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Introduction

1.1 Motivation

Energy harvesting (also known as energy scavenging) is the process of
generating electrical energy from environmental energy sources, such as
electromagnetic energy, kinetic energy, or thermal energy. The term has been
frequently applied in the context of small autonomous devices such as the
nodes of a wireless sensor network..

Wireless sensor network (WSN) is an emerging wireless technique
which have drawn many research interests over last decades. This has been
used in diverse fields, employing a number of sensor nodes for environmental
sensing (temperature, pressure, humidity, etc.) and monitoring (structural,
health, etc.). Battery is a traditional option to supply power for remote
devices.

Depending on the application, battery can support the remote devices
for a certain life-time. Recharging or changing the battery is a repeated
maintenance work which is quite human-resource consuming, being even
impossible for devices located in places hard to be reached. Therefore, energy
autonomous sensor nodes has been proposed.

With the aid of the auxiliary energy transducers, the remote device is
able to harvest the power from the ambient/dedicated energy source, such as
solar and Radio Frequency (RF) waves, to self-support the communication
with other nodes for a lifetime unlimited by the battery capacity.

Energy sources have been explored since years, and energy transducers
have been designed for various sources. Hybrid energy harvesting systems,
which aim to utilize different energy sources in one remote device, are
proposed to supplement the single ambient energy source, the strength of
which is limited by the environmental situation, e.g. no sunshine available
during night. Energy source like dedicated RF radiation is a promising option

when ambient energy sources are insufficient.
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Introduction

1.2 Research Objectives

A possible solution to the problems outlined above is the use of a
multi-sources energy harvesting architecture which is presented in figure 1.1.
In particular, the Ultra Low Power (ULP) wireless sensor gas [1] and

temperature [2] were selected as wireless sensor node.

Multi-Source Energy Harvester

Solar
Radiation |

Buffer
Conversion Device Capacitor

Supercapacitor
"

Electromagnetic
Waves \=.
/ g8 @ T
,‘:‘E ‘E’& * - E%
i =
[}

1 Wireless Sensor
Tl Gas/Temperature

Fig. 1.1 Multi-source energy harvesting architecture.

This architecture is composed mainly of the two harvester circuit (one
relating to Solar Energy Harvesting (SEH), the other to RF Energy
Harvesting (RFEH)) and the power management circuit which is responsible
to manage the energy previously recovered. Also, there is a supercapacitor,
which, once loaded from power management, has to feed the wireless senor
node when the energy sources references are not present. This capacitor is
loaded when there is a surplus of energy, that is when the sensor is inactive
and at same time it is possible to harvest energy by means of harvester
circuits.

The goals of this work are to improve the RF energy harvesting
efficiency RF/DC using a new wideband rectifier topology (in this way it is
possible to harvest energy from many RF sources), to maximize the output

power of the small solar cells by MPPT circuit, and to manage the total

2



1.3 ThesisOutline

power harvested in order to supply the sensor node by means of power

management circuit and supercapacitor.

1.3 Thesis Outline

This Thesis is organized as explained below. The Thesis structure is
also shown in Figure 1.2.

An overview of wireless sensor networks is given in Chapter 2, where
limitations of battery operated sensor nodes and energy reservoirs are given.
Moreover, feasible energy harvesting techniques for wireless sensor node
applications are covered.

In Chapter 3, the wideband RF energy harvesting system is presented.
In particular, a flexible meta-material inspired antenna and a new multi-band
rectifier topology is proposed as rectenna (antenna with the rectifier circuit).

In Chapter 4, solar energy harvesting is discussed highlighting
photovoltaic fundamentals, maximum power point tracking and the
architecture used for the Solar Energy Harvesting.

Chapter 5 reviews the hybrid power management system architecture,
design and performance. Starting from this analysis, the prototype has been
realized and evaluated empirically.

Finally, in Chapter 6, conclusions and future recommendations are

presented.
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2
Energy Harvesting for Wireless Sensor
Networks

A Wireless Sensor Network (WSIN) is a network that contains sensors nodes that
work. together to monitor physical or environment conditions linked by wireless connections.
The operating lifetime of WSN is a crucial design parameter. 1t is possible increase the
antonomy of the nodes introducing the specific energy transducers able to harvest energy from
SUrroundings.

The extension of the battery lifetime is the most critical challenge concerning the
implementation of WSNs. This problem is more crucial for all applications where the
periodical node battery replacement is impractical or difficult. Several works have been
addressed o the design of autonomous sensor nodes, extending of the battery lifetime thanks
energy harvesting system [3-15].

In this chapter, energy harvesting solutions to resolve the problematic of lifetime
battery of the WS are discussed.

2.1 Outline of Wireless Sensor Networks
A WSN is a network consisting of low power and small sensors, linked
by wireless connections, that allow to monitor and control of the particular

surroundings from remote locations.

Wireless Sensor Network

Fig. 2.1 Wireless sensor network.
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These wireless sensing devices are called wireless sensor motes [16] and
each of them has the limited processing capabilities.

The design of autonomous WSNs requires both the minimization of
the power consumption of the node hardware and a power management
strategies. The ability to operate with a generic infrastructure, is one of the
main advantages. In fact, the WSN have the capability to send data from
remote and inaccessible locations not requiring infrastructure such as mains
power. A sensor node is composed of four parts: sensing unit, processing
unit, transceiver unit and a power unit [17].

It is possible to note in figure 1.1 that, the node information is sent to
sink node through the RF transceiver unit. The power unit contains a power
storage unit (battery or supercapacitor) and a power management circuitry
which has the task to manage and to improve the energy needed of the node.
To power up a sensor node, a energy storage device like battery can be used
to extend the lifetime of the node. Since the battery have a finite energy
density or power density, the maximum lifetime of the sensor node can be
achieved is one year. Unfortunately, with a limited battery capability, the

sensor node can communicate only limited distance.

2.2 Significance of energy harvesting for WSNs

In order to extend the lifetime and to improve the energy autonomy of
the wireless sensor nodes, energy harvesting techniques are investigated. The
energy harvested is used to recharge the energy storage device as battery or
supercapacitors of the sensor node.

Potential energy sources from the ambient environment are: sunshine,
vibration, heat, wind, RF waves etc. For different energy sources corresponds
different energy harvester transducer (solar panel, antenna, Seebeck thermal-
electrical generator, piezoelectric) that converting harvested power to
electricity able to supply sensor nodes.

Figure 1.2 shows the approximate amount of energy per unit available

from four micro-harvesting sources.



2.2 Energy storage

Energy Source Harvested Power
Human 4 yW/ecm?
Industry 100 pWw/ecm?
Human 25 uW/cm?
Industry 1-10 mW/ecm?
| bght |
Indoor 10 pW/cm?
QOutdoor 10 mW/em?
I
GSM 0.1 pw/em?
WiFi 0.001 mW/em?

Fig. 2.2 Energy harvesting estimate [18].

In order to realize sensor node self-sustained, techniques of the energy
harvesting were examined. Various feasible energy harvesting methods for
sensor nodes already exist as reported in [19-22].

For the WSM battery- powered, the task of the power management is
to minimize energy consumed [23] but introducing energy harvesting system
for each sensor node, the operating life sensor can be extended reducing also

the energy demand from the battery.

2.3 Energy storage

Energy storage plays an important role in energy harvesting
applications. An important parameter for all energy storage systems is the
storage capacity. The storage capacity refers to the amount of energy that can
be stored [24]. Common energy storage devices are batteries and fuel cells.
On the market exist different type of energy storages, e.g. zinc—carbon,
alkaline, nickel metal hydride (NiMH), and lithium-ion (Li-ion), capacitors,
and supercapacitors
Supercapacitors are a unique promising new technology that feature a
combination of relatively high energy density with high power density. As
seen in figure 1.3, supercapacitors offers a compromise between the positive

characteristics of both batteries and standard capacitors.
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Power density (W/ka)

10° 10" w0
Energy density (Wh/kg)

Fig 2.3 Power vs energy for various energy reservoirs redrawn from Cap-XX [25].

2.3.1 Supercapacitors
Supercapacitors, have similar characteristics to normal capacitors. The
main difference is that the supercapacitor present higher capacitance values
for volume unit while the energy is stored in the same way as in conventional
capacitors [26]. Moreover, they store electric charge without involving the
chemical reaction of a traditional battery that allows to reduce the
environmental pollution due to the chemical waste.

Their energy density is typically hundreds of times greater than
conventional electrolytic capacitors. They also have a much higher power
density than batteries or fuel cells.

Figure 2.4 shows the comparison between a conventional capacitor

(1mF) and supercapacitor (220mF). The physical size advantage is evident.

Supercapacitor Conventional capacitor

Fig. 2.4 Physical size advantage of supercapacitors.

Due to porosity characteristic of conductive plates area, the supercapacitor

presents high surface area and then high capacitance value.



2.3 Energy storage

The stored energy is a function of the capacitance and voltage potential
across the conductive plates. The energy stored in a supercapacitor can be

calculated using equation (2.1) [27].

E==-CV? (2.1)

where:
E = energy available in supercapacitor (joule)
C = capacitance of the supercapacitor (farad)

V = steady-state potential across conductive plates (volt)

Capacitors and supercapacitors have the same characteristics, but they
are different from batteries rechargeable in the charged and discharged
operation.

Moreover, for the batteries rechargeable, the potential across the plates,
a cell voltage of a battery is chemically defined and then the voltage, during
charge and discharge cycles, is constant. The voltage across a capacitor
increases and decreases linearly with respect to the charge across the
conductive plates [26].

Figure 2.5 shows the different charge and discharge characteristics for a

capacitor and a rechargeable battery.

Capacitors Batteries
Charge curve Discharge curve Charge curve Discharge curve

I 1
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Time (s) Time (h)

Fig 2.5 Charge and discharge characteristics redrawn from [20].
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2.4 Energy harvesting systems

Thanks to the introduction of energy harvesting techniques for WSNs,
sensor nodes could become self-sustained thus being only limited by the
failure of their own hardware and not by the energy source .

Energy harvesting means that the sensor node converts the energy
available in its environment into usable electricity to supply itself [28] More in
detail, an energy harvesting system is a system designed to match the variable
power output of the energy source to the inconsistent power demand from
the load by collecting, converting and storing energy. An energy harvesting
system, in fact, has an energy storage reservoir such as a rechargeable battery
or supercapacitor to collect the harvested energy.

Typical energy harvesting system architecture is sketched in figure 2.6:
the first block is the component responsible of the energy harvesting; then
the harvested energy arrives at boost converters that scale up the voltage;
finally the battery management systems stores the energy that is in this way
converted into a useful and regulated form, thus being suitable for many small

electronic and mobile applications [29].

Wireless
Interfaces

Energy Storage

AMP

Energy Harvester

Fig. 2.6 Energy harvesting systems diagram.

