “High”, the three-state port is in “High impedance” state regardless of the
input 1A. Otherwise, when the square-wave is “Low”, the three-state port turns on and the output 1Y
becomes “Low”, i.e. equal to the ground. This means that at the C; pin there is a turnover of the “High
impedance” state Z, which corresponds to a virtual disconnection of the external control, and of the

“Low” state L, which corresponds to the short-circuit to the ground. Several tests have been performed
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with the three-state port. In particular, the input current Iy, the gate pulse Vcz, the output voltage at Cour
equal to 220 pF and the duty cycle of the square-wave have been measured. The design of the external
control circuit has been then defined. The NOT three-state port is driven by an OR port. In order to
obtain an external control circuit operating in positive logic, the use of another NOT port between the
OR output and the three-state control pin has been needed. This allows that as the value of the duty cycle
increases, the time during that the gate is controlled is longer. To this purpose, a NAND port operating
as a NOT port has been implemented. A description of the implemented external control circuit has been
made. This circuit consists of the OR, NAND and three-state ports, two switches and two pull-up
resistors. In order to validate the mode of operation of the system composed of the external control
circuit and the DC-DC boost converter, several measures has been carried out. The frequency of the
square-wave signal has been set equal to 1 kHz, much lower than the frequency of the LTC3108 self-
oscillating stage equal to 44 kHz. The measures have been performed considering that the external
control circuit output switches between the “High” state H and the “High impedance” state Z, following
therefore the trend of the square-wave signal. Although the gate of the MOSFET is not short-circuit to
the ground, the value of the DC-DC converter input impedance is modulated through the duty cycle of
the square-wave signal at the input of the external control circuit. Choosing the switching of the external
control circuit output between the “Low” state and the “High impedance” state, the range of Ry is
smaller; in particular, the maximum value is lower. Therefore, the performed tests have demonstrated
that it is possible to vary the input impedance of the commercial DC-DC boost converter such as the
LTC3108 by means of the external control. Finally, a power evaluation under mismatching conditions
has been made. In particular, the maximum value of the normalized input power decreases rapidly when
the ratio between the maximum input impedance value Ry and the input impedance Ry is not equal to
1. This ratio represents a Figure of Merit (FOM) and expresses the mismatch between the DC-DC boost
converter input impedance and the rectennas array output impedance. The maximum value equal to 1
represents the best impedance matching condition. The input power decreases of about 90 % with respect
to the maximum value when the ratio Rm/Riv is about of 5 %. The results confirm that to the purpose of
the maximum power transfer between the array of optical rectennas and the external load, an external

control of the DC-DC converter input impedance is needed.

113



Innovative systems based on optical nanoantennas for energy harvesting application Chiara Di Garbo

CONCLUSIONS AND FUTURE WORK

The novelty of this study has consisted in introducing the concept of integrated design between an
array of optical rectennas and a harvesting circuit able to exploit the available energy. Especially, the
main guidelines for the design of an array of optical rectennas aiming to harvest energy and the
optimization of maximum power transfer to the external load has been studied and discussed. The design
of the array represents a crucial point in order to optimize the power transfer between the antenna and
the load and can influence the rectenna design. On the other hand, the maximum power transfer to the
load has to be obtained under matching conditions between the array and the load and can influence
both the design of the array and of the DC-DC boost converter. Several issues have been taken into
account to study and to design the optical nanoantennas. These devices have to be able to efficiently
capture the polarized incident radiation. This can be achieved using an appropriate structure. The
nanoantenna structure, in particular the materials used as conductor and the dimensions of nanoantenna,
also influences one of the most important nanoantenna parameter, the radiation efficiency. This is the
ratio between the radiated power and the power injected at the terminals. Therefore, an accurate choice
of materials and design of nanoantenna is crucial for its efficiency.

For this reason, at the beginnings, a description of the optical nanoantennas has been performed. In
particular, the two main typologies of optical nanoantennas, metallic and dielectric, and their typical
structures have been examined. The main techniques used for the fabrication of optical nanoantennas
have then been described. They include Electron Beam Lithography and Focused Ion Beam milling that
are top-down approaches requiring expensive equipment and, therefore, are not suitable for mass
production, and the Nano-imprint Lithography, which is a low-cost and high-throughput alternative. On
the basis of the analysis of the two main types of nanoantennas and of their main structures, the dipole
nanoantenna has been chosen. It offers easy production, fine tuning, high confinement of electric field
in the gap and less dissipative metal loss. The material chosen has been aluminium because it shows a
reasonable efficiency values over the whole frequency band of interest. Moreover, it has a transparent
oxide.