Energy harvesting systems can be grouped into three categories
according to the type of energy they use, which may be kinetic, thermal or

electromagnetic (including both solar and RF radiation).
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2.4 Energy harvestingystems

2.4.1 Kinetic energy

Kinetic energy is transformed to electrical energy by means of
electrostatic, piezoelectric or electromagnetic mechanisms that convert the
displacement of a moving part or the mechanical deformation of some
structures inside the energy harvesting module. In electrostatic transducers,
the distance or overlap of two electrodes of a polarized capacitor changes due
to the movement or the vibration of a movable electrode. This motion
produces a voltage change across the capacitor and results in a current flow in
an external circuit.
In piezoelectric transducers, vibrations or movement cause the deformation
of a piezoelectric capacitor thereby generating a voltage [30].
In electromagnetic transducers, the relative motion of a magnetic mass with
respect to a coil causes a change in the magnetic flow. This generates an AC
voltage across the coil [31]. The piezoelectric mechanism allows to obtain the
most efficient conversion.
Thanks to recent advances in MEMS technology the piezoelectric-based
energy harvesting systems have been miniaturized, this making them usable in

the WSNs context [31-32].

Fig. 2.7 Schematic of a piezoelectric micro-power generator [32].
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2.4.2 Thermal energy

A thermoelectric generator basically is formed by a thermocouple,
consisting of a p-type and n-type semiconductor connected electrically in
series and thermally in parallel. The temperature difference between the cold
and hot junctions is proportional to the electrical current produced (by the
Seebeck effect). An electrical load is then connected in series with the
thermo-generator, thus creating an electric circuit [28]. Bi, Te, is the most
widely used material for the fabrication of thermoelectric generators, at room
temperature. Poly-SiGe has also been used, especially for micro-machined
thermopiles [33]. Moreover, research on nano-structured materials is ongoing

worldwide in order to optimize thermoelectric generator performance.

Fig. 2.8 Micro-machined thermopile [33].

2.4.3 Electromagnetic energy

Electromagnetic radiation is an interesting energy source, either in the
form of light (known as solar energy), or lower frequency RF radiation. Both
methods are extensively used in many present devices. Solar energy is a
mature technology. Photovoltaic systems are found from the megawatt to the
milliwatt range, being used in a wide range of applications. Outdoor they are a
viable energy source for self-powered systems, while indoor the illumination
levels are much lower (10-100 pW/cm?. In this case, in fact, a higher
sensitivity is required, given the lower level of illumination, that means a fine-
tuning of the cell design to the different spectral composition of the light. RF

energy harvesting systems overcome such limitation [34]. Indeed, RF power

12



2.4 Energy harvestingystems

can be easily provided when needed, in every location. RF harvesting systems,
in fact, rely on a RFID-like approach: the power is delivered to passive tags
through the radio waves transmitted by a reader. This solution gives makes
the RF-powered devices to be located in inaccessible or hazardous areas, or,
more in general, in locations where battery replacement is highly impractical,

thus giving great flexibility to these kind of systems.

2.4.3.1 Solar based energy harvesting

Solar cells have been used to power electronic systems, converting solar
energy into electricity, for decades.

Even if light intensity varies dramatically due to the 24 hour solar cycle
and cloud cover and to the location on the earth’s surface (longitude and
latitude), the gap between indoor irradiance and outdoor lighting still remains
large, ranging from a few mw/cm” for indoor cell to hundreds of mw/cm? for
outdoor solutions [35].

The most relevant problem to be solved in harvesting efficiency is the
Maximum Power Point Tracking (MPPT) that is impedance matching

between the supply and the source at runtime [306].

&
-V Curve
_?: L LT WE MPP
Q_‘i
Q0%
v v'.'-":

Fig. 2.9 Maximum power point of a photovoltaic module.

The impedance of a solar panel is primarily a function of the sunlight
intensity and the current, and to a lesser extent of temperature and other
factors. For a given level of light intensity, the maximum power point (MPP)

is the point that maximizes the power output on the I-V curve depicted in

13
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figure 2.9. There are several academic prototypes that use photovoltaic cells
for embedded systems; more recently, some solutions have been found also

for wireless sensor nodes [37-43].

2.4.3.2 Radio Frequency based energy harvesting

This technique is based on the recovery of the energy contained in the
RF fields generated by sources of opportunity like TV towers, wireless radio
networks and cell phone towers [44-49]. Conceptually, this energy is captured
and converted into functional DC voltage by using specialized circuits directly
connected to the receiving antenna.

Although the energy intensity is lower compared to other energy
harvesting systems, RF energy harvesting systems have many attractive
features. Such systems can be used in any location where there is a dedicated
transmitter, thus not depending anymore on time of the day, geographical
aspects of the region, weather conditions etc., which must be considered in
other examples of energy harvesting systems above mentioned (including
solar, and wind energy). Figures 2.10 demonstrate the principle and

architecture of RF energy harvesting systems.

RF Sources
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Fig. 2.10 RF energy harvesting system architecture.

Powercast company, uses the energy from a dedicated transmitted RF
signal to supply wireless sensor nodes. The transmitter can be placed
everywhere, in any device thus sending a low, continuous signal to small

gadgets containing an embedded receiver [50].
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3
Wideband Radio Frequency Energy
Harvesting System

Odbyject of this chapter is the sizing and design of a circuit for the recovery of energy
from radio frequency sources present in the environment (GSM1800, UMTS, Wi-Fi or
Bluetooth). The advantages of using this type of source are related to the type of wireless
sensor (or sensor network) that it possible to supply. In particular, the sources of radio
frequency are a source of energy potentially available throughout the day, both outdoor and
indoor. Given the low power that can be recovered, these techniques will be developed for
WSN-ULP (Wireless Sensor Network - Ultra Low Power) systems that use a RF
Energy Harvesting system that converts the radio frequency electromagnetic energy available

in the environment into an electrical quantity in order to self-feed the same WSN.

3.1 Introduction

There is an increasing need for highly distributed ambient-embedded
systems, integrating wireless communication and sensing functionalities,
autonomous from the power supply point of view. For power needs of the
order of few uW, this can be accomplished by integrating harvesting
systems able to receive available RF power from wireless applications [51-54].
To this aim, the RF receiver should be highly versatile with respect to both
the operating frequency and the RF power range.

The Friis equation (3.1) relates the received (P, ) and transmitted (P)
powers with the distance R as:

A

P. = P,G,G, (—)2 (3.1)

4TTR

where G, and G, are antenna gains, and A is the wavelength of the transmitted

signal.
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As shown by equation 3.1, the received power is inversely proportional to the
square of the distance from the source. More precisely, this is true in “line of
sight” and, in realistic scenarios, the distance dependence is even more
constraining in terms of received power.

The following tables indicate the main electromagnetic sources and the
relative power density available in the input RF energy harvesting architecture

(before the conversion to DC) for outdoor-indoor applications [55].

50 kW AM RADIO STATION
Distance Density Power Available

5 Km 159 pW/m?

10 Km 40 uW/m?

Tab. 3.1 Density power available for the 50 KW AM Radio Station.

100 W GSM BASE STATION

Distance Density Power Available
100 m 800 uW/m?
500 m 32 uW/m?
1000 m 8 uW/m?

Tab. 3.2 Density power values available for the 100 W GSM Base Station.

0.5 W MOBILE PHONE
Distance Density Power Available
1m 40 mW/m?
5m 1.6 mW/m?2
10 m 0.4 mW/m?

Tab. 3.3 Density power available for the 0.5 W Mobile Phone.

1W Wi-Fi ROUTER
Distance Density Power Available
1m 80 mW/m?2
5m 3.2 mW/m?
10 m 0.8 mW/m?

Tab. 3.4 Density power available for the 1 W Wi-Fi Router.

The efficiency of an RF energy harvesting system 7] is defined as the ratio
between the harvested power (P,) and the received power (P,) as seen in

equation 3.2.

N = "% x 100 (3.2)

r
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3.2Wideband RF Energy Harvester

In order to get high efficiency from the energy harvester, the rectifier circuit
needs to be carefully designed by considering all its input parameters.
Generally, the power conversion efficiency depends on many design
parameters: load condition, input power level, number of stages, etc. [56-57].
The energy recoverable from electromagnetic sources is limited by the
existing law that on the one hand protects the health of citizens, on the other
hand minimizes the maximum transmitted power of the electromagnetic
sources. In particular, the Italian law DPCM of 8 July 2003 fixes the limit
values of the EM radiations to 1W/m* between 3MHz and 3GHz [58]
reducing thus the energy available in the environment.

Of course, the use of wideband architectures can overcome such
limitations, thus maximizing the harvested energy.
For these reasons, a wideband system architecture based on radiofrequency
energy harvesting, able to recover energy from available RF electromagnetic

sources to power wireless sensor nodes is presented.

3.2 Wideband RF Energy Harvester

The RF Energy harvester shown in figure 1.1 is the revision of a
previous architecture (see figure 3.1) which has been designed to work at
three different frequencies: GSM1800, UMTS and Wi-Fi. In fact, in order to
do this it was necessary to design each rectifier circuit at a different frequency
and adapt, by means of a matching network, the impedance of the antenna.
Finally, the outputs of the individual rectifier circuits, were linked together to
be able to sum, with a certain efficiency, the "single" powers harvested from
each circuit by means of a DC combining circuit.
Despite this architecture would present a good efficiency of rectification, it
had the disadvantage that the individual channels (each consisting of the
rectifier circuit and the matching circuit for a single frequency) were not
perfectly separated between them. In this way, the matching network of a
single channel depended also on the state (active or inactive) of the remaining
circuits. This drawback has been overcome by using a single matching

network which can, together with three different inductors (the number of
L
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the inductors derives from how many rectifier circuits we want to adapt to the
individual frequencies) to match the impedance of the antenna to the single

circuit rectifier multi-band impedance. This architecture is shown in Fig. 3.2.
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Fig. 3.1 Old wideband RF energy harvesting architecture.
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Fig. 3.2 New wideband RE energy harvesting architecture.

Now we analyze in detail the building blocks of the architecture showed in

figure 3.2.

3.3 Wideband RF Energy Harvesting Components

The building blocks of the new wideband RF energy harvesting
architecture, as showed in figure 3.3, are mainly three: the antenna, the
rectifying circuit and finally the power matching network which has the aim

to adapt the impedance between the antenna and the rectifying circuit.
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As mentioned earlier, the new approach to RF energy harvesting circuit
design proposed in this work is based on the voltage rectifier circuit. In this
subsection, we explain how to select the components of voltage rectifier and
the power matching network according to the constraints posed by the load,
and also how the components of circuit influence the efficiency and

performance of the circuit.
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Fig. 3.3 Building blocks of the wideband RF harvester.

The analysis begins with the design of a new type of antenna, based on

the concept of metamaterials (MTMs).