A numerical analysis of the dipole nanoantenna in order to acquire the main parameters has been
thus fulfilled. This analysis has involved that the fundamental theoretical techniques widely used for the
computational electromagnetics, such us Integral Equation and Differential Equations techniques, have
been discussed. Several simulation tools implementing these techniques have then been overviewed.
The main commercial and academic software tools are CST Microwave Studio (CST MWS), Ansoft’s
HFSS, FEKO, COMSOL Multiphysics, Lumerical and MAGMAS 3D. A description of the software
chosen for the design of optical nanoantennas, CST Studio Suite 2016, has been made. This
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electromagnetic simulation software provides a good compromise between costs and performances. The
tool used for the purpose of this work has been the CST MicroWave Studio (MWS), in particular the
Time Domain solver. The simulation time has been about 8-12 hours using a workstation with the
following features: Intel ® Core ™ 15-4590 CPU @ 3.30 GHz and RAM 8 Gb. The wavelength range
of interest is between 300 nm and 1200 nm, which corresponds to a frequency range of 250 THz — 1000
THz. This is the range commonly used in literature since it covers the visible and infrared interval. The
simulated dipole nanoantenna consists of a width W (in z direction) and of a height H (in y direction),
both equal to 40 nm. The arm length L varies in a range from 100 nm to 350 nm in steps of 50 nm. The
gap G is fixed to 10 nm. The main simulation results of the dipole nanoantenna have then been
summarized. In particular, the evaluation of the internal nanoantenna impedance has been detailed. The
method used to evaluate the nanoantenna effective area has been described. The analysis of the main
electrical parameters, i.e. the Poynting vector and the available power on the load matching conditions,
has been performed.

The rectenna topology, in particular the equivalent circuit configuration, has then been analysed.
This has implicated a study of the main types of the ultra-high speed rectifiers, such as MIM diode,
MOM diode, geometric diode and the forest of multiwalled carbon nanotubes. The diode equivalent
impedance has also been evaluated. It depends on the rectenna operation regime. The typical values of
the diode resistance are in a range of 50-300 Q for the state of art of the MIM diodes and of the order of
3 kQ for the state of art of the geometric diode. To the purpose of this study, the diode resistance Rp has
been chosen equal to 300 Q, which represents a technological limit.

The main issues of the design of a system based on optical rectennas for energy harvesting application
have been taken into account. In particular, the RC time constant of the rectifier and the impedance
matching between the nanoantenna and the rectifier are two main factor that can limit the conversion
efficiency of a rectenna. Another issue is tied to the available power on load matching conditions and to
the output voltage of the nanoantenna, whose values are respectively on the order of few picowatt and
on the order of tens microvolt. Ultralow power applications usually require the values of input voltage
that are much higher than that of the nanoantenna output voltage, typically on the order of tens or
hundreds of millivolt. For this reason, in order to interface an external load with a rectenna a DC-DC
boost conversion system is needed. This system provides the matching with a downstream load, which
harvests the output energy from the rectenna. Therefore, the main features of three type of commercially
step-up DC-DC power converters for ultralow power applications, such as LTC3108, LTC3105 and
SPV1050, have been taken into account. Since the most important issues for the design of an energy
harvesting system based on optical nano-rectennas are the low output voltage and the low available

power on the load matching conditions, the DC-DC boost converter chosen for the purpose of this work
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has been the LTC3108. Several tests have been carried out in order to evaluate the LTC3108 input
impedance. The values of this impedance are in a range of 2.5 Q — 3.8 Q.

The main guidelines for the design of an array of optical dipole rectennas to harvest the energy
coming from solar radiation has been defined. In particular, the optimal impedance matching between
the array and the load has been investigated in order to allow the maximum power transfer. The rectennas
have been arranged in a matrix of N*M optical rectennas to supply a commercial DC-DC boost converter
for harvesting applications. The array equivalent impedance has to be equal to the harvesting circuit
input impedance. The choice of the values of N and of M depends on the DC-DC boost converter
downstream to the array. In particular, N depends on the output voltage to be supplied to the DC-DC
converter, whereas M depends on the DC-DC converter input resistance. The order of magnitude of the
number of rectennas in an array of optical rectennas coupled to the commercial DC-DC boost converter
is about 10'2. A Figure of Merit as the ratio between the array effective area and the array geometric
area has also been defined, which is as better as the dipole arm length is lower. The best results have
been obtained by the 150 nm dipole since it exhibits the highest value of the single rectenna output
voltage and consequently the lowest area in terms of N*M matrix. In addition, the same dipole has a
good ratio effective area over geometric area. For this reason, the evaluation of the delivered energy has
been performed considering this kind of dipole. The energy produced in a July sunny day has then been
calculated. This energy is able to charge a supercapacitor of about 150 F with voltage equal to 5 V. The
curve of the available power on the DC-DC boost converter Pioaq as a function of the diode resistance
Rp for a 150 nm arm length dipole has been calculated. In particular, the value of the diode resistance
Rp has been varied in a range from 50 Q to 3000 Q in steps of 10 Q. It can be noted that when the value
of Rp increases, the power on the boost decreases and tends towards a saturation value. The analysis
performed represents a worst case scenario since the range of interest for the collected radiation has
been limited to 300 nm and 1200 nm, equivalent to a frequency range of 250 THz + 1000 THz and the
rectifying diode impedance has been assumed to be equal to the best value allowed by the actual
technology. Despite these limitations, the designed matrix of rectennas appears very promising for
energy harvesting purposes.