3.3.1 Flexible Metamaterial-Based Wideband Antenna

In the RF Energy Harvesting system, in order to minimize the overall
dimensions, it is necessary to use an electrically small antenna. In this thesis,
the antenna has been designed to fulfil emerging wireless technology
requirements related to the working bandwidth (in our case [1700, 2500]
MHz, including GMS, UMTS and Wi-Fi), and to the overall antenna
dimension (to be reduced as much as possible). To this aim, the small antenna
has been designed according to the recent MTM-inspired concepts [59]. As
well known, an electrically small antenna is an inefficient radiator, due to its

very small radiation resistance and very large capacitance reactance, with a
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large impedance mismatch to any realistic power source. The main idea,
coming from [59] and herein applied, is to achieve resistive and reactive
matching without using effective MTM medium, but with an element such as
an inclusion that could be used in MTM unit cell to realize an epsilon-
negative (ENG), mu-negative (MNG) or double-negative (DNG) medium
[59-61].

The result is a very efficient electrically small antenna, easy to realize, easy and
inexpensive to build, derived by applying MTM concepts, but that in reality
consists of a regular antenna just loaded with the elements mentioned before.
Innovative layouts of printed antennas based on transmission-line MTMs

have been recently reported [60-61].

3.3.1.1 Metamaterial Inspired Antenna Design and Simulations
The proposed antenna has been designed according to the MTM
concept of phase compensation [59], obtained through a series capacitive
loading and a shunt inductance. The first one is achieved by using an
interdigited capacitance along the body of the monopole, while the shunt
inductance is obtained by properly adding a strip totally running around the
monopole, connecting the monopole to the ground plane. It has been
demonstrated that, for the typology of the MTM called “planar MTMs”, the
permittivity and the permeability of the material can be represented
respectively by a capacitance and an inductance [62]. In this way, a “planar
MTM” can be modeled using a loaded transmission-lines in printed
technology and the electromagnetic behavior is dominated by a shunt
inductance and a series capacitance [63].
A transmission line is considered as an ordered repetition of unit-cells, but it
has been demonstrated that a single unit-cell of “planar-MTM” can be
sufficient to obtain the phase compensation in printed monopoles [64]. The
use of the phase-compensation law allows to reduce the antenna size [59].
The main concept is that the phase of a wave propagating in a DNG material
reversed (the Poyinting’s vector is anti-parallel to the wave vector) compared

to the case of a wave propagating in a conventional material. In this way, it is
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always possible to combine the two materials so as to apply and satisfy the
phase-compensation law. This theoretical result has been successfully applied
to design very innovative antennas and microwave components [62, 65-60].
The geometry of the MTM-inspired printed monopole is showed in
figure 3.4. It is composed of a central radiating element and two ground
planes, which, together with a central RF line, form the supply line coplanar

antenna.

WS
& 3
tanD 0.003
H [um] 500
Ls | w,[mm] 30

Ls [mm] 50
[ Metamateril inspired Antenna__|
W, [mm] 15.21 (A/11.5)
L, [mm] 34.45 (A/5.1)
t [um] 9
B [GHz] (1.71-2.53)

\ AREA [mm] | 1650

x

COPLANAR GUIDE

Fig. 3.4 Geometry e dimensions of the printed MTM inspired antenna.

The starting parameters of the central radiating element, having length (L,)

and width (W,), can be determined from the following expression [ref]

c 2

W, = —
A7 2f ler +1

(3.3)

c

B ZfO\/ gr,eff

L, (3.4)

The antenna is fed by a 50Q coplanar waveguide (CPW) transmission-line
with the slot width of 0.12mm and the center conductor width 2.2 mm, which
can be easily integrated with the other CPW-based microwave circuits.

The “planar MTM” is represented by the shunt inductance (obtained through

a metallic strip connecting the monopole to the ground plane) and the series
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capacitance (implemented through an interdigited capacitor placed to the
centre of the monopole). The monopole is printed on a flexible 0.5mm Astra
Isola dielectric (e,=3, tan5=0.0017).

The geometry of the overall “planar MTM antenna” (printed monopole,
shunt inductances and interdigited capacitor) has been numerically optimized
with CST full-wave simulator in order to match the monopole with the SMA.
The reflection coefficient magnitude at the input port, reported in figure 3.5,
shows a frequency band of operation (<-10dB) from 1700 to 2550 MHz,

which does not completely fulfil the requirement.

0 T -
IE
— ‘
o i
o ;
= ;
oy 10 H st
[ H \
@
§ = S
e
©
o
-— 2
=
(%]
25 rereersesssssasbesseesmssnane e seesneansense eesssessessosebissmsmssmessenbonesessnesessespers Moo nsenseoneere
-30
1 1.2 14 16 18 2 22
Frequency [GHz]

Fig. 3.5 .Magnitude of the reflection coefficient at the SMA port for the MTM
inspired monopole antenna.

The gain pattern of the proposed antenna on the (a) horizontal and (b)
vertical planes is shown in the figure 3.6. By varying the frequency, the
antenna gain remains constant at 2dB. Note that the co-polar (co-) and cross-
polar (X-) components are the vertical and the horizontal ones, respectively.
These show that the radiation performance of the antenna in terms of

polarization purity and pattern shape are rather stable with the frequency.

22



T7GHz]

-[1.8GHz]
0 9GHz]
] frats
10 8
20 1 4cu§]
- 30 5GHZ] =
0 4] @
B2 ] =
£ 50} £
S 60 270
£ o £
o %] o
E =
[} 3 [
O -30 Q
20

Fig. 3.6: Gain pattern of the printed monopole of figure 3.4 on the (a) horizontal
and (b) vertical planes. Co-polar (co-) and cross-polar (X-) components are the
vertical and the horizontal ones, respectively.
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Fig. 3.7 Gain pattern of the printed monopole of figure 3.4 in 3D view @ 2.1GHz.

In order to demonstrate the efficiency of the flexible antenna when it is
subjected to a deformation, simulations were carried out for varying
parameter K that indicates the vertical deformation of the substrate on which

the antenna is printed. Figure 3.8 shows the study cases analyzed.
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1° CASE FLATANTENNA

2° CASE: CONFORMALANTENNAWITH K=3mm

A
| K =3mm
¥

3° CASE: CONFORMALANTENNAWITH K=5.5mm

Fig. 3.8: Study cases analyzed for the flexible MTM inspired monopole antenna.

The vertical deformation values considered in the CST simulations were
respectively K=0 ( flat antenna), K=3mm and K=5.5mm. The reflection
coefficient magnitude at the input port, varying the K parameter, is reported

in figure 3.9, and it shows that the bandwidth remains almost constant.

S11 Parameter [dB]

-16 { S11_Flexible Metamaterial Inspired Antenna with K:Iimmj‘"
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1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3

Frequency [GHz]

Fig. 3.9 Magnitude of the reflection coefficient S11 to vary the vertical deformation
of the substrate.

Furthermore, the simulations confirm that this antenna continues to radiate in
the Theta component and, as can be seen in the figure 3.10, it presents a gain
which remains constant (for Theta=90 and Phi=90) for varying substrate

deformation.
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Fig. 3.10 Gain pattern of the flexible MTM inspired antenna on the (a) horizontal
and (b) vertical planes to vary the vertical deformation of the substrate at 2.1GHz

This means that, in a range of deformation between Omm and 5.5mm, the
antenna continues to “maintain” the operating band it was designed for.

In order to demonstrate the efficiency of the proposed antenna, in terms of
size reduction, it has been compared with two monopole antennas. The
antennas are again assumed to be printed on ASTRA Isola substrate and fed
by a 50 coaxial cable. In particular:

a) the first antenna, identified as Monopole Antenna 1, is the same antenna as
above (with the same dimensions WS, LS ) but without MTM components

(unload monopole).
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Fig. 3.11: Geometry and dimensions of the MTM inspired monopole antenna (green
line), Monopole Antenna 1 (red line) and Monopole Antenna 2 (blu line).

The geometry of the Monopole Antenna 1 and its dimensions are shown in
figure 3.11. It has been optimized in order to work at the 2.2GHz (center
frequency of the MTM inspired antenna work band). The maximum
frequency bandwidth of this antenna is comprised between 1.818GHz and
2.585GHz (red line in the figure 3.12). It is possible to note that the bands of
the two antennas are not identical, although they have the same dimensions.
This is due to the inclusion of the MTM components in the Monopole
Antenna 1. The working band is shifted towards lower frequencies by
100MHz. Now, since the two antennas have the same size but the MTM
inspired antenna radiates at lower frequencies, this proves that we have

compacted the total size of the proposed antenna

26



{S11 Monopale Antenna 1|.__: .
811 Manopole Antenna 2

{811 Metamaterial Inspired Astenna

(18178, -10.078 ) W 2
( ) 2

8 (1.7127,-10.031) -
B9 (269, -10062)

%

g g

S11 Parameter [dB]

| B=B19MHz |

-30

1 12 14 16 18 2 22 24 26 28 3

Frequency [GHz]

Fig. 3.12 Gain Magnitude of the reflection coefficient at the SMA port for the MTM
inspired monopole antenna (green line), Monopole Antenna 1 (red line) and
Monopole Antenna 2 (blu line).

b) the second antenna, identified as, Monopole Antenna 2, is an antenna
similar to the Monopole Antenna 1, but it has been optimized in order to
obtain an ultra wide-band, starting from 1.7GHz (blue line in the figure 3.12).
The aim is to compare the area of two antennas having the same working
band. The optimization process has led to a variation in the size of the
antenna compared to the case of Monopole Antenna 1. The geometry of the

Monopole Antenna 2 and its dimensions are shown in figure 3.11.

Comparing the working bandwidth and the total area of the two types
of antennas, it can be affirmed that, in these conditions, the inclusion of
MTM components on the same dipole, leads to a decrease of 17% of the total
antenna size. Before concluding, we remark that other monopoles have been
designed with the aim to check the effect of reducing the supporting board

dimensions.

3.3.1.2 Metamaterial Inspired Antenna Prototype and
Measurements

In this sub-section, the prototype of the proposed antenna and relative
measurements are reported. In particular, in figure 3. 13, the designed,
fabricated, and tested antenna is showed. The whole antenna dimensions atre
30 mm x 55 mm x 0.5 mm and the design is based on the MTM concept of

phase compensation, obtained in this case through a series capacitive loading
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(i.e. the interdigited capacitance along the body of the monopole) and a shunt
inductance (i.e. the strips running around the monopole connecting the

monopole to the ground plane).

Fig. 3.13 MTM inspired monopole antenna prototype manufactured on flexible
substrate.

In this sub-section are reported the measured results obtained from the
fabricated antenna prototype. The measurement was performed using Agilent
E8362B PNA series network analyzer.

The CST-simulated and measured magnitudes of S11 are shown in figure 3.14
The antenna exhibits the characteristics of the ultra-wide band operation, i.e.,
a measured -10 dB bandwidth of 900MHz from 1.6GHz to 2.5GHz.

The antenna therefore covers all the required services: GSM1800, UMTS, and

Wi-Fi. The measurements have been carried out in an anechoic chamber.

I | |
w— \lezsured S11 Antenna with Astra Substmte
—Corrpisted 511 ANtenna with Astra Substrate

gl \ /

LN\ yan
AN
\ rA. //

/

S11 Magnitude [dB]

1 12 14 [ 18 F] 22 21 F 28 3

Frequency [GHz]

Fig. 3.14 Computed and measured S11 of a MTM inspired printed.
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A small discrepancy in terms of frequency shift is observed between the
simulated and measured return loss of the proposed antenna. These
frequency shifts are attributed to the manufacturing tolerance errors, the
surface roughness, soldering, and also to the connector’s effect. This
association of the antenna on the PCB resulted in small shifts of resonances
without any noticeable degradation of their bandwidths.

After all, the measurements made show a good matching with the simulations

in terms of both bandwidth and gain.

3.3.1.3 Flexible Wideband Metamaterial-Based Antenna Array

The designed antenna possesses all the necessary requirements to be
used in the RF energy harvesting architecture. The only drawback regards the
feeding of the antenna: it is not in microstrip technology but in coplanar
technology. This could cause problems in the layout design of the rectifier
circuit (which is connected after the antenna). The production of a layout in
coplanar technology requires the occupation of a larger area since on the
metal layer placed on the substrate, in addition to the RF signal, also the two
ground planes that serve as reference to the RF signal must be present. In this
way it is necessary to adapt the parameters again bringing the antenna ground
plane under the substrate by means of two vias which connect the two
metallization separated by the substrate. At the end of an optimization

process, the new parameters of the antenna are shown in figure 3.15.
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Fig. 3.15 Geometry and dimensions of antenna in microstrip technology.

The performance of the S11 parameter that defines the working band is
shown in figure 3.16. The antenna has a working band (1.7GHz-2.5GHz)

perfectly in line with the demands of the project specifications.

Y v~
20 \\\ //
K \/ q (1681, -10.008)

i i g (2531, -1003)
El : :

1 12 14 16 18 2 22 24 26 28 3
Frequency [GHz]

S11 Parameter [dB]

Fig.3.16 Performance of the S11 parameter antenna adapted in microstrip
technology in CST.

Below is shown the trend of the radiation pattern of the monopole (in the
two components of theta and phi) at the center frequency (@2.1GHz). As
can be seen in figure 3.17, the antenna maintains a vertical polarization and a

gain of 2 dB.
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Fig.3.17 Gain and electromagnetic field performance (in the components theta and
phi) of antenna in technology microstrip calculated at frequency of 2.1GHz.

Once adapted the geometric parameters of the antenna and checked the
performances by a full-wave 3D simulator like CST, the next step has been to
simulate the same antenna using another simulator like ADS which is not 3D
but 2.5D. In fact, ADS is a simulator that allows the planar electromagnetic
analysis of planar structures such as an antenna. The antenna in ADS is
shown in figure 3.18. The upper metal layer that constitutes the antenna is
brown in color, while the lower one, which represents the ground plane is of
a yellow color. As can be seen, the two layers are connected through two via

holes (blue color) which drill the substrate (the Z axis in the figure is not to

i~

Fig.3.18 3D view of antenna in microstrip technology in ADS software.

scale).
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The working band is determined by the S11 parameter performance which is
showed in figure 3.19. In figure 3.20 it is possible to note two main lobes due

to the absence of the ground plane below the antenna.
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Fig.3.19: S11 parameter performance antenna adapted in microstrip technology
simulated in ADS software.
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Fig.3.20 Parameters and radiation pattern of the antenna adapted in microstrip
technology simulated in ADS software.

Once designed and sized the radiating element, the next step was to design an
antenna array in such a way of increasing the gain and the reception of the
electromagnetic power. The antenna array consisting of four antennas equally
spaced among them to A / 2 (with A corresponding to the minimum operating

frequency, @1.7GHz) is shown in figure 3.21.
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Fig.3.21 Antenna array 1x4 in microstrip technology (2D view).

The design of the antenna array provided the sizing (in terms of width and

length) of the feed line. In fact, in order to obtain 50L2 in input of array

antenna, a beam-forming network has been designed. As shown in Fig.3.21,

the width of the microstrip feed lines are not constant but was determined

after an optimization process. At the end of this process, the S11 parameter

which determines the working band of the array, respects the design

specifications.

S11 Parameter [dB]

m1 m2
freq=1.618GHz freq=2.549GHz
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0
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-25_5
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10 12 14 16 18 20 22 24 26 28 30
Frequency [GHz]

Fig.3.22 S11 parameter performance of the antenna array in microstrip technology.

Also in this case the radiation pattern of the antenna array presents

two main lobes (see Figure 3.23) while the gain is increased from 1.9dB to

7.8dB
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Fig.3.23 Parameters and pattern radiation of antenna array.

3.3.2 Rectifier Circuit
The approach to the RF energy harvesting circuit design proposed here
is based on a voltage rectifier circuit. In this subsection we explain how the
components were selected. In particular the dependence of the rectification

efficiency on these components was evaluated.

3.3.2.1 Voltage Multiplier Rectifier
The Voltage Multiplier Rectifier, as shown in Fig.3.23., has been widely
used in micro-power harvesting circuit [67-71]. The basic structure of the
conventionally used charge-pump rectifier is similar to Dickson’s DC-DC
charge pump architecture [72], which was proposed in 1976 and originally

used as DC-DC up-converter.

C1,n D1,n
" {:I Vpcout
1 ]
: D2n
1 ]
L
L
"
*
Ciz " D12 *
- , *
— o
JSDzz Cout ==
CI1II1 2 D
_ L = Cz22
VRrr I ZL Dbt i
Daa T Ca1
Voltage Doubler Rectifier _1L__

Fig. 3.24 N-stage voltage multiplier as a cascade of n - voltage doubler rectifiers.
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The voltage doubler rectifier structure is considered for the design
of the RF-Energy Harvesting system because it rectifies the RF signal input.
The voltage doubler rectifier in figure 3.24 consists of a peak rectifier formed

by C2 and D1 and a voltage clamp formed by C1 and D2.

The voltage doubler rectifier output is:

Vour=2Vrramp — Ven1 — Vena) (3.5)

where Vth is the threshold voltage of the diode and V is the RF input

RFamp
voltage. The individual stages of voltage doubler rectifier circuit can be
arranged in cascade as in figure 2 (N-stage voltage multiplier) to increase the

output voltage of the rectifier [73].

(N — 1)1L0AD)

Vour= (2N Varamp — 2NVin — 2
0

(3.6)

where I, ,p is the load current, C are the blocking capacitor and f; is the
working frequency.
When the rectifier stages are cascaded, each rectifier stage acts as a passive
voltage level shifter in addition to the voltage shift in voltage clamp and peak
rectification. The number of rectifier stages used in the design is an important
parameter. Indeed, choosing too few rectifier stages means to have
insufficient output voltage and, on the other side, choosing too many rectifier
stages damps out the effect of the high- resonator.

In particular, let us suppose that a sinusoidal voltage, Vi, with a

frequency f, and amplitude V is applied at the input of the voltage

RFamp>
multiplier. In order to have a small ripple in the output voltage, capacitances
have to be dimensioned so that the time constant is much smaller than the
petiod of the input signal, that is, 1/(2nCRL) << f,, where C are the blocking

capacitors and R; is the equivalent load resistance. In this way, the voltage

applied to all C capacitors and the output voltage can be considered a DC
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voltage. In such condition the input-output characteristic is implicitly given

by,

Vour ( Vour ) (VRFamp)
14+ —— =B 3.7
< +RLID,5AT> “Panvy) T\, (3.7)

where Vi, is the thermal voltage and B, is the modified Bessel function of
zero order. Solving (3.7) by numerical iteration, for a fixed output voltage and
power consumption, it is possible to note that the higher is the number of
stages, the smaller is the amplitude of the input voltage required to obtain a
given DC output voltage and power consumption. This is true as far as the

number of stages N becomes too large.

3.3.2.2 Choice of Diodes
One of the crucial requirements for the energy harvesting circuit is to
be able to operate with weak input RF power. For a typical 50 £ antenna, the
—20 dBm received RF power signal means an amplitude of 32 mV. As the
peak voltage of the AC signal obtained at the antenna is generally much
smaller than the diode threshold [74], diodes with the lowest possible turn on
voltage are preferable. In these applications, the Schottky diode is the best. It
uses a metal-semiconductor junction instead of a semiconductor-
semiconductor junction. This allows the junction to operate much faster, and
gives a forward voltage drop of as low as 0.15V.
In order to achieve a good performance, suitable Schottky diodes should be
chosen from those available on the market. The AVAGO HSMS family
diodes are ideal for these applications. In particular,in this work, the
HSMS2852 [75] diode has been selected.
The equivalent circuit of a Schottky diode is shown in figure 3.25.

[76], along with its package parasitic element.
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Fig. 3.25 Agilent HSMS2850 equivalent circuit of a diode Schottky.

In order to reduce the loss in the diode, it should have large saturation current
Iy, low junction capacitance C; which result in low forward voltage 17; small
series resistance R, small junction resistance R, and also finally smaller

parasitic effects to the substrate.

Parameter Units HSMS-285x
By Y 3.8
Co pF 0.18
Eq eV 0.69
Ioy A 3E-4

I A 3E-6
N 1.06
Ry Q 25
Py(V) AY 0.35
P(XTI) 2
M 0.5

Tab. 3.5 Spice parameters of a HSMS2852 diode Schottky.

3.3.2.3 Number of Stages

The number of rectifier stages N has a major influence on the output
voltage of the energy harvesting circuit. In N-stage voltage multiplier circuit,
each stage is a modified voltage multiplier, arranged in series. The output
voltage is directly proportional to the number of stages used and then N has a
major influence on the output voltage of the circuit. Moreover, the
constraints force a limit on the number of permissible stages. In fact, the
voltage gain decreases as the number of stages increases due to parasitic effect

of the capacitors, and finally it becomes negligible.
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Fig. 3.26 Effect of number of stages on the output voltage of energy harvesting
circuit.

Figure 3.26-show the impact of number of stages on output voltage
of an energy harvesting circuit.

We have used Agilent ADS with parameters sweep of —20dBm to
20dBm for the input RF power and circuits with various numbers of stages,
from 2 to 8 stages. The simulated circuit stage is a modified voltage multiplier
made of HSMS-2852, arranged in series and a 10nF capacitors. The voltage
plot shows that the highest voltage can be achieved by increasing the number
of circuit stages, but a corresponding increase in power loss is also introduced

into the low power region.

3.3.2.4 Effect of the Load Impedance
In the RF energy harvesting applications, the effect of the load
impedance is very important because it impacts on the circuit performance
(figure 3.27). We simulate the effect of load impedance on the efficiency of

the energy harvesting circuit using Agilent ADS with parameters sweeped
from —30dBm to 30dBm and 50082 to 1M for input RF power and load

value, respectively.
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Fig. 3.27 Effect of load impedance on the rectification efficiency of energy
harvesting circuit.