The output equivalent impedance of the array of optical rectennas usually changes with the solar
radiation during a day. The absence of a maximum power point tracking system in the DC-DC boost
converter chosen for the purpose of this work involves that the input impedance of the converter would
not be controlled immediately as the rectenna supplied voltage changes. Since the impedance matching
between the DC-DC converter and the array of optical rectennas is needed in order to obtain the
maximum power transfer between the harvesting system and an external load, the use of an external
control is required in order to regulate the input converter impedance. The external control allows to

control the duty cycle of the LTC3108 by means of an external square-wave signal, to interrupt the
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switching cycle for a certain time interval, reducing thus the pulse train that turns on the switch, and to
decrease the average value of the LTC3108 input current. Moreover, the external control of the gate of
the MOSFET has to be implemented when the change of the value of the DC-DC boost converter input
impedance is needed. Otherwise, this control has not to operate and to supply the gate of the MOSFET,
compromising thus the normal operation mode of the converter. The control of the gate has been realized
connecting the external control circuit to the welding area of the capacitor C,. A description of the
implemented external control circuit has then been performed. This circuit consists of a NOT three-state
port driven by an OR port, a NAND port in order to obtain an external control circuit operating in
positive logic and two switches. The value of the control signal frequency has been chosen equal to 1
kHz, much lower than the frequency of the LTC3108, equal to 44 kHz. In order to validate the mode of
operation of the system composed of the external control circuit and the DC-DC boost converter, several
tests have been carried out. These measures have been performed considering that the external control
circuit switches between the “High” state and the “High impedance” state, following therefore the trend
of the square-wave control signal. The results have confirmed that it is possible to vary the input
impedance of the commercial DC-DC boost converter, such as the LTC3108, by means of an appropriate
external control. This allow to optimize the maximum power transfer to an external load. Finally, a
power evaluation under mismatching conditions has been performed, confirming that to the purpose of
the maximum power transfer to an external load, the impedance matching conditions between the array
of optical rectennas and the harvesting circuit are needed.

A typical energy harvesting system based on nanoantennas should consist of an array of optical
rectennas, a DC-DC boost converter, an external load, an external impedance control circuit and an
external circuit implemented MPPT algorithms, which drives the external impedance control circuit.
The MPPT algorithm circuit should operate a sensing of the values of the output current and of the
output voltage of the array. Furthermore, it should supply a signal proportional to the square-wave duty
cycle at the output of the control circuit. In this way, the impedance matching conditions would be
constantly verified. The available energy on the load matching conditions would allow to charge a
supercapacitor whose is equal to 5 V and whose capacitor is equal to about 157 F. On the other hand,
the numerical analysis of the array of nanodipole would allow to verify if the dipoles interfere each
other. This would improve the design of the array and would influence the choice of the DC-DC boost
converter and the design of the external impedance control circuit. Last but not least, the values of the
diode resistance and the diode capacitance represent a technological limit. Therefore, further studies

should be performed in order to improve the rectification in the range of terahertz.
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Figure 93: Example of integrated design

Despite the big potentiality of the energy harvesting system based on nanoantennas analysed in this
study, several improvements could be performed. To this purpose, the integrated design between an
array of optical rectennas and a harvesting circuit able to exploit the available energy seems to be very

promising.
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PV
LWIR

AC
DC
EWEC
IR
EM
SPP
LSP
SEM
SC
NSC
EBL
FIB
PMM
LMI
Ga
NIL
IE
MoM
VIE
FEM
FDTD
PML
GUI
FIT
FFT
MIM
MOM
MIIM
MFPL
PAT
VCS
LCS
Au

Photovoltaic cells

Long-Wave Infrared Radiation
Radio Frequency

Alternating Current

Direct Current
Electromagnetic Wave Energy Converter
Infrared Radiation
Electromagnetic

Surface Plasmon Polarition
Localized Surface Plasmons
Scanning Electron Microscopy
Self Complementary

Non Self Complementary
Electron Beam Lithography
Focused Ion Beam Milling
Poly Methyl Methacrylate
Liquid Metal Ion

Gallium

Nano-Imprint Lithography
Integral Equation

Method of Moment

Volume Integral Equations
Finite Element Method

Finite Difference Time Domain
Perfectly Matched Layers
Graphical User Interface
Finite Integration Technique
Fast Fourier Transform

Metal Insulator Metal

Metal oxide Metal

Metal Multi-Insulator Metal
Mean-Free Path Length
Photon-Assisted Tunneling
Vertical Coupled Strips
Lateral Coupled Strips

Gold
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Cu
CuO
MOSFET
PWM
JFET
MPPC
LDO
MPPT
UVvP
EOC
FOM
TTL

Copper

Copper Oxide

Metal Oxide Semiconductor Field Effect Transistor
Pulse Width Modulation

Junction gate Field Effect Transistor
Maximum Power Point Controller
Low Dropout Output

Maximum Power Point Tracking
Under Voltage Protection

End Of Charge

Figure Of Merit

Transistor Transistor Logic
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