We observe that the circuit yields the optimal efficiency at a
particular load value, that is, the circuit’s efficiency decreases dramatically if
the load value is too low or too high. The energy harvesting in simulation is a
6-stage circuit, each stage is a modified voltage multiplier of HSMS-2852,
arranged in series. This behavior is caused by the non linear characteristics of
the diode, and, specifically, by his resistance, depending from the bias current.
In fact, with a given a received RF power, there is only an optimal load that

maximizes the power transfer.

3.3.2.5 Effect of the RF Input Power
Due to the presence of the diodes, the RF energy harvesting exhibits
non-linearity characteristics. This implies that the impedance of the energy
harvesting circuit varies with the power received from the antenna. In this
way, for the particular input power, the maximum power transfer to load can
be obtained when the circuit is matched with the antenna by means of a

impedance matching circuit.
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Fig. 3.28 Effect of RF input power on the impedance of the energy harvesting
circuit.

Figure 3.28 depicts the effect of RF input power, ranging from

—20dBm to 20dBm, on the impedance of the energy harvesting circuit.

3.3.3 Power Matching Circuit

A matching impedance circuit between the antenna and the rectifier
circuit is necessary to increase the input voltage of the rectifier circuit.
The equivalent input impedance of the voltage multiplier might be
represented, as a zero-order approximation, by the parallel of a resistance and
a capacitance. In the high frequency analysis of the voltage multiplier, all the
capacitances of the voltage multiplier can be considered as short-circuited and
so all diodes can be considered in parallel or anti-parallel with the input. As a
consequence, at the input of the voltage multiplier, the capacitances of all
diodes are in parallel [73]. The equivalent input resistance, Rin_eq of the

voltage multiplier is the resistance calculated from power consumption as:

_ VRFamp
Rin_eq - 2PIN

(3.8)

In order to compensate the equivalent input capacitance of the voltage
multiplier a proper inductance L', in parallel with the input of the voltage

multiplier can be used. So, the input impedance of the voltage multiplier can
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be modeled as a resistive load that allows to use a simple “impedance
transformer” (classic A/4 transformer) able to increase the voltage value at the
rectifier circuit input.

Since the input capacitance due to the diodes is variable with the voltage
across diodes, the inductance 1.' is dimensioned in order to resonate with its
average value at the operating frequency fy. Of course, this is reasonable
when the variations of the input impedance around the mean value are small
with respect to the equivalent input resistance [73]. This leads to the

condition,

Q
AC K ———— (3.9)
21Tf0 Rin_eq

where AC is the maximum variation of the input capacitance of the voltage
multiplier with respect to its mean value.

In order to realize the A/4 transformer we use an LC matching
network circuit (L series and C shunt).
The Q-factor of the LC matching network is limited by the resistance

transformation ratio [77] and its expression is given by

(3.10)

where R, Is the antenna resistance.
Using an LLC power matching network, the values of L. and C are chosen as

[77]:

R
_ Rant ad C=— 3% (3.11)
Wo Rin_eq(*)o

and the voltage value at the rectifier circuit input is VRpamp = QVRFsource-

41



Wideband Radio Frequency Energy Harvesting System

Note that the matching circuit is a crucial device for an harvesting system.

Indeed, the conversion efficiency of the system 7 defined as

Poc(F;
n[Pre(fi, ©), p, Zpcl = #EZ) (3.12)

where Py () is the statistically varying incident RF power and Pp¢(f;) is the
output load power, is closely related to the impedance matching o(Pyy; /)
between the antenna and the rectifier circuit that is a nonlinear function of

both power and frequency.

3.4 Ultra Low Power Comparator
The last component to be examined in the architecture in figure 3.3, is

the comparator. We chose an integrated circuit provided by Linear

Technologies, LTC1540 [78].
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Fig. 3.29 Nanopower threshold detector.

The LTC1540 is an ultralow power, single comparator with  built-in
reference. The comparator operates from a single 2V to 11V supply and 2V
represent a good power supply for the energy harvesting applications. The

comparator hysteresis is easily programmed by two resistors and the HYST
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pin. The LTC1540 is ideal for use as a nanopower level detector as shown in
figure 29. R1 and R2 form a voltage divider from V to the non-inverting
comparator input. R3 and R4 set the hysteresis voltage, and R5 and C1 bypass
the reference output. The following design procedure can be used to select

the component values:
1. Choose the V| voltage trip level, in this example 2.1V.

2. Calculate the required resistive divider ratio.

Vepr _ 1182V
Viy 2.1V

Ratio = =0.56 (3.13)

3. Choose the required hysteresis voltage band at the input V y, in this
example 60mV. Calculate the hysteresis voltage band referred to the

comparator input V.

Vug = (Wygiv) - (Ratio) = (60mV) - (0.56) = 33.6m (3.14)

4. Choose the values for R3 and R4 to set the hysteresis.

R4 = 2.4MQ (3.15)

Vyp = 33mV = R3 = 33kQ (3.16)

5. Choose the values for R1 and R2 to set the trip point.

\_ Vesr _ 1182V

= = 1.182M) 3.17
Igias 1uA ( )
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V
R2 =R1- “"V -1
Vrer +%
2.1V
= 1.18MQ - AR 1] = 887KQ (3.18)
1.182V +T

As can be seen from figure 3.4, this component is connected to the rectenna
circuit. This means that the load seen by the rectenna is the input impedance
of comparator. In order to optimize the rectenna circuit (in particular the
power matching circuit), it is necessary to calculate the comparator input
impedance. The procedure by which it was possible to calculate is shown in
the next chapter (Chapter 5, par. 5.3.2) because the comparator must be
connected to the input power management circuit which, in fact, will be
examined later. The results show that the input impedance mean value is
24kQ. Comparing with figure 3.27, it is possible to note that this value is a
very good load in order to obtain high rectification efficiency of energy
harvesting circuit. For this region, the 24 kCQ value will be used as resistive

load for the rectenna optimization.

3.5 Improvement of the Widedand RR Energy Harvesting
Architecture

In the preceding paragraphs, the components of the wideband RF
energy harvesting architecture were analyzed. In fact, the guidelines regarding
the sizing of the impedance matching network and the rectifier circuit were
defined. In particular, for the latter, it was obtained the rectification efficiency
at different number of stages, loads, RF input powers and also for different
diodes. Having this information available and considering that the system will
be working at the frequencies of the GSM1800, UMTS and Wi-Fi, it was
initially thought to use three double-stage rectifier circuits (each operating at a
different frequency). For low power system, the Schotkky diode HSMS 2852

from Avago technologies is chosen for its low voltage threshold. In this case,
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3.5 Improvement of the Widedand RR
Energy Harvesting Architecture

the equivalent load considered is the input impedance of the following stage
(ultra low power comparator).
The connection of the three rectifier circuits is shown in Figure 3.30

In order to achieve high efficiency rectification, the rectifiers need to be
matched to the antenna at all three frequency bands. In fact, the three
matching networks with poor bandwidth characteristics, have been designed
(following the lineguide paragraph 3.3.3.) to perform an impedance matching
between the antenna and the rectification circuit operating at different
frequencies.

The RF energy harvesting circuit is simulated using Agilent Advanced Design
System (ADS) software. In this work we use the harmonic balanced analysis
(a frequency domain method) since our objective is to compute the steady
state solution of a non-linear circuit. The alternate method, the so called
transient analysis that is undertaken in the time domain, is not used due to the
reason that it must collect sufficient samples for the highest frequency
component. This involves significant memory and processing requirements.
The circuit has an RF power generator multi-tone which represents the three

RF sources with real impedance of 50 Q.
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Fig.3.30 Old RF energy harvesting architecture implemented in ADS software.
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The rectification efficiency of this architecture, varying the RF power input
and working frequency, is shown in figure 3.33 (green line). As can be seen, in
all three cases, considering an RF input power of 0dBm, the rectification
efficiency is always higher than 40%. Furthermore, in figure 3.34 were also
considered the cases where there are also other RF signals in input to the
circuit. In particular, considering an equivalent input power equal to 0dBm,
the rectification efficiency values are higher than 50%.

The main disadvantage of this architecture is the matching network. In fact, it
is difficult to achieve a good matching because the input impedance of a
rectifier circuit is dependent on the other two circuits. Moreover, if we
consider that the latter also depends on the RF input power and the load, it is
evident that the matching networks are not "robust" to the variations of the
working conditions of the entire architecture.

To solve this problem, it was decided to use only one matching network and
only one rectification circuit in three stages. The electrical circuit of the new

architecture is shown in figure 3.31.
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Fig.3.31 New RF energy harvesting architecture implemented in ADS software.

Designing a triple-band matching network is not trivial. A technique of
designing a multiple band matching network for the rectifier is presented [79].
It simplifies the circuit and allows for tuning each matching frequency
independently. Figure 3.31 shows the schematic diagram of the rectifier. A

three-stage rectifier is chosen to have not only high sensitivity but also ease of
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3.6 Simulation Results

the triple band matching. A L.C voltage boosting network is used to match the
antenna impedance with that the rectifier circuit. Moreover, the three lumped
inductors L1, L2, and L3 improve the matching to 50 Ohm at our three
desired frequency bands. L1 is added to stage 1 in series with the load
capacitor as well as L2 and Le respectively to 2 and 3 stage.

When L3 is shorted, the rectifier has only 2 matching frequencies at
1800MHz and 2100MHz bands. When L2 is shorted, the matching at 2100
MHz is off and matching only occurs at 1800MHz and 2.4GHz. Similarly, the
matching at 1800MHz is off if I.2 is shorted. Therefore, we can say that L1
provides the matching for 1800MHz, L2 controls the matching for 2100MHz
and L3 helps to match at 2.4GHz.

The choice of the values of L1, .2 and 1.3 is also a function of the load used.

At this point it is necessary to highlight two aspects:

- The circuit of figure 3.31 should be connected to a power management

circuit which supplies the WSN node;

- Considering the little power recoverable, it is indispensable that it is
transferred to the power management circuit only when the output of the
circuit of figure 3.31 reaches a steady value sufficient to supply that
circuit. For this reason, it is necessary to include an ultra low comparator
which has the task to activate the power management circuit only when
the output of the RF Energy harvester reaches a minimum voltage of

2.1V.

This architecture, compared to the previous one, is more robust in terms of
impedance matching and is composed of fewer components. This means to
have available a stroger control of the parameters of the project and a lower

cost of the prototype.

3.6 Simulation Results
The values of L. and C components used in the matching network,

together with inductors L1, .2 and L3, were produced by an optimization
a7
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process in which were defined six targets (GOALS) to satisfy (see figure
3.32). In particular, these components optimize the maximum power transfer

between antenna and load at three different working frequencies.
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Fig.3.32 Optimization process in ADS through which was carried out the
impedance matching between the rectifying circuit and the antenna.
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Fig.3.33 Comparison in terms of rectification efficiency of the two architectures to
three different working frequencies.

After the optimization is achieved for both architectures, it was possible to
compare them in terms of efficiency of rectification for different input RF

signals. This comparison is shown in figure 3.33 and 3.33.

48



3.6 Simulation Results

- GSM1800 + UMTS 0 GSM1800 + Wi-Fi
2 gniFEecImcahum_Emc\ency_New_Arch\leclure:ED Eil| | = % JRecfification_Efficiericy_New_Arc hitecture=65.66 ‘
e 1| e ]
E 80 E 80
o ] o ]
< 70 | < 70 m1 ‘
2 ] mi | 2 ] ‘
2 By g | R i ‘
E‘ 507_ | E‘ 507_ ‘
g 404 | 3 404 ‘
i 5 a0
5 20 | 5 20 ‘
2 1] | ERIE. |
T o 3 0
e | T e e
ES R -S| 015 e A0 - 0520
Received RF Power [dBm] Received RF Power [dBm]
100 UMTS + Wi-Fi . GSM1800 + UMTS + Wi-Fi
2 gnfRec1\fma1\Dn7EffiE\enchJe-ALArE hiteciure=52.03 Z gOfRec(mcatlnn Efficienicy_New_Architecturé=638§ | |
E E
£ g0 | £ g0t |
£ 1] | £ ] |
< 70 | < 70 mi |
2 60 it | £ 60 e |
5 50 | 5 0 |
s 40 | 5 w0 |
5 30 5 30
5 20 | 5 20 |
£ 1] | £ 1] !
R S NARERARRRRSEES LEns s e i e
Received RF Power [dBm] Received RF Power [dBm]

Fig.3.34 Comparison in terms of "rectification-sum" efficiency of the two
architectures as a function of the sum of three different RF signals.

As can be seen, the efficiency values of the new architecture (red line), for a
power range from -20dBm to 0 dBm, are always higher than those of the old
architecture (green line). For input powers higher than 0dBm, the situation is
the opposite.

Defined all circuit components values, it was decided to test the robustness of
the circuit through a Monte Carlo simulation.

In particular, it was assumed a Gaussian distribution with a variance of 5%
for all values of the L-C components.

In figure 3.35 are shown the trends of the rectification efficiency (red points)
and the output voltage (blue points) to different values of the matching
network (Lm and Cm) and the inductance L useful to further improve the

adaptation of impedance fixed frequency and input power.
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Fig.3.35 Performance of the rectification efficiency and the output voltage for
varying matching network values at the three different working frequencies with
0dBm input power.

Using Monte Carlo simulations, it was analyzed the performance of the circuit
when the RF sources are considered. In particular, the output voltage and
rectification efficiency, varying the matching network component values and

working frequency, are shown in the figure 3.36
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Fig.3.36 Performance of the rectification efficiency and the output voltage varying
the matching network component values with multiple RF sources, assuming a
0dBm total input power.
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3.6 Simulation Results

The next step was to design the rectifier circuit layout in microstrip
technology and to verify the performance considering the non-ideal
characteristics of the substrate (Astra h = 500um, eps = 3, TnD = 0.0017).
For this reason, it was necessary to perform a Co-Simulation analysis using a
planar simulator like ADS, which takes into account the circuital aspects and
the mutual coupling phenomena.

In the figure 3.37, the final layout of the circuit of figure 3.31 is shown. The
stack-up circuit is composed of an upper metal layer (brown layer), a
substrate, a second metal layer placed under the substrate (yellow layer) that

represents the ground plane and via holes that connect the two metal layers.

Fig.3.37 Rectifier circuit layout in microstrip technology.

As can be seen, there are all the components that constitute the rectifier
circuit (diodes, capacitors, and inductors). These components are connected
to the various metal layers through the port circuit.

In this way it is possible to simulate, using a co-simulation, the behavior of
the circuit, considering every mutual couplings phenomena between the

various metal tracks.
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Fig.3.38 Co-Simulation process in ADS.

As expected, the introduction of the substrate into the design caused a
worsening of the rectification efficiencies at different working frequencies.

To solve this problem, it was necessary to perform a new optimization
process only for the components value and not on the layout geometry.
Following this procedure, the various efficiencies of rectification and the
relative output voltages (considering 24 kQ for the load) at the three different

working frequencies, are shown in figures 3.39 and 3.40.
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Fig.3.39 Rectification efficiency at three different frequencies derived from the co-
simulation-optimization process.
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Fig.3.40 "Rectification-sum" efficiency according to the sum of three different RF
signals derived from the co-simulation-optimization process.

Once fixed the values of the circuit components, it was decided to test again
the robustness of the circuit by changing the component tolerances through a
Monte Catlo simulation.

In figure 3.40 are shown the trend of the rectification efficiency (red points)
and the output voltage (blue points) to different values of the matching
network (Lm and Cm) and the inductance L. which is useful to improve the
adaptation impedance fixed the frequency and the input power. For example,
in figure 3.41a is shown the trend of these parameters in case of a GSM signal
with a power of 0dBm.

It can be noted, changing the parameters of the matching network and the L1
inductor (see figure 3.30), the rectification efficiency of the circuit, changes
between 35% and 65%.

Afterwards, using a Monte Carlo simulation, it was possible to analyze the
performance of the circuit when multiple RF sources are considered.

In particular figure 3.42 shows this trend considering the variation of the
matching network components and the L inductor considering three
different working frequencies and assuming a total input power equal to

0dBm.
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Fig.3.41 Performance of the rectification efficiency and the output voltage varying
the matching network component values in the three different working frequencies
assuming a total input power equal to 0dBm derived from the co-simulation-
optimization process.
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Fig.3.42 Performance of the rectification efficiency and the output voltage varying
the matching network component values for multiple REF sources, assuming a total
input power equal to 0dBm derived from the co-simulation-optimization process.
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4

Solar Energy Harvesting System

The limited battery lifetime of wireless sensor network, necessitates frequent battery
recharging or replacement. Solar energy harvesting is an attractive solutions to increase the
antonomy of these systenss.

In this chapter, we present a battery-less solar-harvesting circuit able to supply a
sensors for low-power applications. The harvester, composed of small size KXOB22-12X1
cells and a DC-DC regulator, performs maximum-power-point control of solar energy with

high efficiency.

4.1 Principle of power generation

The principle of power generation consists of the utilization of the
photovoltaic effect in semiconductors.

When the sunlight or any other light of proper wavelength is incident
upon a semiconductor surface, the electrons present in the valence band
absorb energy and, being excited, jump to the conduction band and become
free. These highly excited, non-thermal, electrons diffuse and some reach a
junction where they are accelerated into a different material by a built-in
potential. This generates an electromotive force, and thus some of the light
energy is converted into electric energy [80].

In most photovoltaic applications the radiation is sunlight, and the

devices are called solar cells.

Light \ Proton Metal contact (front) -

N .

Non-reflactive

coaling —

N-type emitter —= )] 4 LOAD
|
Junction (——/
P-type base 41— & Free electron
Hole & - o]
Metal contact (back) +

Fig. 4.1 Basic operation of photovoltaic cell.
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Table 4.1 (that shows the energy in the light) together with the table 4.2 (that

shows the common efficiencies for solar cells) give an idea of energy

availability.
. Power
Condition [mW/cm?]
Mid-day, no clouds 100
Outdoots, overcast 5
Incandescent bulb 10
3m away
Compact Fluorescent 1
Lamp 3m away

Tab. 4.1 Power available in different types of light [81].

Solar Panel Efficiency
[*o]
Silicon 25
GaAs 26.4
Amorphous Si 10.1
Organic 15.15
Multi-junction 32

Tab. 4.2Photovoltaic technologies and their reported maximum efficiencies

[82].

4.2 Architecture for the Solar Energy Harvesting

4.2.1 Solar Cells
The solar cell is a p-n junction semiconductor as shown in figure 4.2.
According to [83], the output voltage and current or V-I characteristics are

given by (4.1):

Fig. 4.2 Equivalent electrical circuit of a solar cell.
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Harvesting

(RS V + Rl
I=I—1;-[e\ T ) —1])— <R—h> (4.1)
S

where
- Iis the output voltage;
- Iis current respectively;
- R, is a series resistance of the cell;
- Ry is a shunt resistance of the cell;
- gis the electron charge;
- I is the photon-generated current;
- Idis the reverse saturation current;
- nis a dimensionless factor;
- kis Boltzman’s constant;

- Tis the temperature in Kelvin (K).

The output characteristics of solar cells are expressed through voltage-
current (V-I) or voltage-power (V-P) curves (figure 4.3). Varying a load
resistance from zero to a high impedance and measuring the relative current

and voltage, the V-I and V-P curves are achieved.

A
I-V Curve
= B MPP
)
oo
V vl.'-ll:

Fig. 4.3 V-1 and V-P characteristics for solar cells.

Solar cells are characterized by two parameters, the open-circuit voltage (V)

and short-circuit current (I.). The point at which the V-I curve and resistance
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(R,) intersects is the operating point of the solar cell and the relative voltage
and current are Vy,p and Iypp. The product of Vg, and I produce a
maximum power point (MPP) for the solar cell.

In the present work, three solar cells KXOB22-12X1 of IXYS [84] have
been used. The exposure area of each cell is very small (120pm? as shown in

tigure 4.4 and in table 4.3.

Package front-side and back-side view.

SolarBIT Pad Design. (Dimensions in millimeters)

—

Front-side View details

= [}
+ Ixys  _MI
KX0B 22-12X1 ‘
. L4
2 2 =
2

Back-side View details

Fig.4.4 KXOB22-12X1 solar cell dimensions.

Parameter KXO0B22-12X1
SOLAR CELL

Voe [V] 0.63
I [mA] 50
Pyax [mW] 22.3
Viax [V] 0.5
Lyax [mA] 44.6
Current Density 42.4
Fill Factor [%0] >70
Efficiency [%0] 22
Dimension [mm] 20x7x1.8
Unit Cell Size [mm] 20x6
Cell in series 1
Weight [g] 0.5

Tab.4.3 KXOB22-12X1 solar cell parameters.
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Harvesting

As reported in the datasheet [84], the solar cell has the following characteristic
J (current density) / V (voltage) and V (voltage) / P (power density)

Current-Voltage Characteristics

Current Density (mA/cm2)
%)
4l

{Zw ) Aysuag samo g

oo a1 02 03 o4 05 06 o7
Voltage (V)

Fig.4.5 V-1 and V-P curves for KXOB22-12X1solar cell.

With the solar cell size of 0.00012m*> (20mm x 6mm), the total maximum
power that can be harvested is 22.3mW. Furthermore, the variation of the
open circuit voltage for varying solar radiation (expressed in W/m?) is shown

in figure 4.6.

Open-Circuit Voltage vs. Irradiance
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Irradiance E (W/m?)

Fig.4.6 Open circuit voltage varying the irradiance solar for KXOB22-12X1 solar
cell.

The figure 4.5 shows the solar cell I-V characteristic and as it is seen the solar
cell has a maximum power point. This point can be tracked by several MPPT
techniques. In fact, the maximum power, in optimal conditions of light (clear

sky), is 22.3mW obtained with an J,;x = 44.6 mA/cm” and V,;, = 0.5V.
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4.2.1.1 Solar Cell Characterization

In order to verify the solar cell characteristics, it has been characterized
in indoor and outdoor environment. The light intensity was carefully
measured by Luxometer. Exposing the cell to different lighting conditions,
was measured the open circuit voltage V. across the terminals.

The energy in the light at the test site is defined as 683 lux corresponds

to 1W/m” . In these conditions, were found four special cases:

1.475 W/m? that corresponds to outdoor light with clear sky.

500 W/m? that corresponds to outdoor light with overcast sky.

95 W/m? that corresponds to inside light by a window.

4 W /m? that corresponds to low artificial light inside an office.

The results show in figure 4.7, are comparable with those reported in figure

4.6.

Open-Circuit Voltage vs. Irradiance

e

I ol

l

o
-

Open Circuit Voltage V. [V]

\f
f

Fig.4.7 Sperimential characterization of KXOB22-12X1 Solar Cell.
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The minimum irradiance E,; in order to obtain the maximum output power

cell is:

W PMAX[W] 223 " 10_3W
B[] -

w
= — 844,69 [—| (42
7 Agrr[m?] 022 (12 - 10-*m?) [mz] (42)
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Harvesting
Considering that
1 _ llumen 1 [W] n
YT T T 683 m? (43)
1W = 683lumen (4.4)

the minimum irradiance expressed in lux is:
w
Evin [lux] = 844,69 - 683 [W] = 576.928 [lux] (4.5)

For an irradiance value higher than E;, the output power cell will stay at a
constant value of 22.3mW.
In these conditions, assuming an average illumination, for example 10

hours, the total power harvested would be
Esolar_ceu = Pout_sotar_ceu * 10hours[mW] = 22.3[mW] = 36000[s] = 803[/] (4.6)

which is enough for our ULP sensors load.
Identified the solar cell, the next step was to identify the spice model to be
used for the architecture of the Solar Energy harvesting circuit. The

equivalent spice model of the solar cell is shown in figure 4.8.

Circuito equivalente della cella KXOB22-12X1@IXYS

I_cell

0.5

IL D1 V_cell
RSH
o SolarCell HIES o
Area=154e-6

.dcV_cell 0 .65 .01 IL 0 50m 10m

.model SolarCell D (IS=10e-9 N=1 Rs=0 C]J0=200e-12 M=0.5 BV=400)

Fig.4.8 Spice model for KXOB22-12X1 solar cell.
It consists of a current generator IL (which depends on the irradiation

conditions), a real diode and two resistances (series and shunt resistance of

the cell). Using the LTSpice (Linear Technology) circuit simulation software
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and performing a DC sweep simulation, it was obtained the following I-V

characteristic:

50mA

30mA:

280mY 350mV 420mV. 490mV. 560mY

Fig.4.9 I-V characteristic for the KXOB22-12X1 solar cell.

A single cell produces only 0.5V and thus needs a low voltage boost converter

to operate.

4.2.2 Step-Up DC/DC Converter

In the market, there are many DC-DC converters can be used for solar
cells, but not all offer a high output power and a low VMPPC voltage
maximum power point control. The LTC3105 [85] integrated step-up circuit
from Linear Technology has been designed in order to meet these
characteristics.

This converter was chosen to be implemented as the power converter
for the KXOB22-12X1-solar cell.

The LTC3105 is synchronous boost converter that incorporates
Maximum Power Point Control (using a programmable MPPC threshold),
and an integrated LDO regulator. This converter is able to operate on a wide
range of input voltages from 225mV to 5V.

The LTC3105 starts by charging the CAUX pin until this reaches 1.4V .
In this phase the MPPC is not yet enabled. When VAUX voltage is equal to
1.4V the converter starts to regulate the LDO output. When this is done, the

COUT capacitor is charged. (see figure 4.11 for the waveforms).
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Harvesting
g
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Fig. 4.10 Waveforms in the LTC3105 from datasheet.

The MPPC circuit allows the user to set the optimal input voltage operating
point for a given power source. The MPPC circuit dynamically regulates the
average inductor current to prevent the input voltage from dropping below
the MPPC threshold. In fact, this circuit is able to controls the inductor
current in order to maintain Vy at the voltage on the MPPC pin.

In figure 4.11 is showed the overall solar energy harvesting architecture

implemented in the Linear Technologies simulator.

Fig. 4.11 Solar energy harvesting architecture.
4.2.2.1 Component Selection

In this section, the components shown in figure 4.11 are chosen. For
the feedback inductor, low series resistance power inductors with values
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Solar Energy Harvesting System

between 4.7uH and 30uH are recommended. If the series resistance is too
high, efficiency will be reduced and the V ;- voltage will increase.

In many applications, a 10uH inductor is chosen. Moreover, this one must
have a high saturation current.

The MPPC voltage pin is set by connecting a resistor between the MPPC pin
and GND, as shown in figure 4.12.

MPPG
1044

Hupoe 1 LTC3106

Fig. 4.12 MPPC Configuration.

The MPPC voltage is determined by the equation:

Vuppc = 104A - Ryppc (4-3)

Setting the desired operating voltage of the solar cell at 0.5V, the MPPC
voltage Vynpe 1 1.5V (because in input to LTC3105 there is three solar cell
connected in series). In this way, the Ryppc resistor was fixed to 150k€2.

Input capacitor selection is highly important in low voltage. In many
applications, a 10uF ceramic capacitor is recommended between V and
GND. A 1uF C, ceramic capacitor is recommended between AUX pin and
GND, while a minimum 10 pF Cg ceramic capacitor is recommended
between Vg and GND with low ESR.

A resistor divider connected between the V. and FB pins determines
the step-up converter output voltage, as shown in figure 4.11. The equation
for Vo is:

R
Vour = 1.004V - (R—1 + 1) (4.4)

2

The open circuit voltage is fixed to 5V setting R1=2MQ e
R2=500kQ. Finally, between LTC3105 and GND, a N-Mosfet was inserted

in order to maximize the power consumption as long as the input voltage
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does not exceed the threshold voltage of the N-Mosfet, the LTC3105

regulator will not turn on. In figure 4.17, it is possible to show the Mosfet.

4.3 Simulations

Selected and sized all the components that constitute the system
architecture (figure 4.13), we passed to the simulation step. Several
simulations were performed as a function of photo-generated current of each
solar cell. In particular, the current generators that represent the three solar
cells have been set to a value of 15mA, intermediate compared to what they
can actually deliver. This value corresponds to the value of the photo
generated current by the solar cell in conditions of outdoor light overcast.

In fact, in ideal conditions of irradiation, each cell can deliver more than
44.6mA while in the case where the radiation conditions are hostile (obviously

excluding the evening hours) can deliver up 1-2mA.

Fig. 4.13 Solar energy harvesting architecture.

The performance of the input/output voltages of the DC-DC regulator and

Vinwe Voltage are shown in figure 4.14.

65



Solar Energy Harvesting System

Fig. 4.14 Input/output voltage for the IC LTC3105.

As can be seen in figure 4.15, in regime condition, the V1 sorar Output
voltage is 4.1V while, the V |\ 5014z Input voltage is comparable with that of
Ve 10 such a way that the integrated circuit LTC3105 regulate the feedback
current (IL1) required to increase the output voltage. This detail is evident in

figure 4.15.

Fig. 4.15 Inductor current 1.1 during the output voltage regulation phase.

In figure 4.16 is possible to note the operation of the ntjd4401 mosfet during
start-up. In fact, in this phase, the mosfet disconnects the LTC3105 integrated
circuit from the GND. When the input voltage of the system (Vi sorar) 18
greater than the threshold voltage of the mosfet (0.9V), it connects the
integrated circuit to GND. In this way, it is possible to optimize the

regulation phase of the output voltage. It is also possible to note how, in line
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with what is reported in the datasheet, the output voltage begins to increase

when the voltage on the capacitor C, reaches 2.6V.

Fig. 4.16 LTC3105 waveforms.

Finally, the whole architecture was simulated in different conditions of
irradiation: maximum light intensity which corresponds to a value of photo-
generated current of 44.5mA for solar cell and a minimum luminous intensity
(ensuring an output voltage of 5.1V) which corresponds to a value of photo-
generated current of ImA. In these two extreme conditions, the output

voltage reaches the regime voltage after 4ms and 90ms respectively.

Fig. 4.17 Input-Output LTC3105 waveforms @44.5mA solar cell current.
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Fig. 4.18 Input-Output LTC3105 waveforms @2mA solar cell current.

4.4 Scavenging efficiency

LTC3105 performs a so called Maximum Power Point Control, which
is a quite limited method of making sure to keep the solar cell at its maximum
power output. The method is to set the desired operating voltage via a
resistor Rype 0on the MPPC pin, where there is a reference current of 10uA,
and then the IC will make sure to operate the input at this fixed voltage level.
This solution cannot track the MPP when the light intensity changes and this
is very important for outdoors harvesting, as the light intensity is very
fluctuating. As the MPPC outputs just a reference voltage, one could connect
another circuit for tracking it (remembering to take the 10uA into account).
In order to evaluate the LTC3105 efficiency, the input power to the system
(by varying the current of each solar cell from 2mA to 45mA) and the output

power transferred to a capacitor of 10uF, has been calculated as follows:

E 1 /1
Poucavg = 12 = 12" (5 Cl0mar)? = o)1) (44)

where C is a 10uF output capacitor, Vy,« and V,,, are respectively the 90%
and 10% of the value of the output voltage. In this case, since V; is set to
5V, the values V,,,x and V,; correspond to 4.5V and 0.5V. At is, instead, the
time required by the output voltage to go from 10% to 90% of its steady state

value.
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4.4 Scavenging efficiency

The system input power was calculated as the sum of the output power of
each solar cell (for different values of the current photo-generated). All the

details are shown in table 4.4.

Iout_cell | Pout_cell | Pout LTC3105 | n LTC3105
[mA] [mW] [mW] [“o]
2 0,8 1,7 70,3
5 22 49 71,8
10 4.6 10,0 72,7
15 7,0 15,6 74,7
20 9,3 20,7 74,4
25 11,6 26,9 77,5
30 13,8 31,6 76,4
35 16,0 36,9 77,0
40 18,0 41,7 77,2
45 20,0 46,5 77,5

Tab. 4.4 LTC3105 efficiency calculated varying the solad ceitput current.

In this way, the LTC3105 regulator efficiency is defined as follows:

Pout_LTC3105 (4 5)

NiTc3105 =
3 * Pout_cell

The figure 4.19 shows the trend of the LTC3105 regulator efficiency varying
the current photo-generated by each solar cell (from 2mA to 60mA). As can
be seen, the efficiency is always higher than 70% in agreement with what

declared in datasheet [84].
LTC3105 EFFICIENCY

100,0
20,0
80,0
70,0
60,0
50,0
40,0
30,0
20,0
10,0

0,0

LTC3105 Efficiency [34]

2 5 10 15 20 25 30 35 40 45
CellSolar Current [mA]

Fig. 4.19 LTC3105 efficiency calculated through (4.5).
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After the design of the RF and Solar Energy Harvesting circuits, the next step
was to connect both the circuits in input to the LTC3108 power manager
which has the task of manage the input power recovered and to supply,

directly or using a supercapacitor (previously loaded), the WSN node.
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5

RF-Solar Energy Harvesting Architecture
with Power Management

The characteristics and power ountput capabilities of both the rectenna and the solar
cells were determined and discussed in chapters 3 and 4 respectively. With the knowledge of
experimental data gathered from these two energy sources, the prototype of a power
management system can now be designed. This chapter details the development of such a

system.

5.1 Overview

Figure 5.1 shows a block representation of the proposed power
management system. The system is capable of harvesting energy from solar
radiation (Eg) and Radio Frequency electromagnetic waves (Egp). These

circuits were designed separately in the previous sections.

RF-Solar Energy Harvester

Solar e P e S e e e s 1
Radiation | C

Convi erswn Device
____________________

Electromagnetic
Waves

/, (((J)7

=
=]
o
&

e

N\,

1 ‘Wireless Sensor
" Gas/Temperature 1
|

Fig. 5.1 RF- Solar energy harvester with power management circuit.
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Both Eg and Eg; are harvested through their respective converters and stored
separately. The system is capable of efficiently harvesting energy as well as
producing a regulated output suitable for the load, in this case the wireless
sensor node.

The LTC3108 integrated circuit by Linear Technologies is used as the
power management circuit. It is designed to accumulate and manage energy
over a long period of time to enable short power bursts for acquiring and
transmitting data. The bursts must occur at a low enough duty cycle such that
the total output energy during the burst does not exceed the average source
power integrated over the accumulation time between bursts.

Finally, the load is powered by the output capacitor and supercapacitor

connected to the system.

5.2 Ultra Low Power Sensor Load assessment

The proposed energy harvesting system was designed to supply,
without the use of battery, two WSN nodes:

- eZ430-RF2500 wireless sensors temperature (WST) of TT [1];

- Gas (CO) Sensor Platform with Bluetooth low-energy [2];
For both WSN nodes, the energy characteristics and the current absorption

trend are respectively listed and show in tables 5.1-5.2.

Wireless Sensor Temperature

Parameters Value

Supply voltage 3.3 [V]
Sleep mode current 1.3[uA]
Average active mode current 10.51 [mA]
Average current consumption 36.80 [pA]
Duration in active mode 2.838 [ms]
Frequency 1 [Hz]
Total power consumption 121.44 [pW]

Tab. 5.1 Energy characteristics of the wireless sensor temperature.
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5.2Ultra Low Power Sensor Load assessment

Wireless Sensor Gas

Parameters Value
Supply voltage 3.3 V]
Sleep mode current 1.1[nA]
Average active mode current 8.531 [mA]
Average current consumption 23 [pA]
Duration in active mode 2.675 [ms]
Frequency 1 [Hz]
Total power consumption 75.9 [uW]

Tab. 5.2 Energy characteristics of the wireless sensor gas.

Because it is not possible to simulate directly these sensors (Spice model is
not available), the load utilized as sensor is a resistive one with an absorption
current shown in [1-2]. For this reason, the current absorption profiles were

represented through a PWL curves as show in figure 5.2 and 5.3.

-2mA
129.0ms  129.3ms  129.bms  129.9ms  130.2ms _ 1305ms  130.8ms 131.1ms 131.4ms _ 131.7ms 132.0ms 132.3ms  132.6ms 132.9ms  133.2ms 1335ms  133.8ms

Fig. 5.2 Spice model for the temperature sensor transmission current profile.

-2mA
129.0ms  129.3ms  129.bms  129.9ms  130.2ms _ 1305ms  130.8ms 131.1ms 131.4ms _ 131.7ms 132.0ms 132.3ms  132.6ms 132.9ms  133.2ms 1335ms  133.8ms

Fig. 5.3 Spice model for the gas sensor transmission current profile.
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To ensure sustained operation, the following condition needs to be

true:

P; = P, (5.1)

where P; and P. are the generated and consumed mean power
respectively. Considering D a duty-cycle of the WSN node, the required

generated mean power is given as:
PG = (1 - D)Psleep + DPactive (5-2)

For example, for the WST the generated mean power would have to be

equal or more than 121.44uW for sustained operation.
EC = PC * TSTORE =121.44 IJ.W * 86400 s = 105] (53)

Considering a supercapacitor with operating voltage of 5.25V with the
minimum operating voltage 3.3V (supply voltage of WSN nodes), the

capacitance value required to supply the sensor for one day is given by

c _ 2xE; _2%105]
STORE —y2  — V2, 16.67V?2

=126F (5.4)

Instead, considering the Wireless Sensor Gas (WSG) load and Tz = 1 day,

the Cypopi: capacitance storage value is

2x*E.q _2%10.5]

C = =
STORE = y2  —V2,n 166712

= 787 mF (5.5)

This value is lower than previous ones because the total power consumption

value is smaller than that of wireless sensor temperature.
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5.3 Power Management

5.3 Power Management

In energy harvesting applications, in order to efficiently manage the
energy harvested is necessary to utilize an IC power manager. As a power
management component was chosen, an integrated circuit was provided by
Linear Technologies, LTC3108 [85]. It is designed to accumulate and manage
energy over a long period of time to enable short power bursts in order to
supply lo load. The PGD signal can be used to enable other circuitry when
Vur reaches regulation, indicating that enough energy to hold up the power

bursts.

Power Manager

4——%" LTl c Vstore
VDC_Gen CSTOREL
@. 25mF
2 Vout2_EN
uL

sw Vout —G Clleem
vs1 Vout2 —
Cin_tec 1508
- LTc3108 load
6.81

V_LD02
Cldol

2.2
V_AUX2 "

Vaux PGD
GND
caux1 2
- V_PGOOD i
270 i‘nﬂdmlntl

V_Ground_Ref2

Fig.5.4 L'TC3108 power management.

The output voltage value can be programmed setting the voltages on pins
VS1 and VS2 [85].

In order to demonstrate the efficiency and the benefits of the LTC3108
circuit, an ad-hoc example has been reported in figure 5.4. Considering a
sensor gas load power by means ideal voltage generator. This is connected in
input to LTC3108 circuit and it is turned-on for a short time interval (blue
waveform in figure 5.5).

In particular, the generator is turned-on for 15s. In this period, the voltage
Vioap (Wwaveform light green in figure 5.5) reaches the 3.3V after 6.5 s. In this
moment, the Cgpp; capacitor (0.2mF) begins to charge and at same time, the

PGD voltage goes from low logical value to high one. Just in this case,
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through a switch (M2 in figure 5.4) driven by V,;o0p Voltage, the sensor is
active for 26s that is, up to 33s.

Between 15s and 33s, the load is powered by Cgpopp capacitor previously
charged. When the Vg voltage begins lower the V|, voltage, the Cyropp
ends to supply the load. For Cgpopp: values larger, the standby time of the
sensor is extended. This example shows how the TLLC3108 regulator manages

efficiently the harvested power.

Fig.5.5 Waveform LTC3108 with Vour programmed for 3.3V.

In the WSN with very low duty-cycle, the V. capacitor should be
sized to provide the necessary current when the load is pulsed on. The
capacitor value required is a function of the load current, duty-cycle and the

voltage drop the circuit can tolerate.

I,0ap(MA) - tpyrse(sec)
AVour

Coyr(mF) > (5.6)

Obviously, during the interval between bursts, this capacitor must be
charged by an input voltage source.

The Cgpope capacitor may be of very large value to provide energy to
load when the input power is lost. Regardless of the settings for V., the
maximum voltage for the VS o pin is 5.25V. The Cgpp; capacitor can be

sized using the following:
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5.3 Power Management

c - [6;1A + 1y + Ipo + Upygrsr " t - f)] *TsrorE
sToRE = 5.25 — Vour

(5.7)

where 6pA is the quiescent current of the LTC3108, 1, is the load on V. in
between bursts, I, is the load on the LDO between bursts, I sy is the total
load during the burst, t is the duration of the burst, f is the frequency of the
bursts, Tgrog 18 the storage time required and V. is the output voltage
required.

The Cgrope capacitor value, for both sensors considered, were
calculated in (5.4) and (5.5) for Tqop=1 day

For both WSN nodes, the supply voltage is 3.3V and for this reason,
the V voltage is set to 3.3V. The maximum allowed voltage droop during a
transmit burst is 10% or 0.33V.

Considering the wvalues in the table 5.1, the minimum required

capacitance on V. 1s:

10.51mA - 2.838ms
0.33V

Cour(WF) = = 90uF (5.8)

While, considering the WSG, the minimum required capacitance on
Vour is:
8.531mA - 2.675ms
0.33V

Cour(WF) = = 70uF (5.9)

Considering both cases, a standard value of 100uF or larger could be used for
Cour In this case.
The average charge current I, required from the LTC3108 to support

the average load is

Igypst " t
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where I, is the sleep current between bursts, Iy gy is the total load current
during the burst, t is the duration of the burst and T is the period of the
transmit burst rate.

Considering respectively the WST and WSG, the average charge current
required from the LTC3108 would be:

10.51mA - 2.838ms
1s

8.531mA - 2.675ms

I > 5uA +
CHG u 1s

= 22.8uA (5.12)

Therefore, if the LTC3108 has an input voltage that allows it to supply
a charge current respectively greater than 35uA and 22.8pA, it can support

their bursts every second.

5.4 RF- Solar Energy Harvester Architecture

In this work, one of the functions of power management is to combine
the harvesting circuits designed previously. In fact, the power management
has two input pins: VIN and VAUX pin. This double input allows the two
circuits to be independent In figure 5.6, there is shown the final architecture
of the RF-Solar Energy Harvester circuit implemented in the LT simulator. It

is divided in four main parts:

- Solar Energy Harvesting circuit composed of three solar cells
connected to step-up DC/DC converter (LTC3105);

- RF Energy Harvesting circuit composed of rectenna connected to
ultra low power comparator;

- Power management circuit;

- WSN node
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All these components were analyzed, designed and dimensioned in the
previous sections. Let us define the Solar Energy Harvesting Subsystem
(SEHS) the combination of Solar Energy Harvesting circuit and power
management while RF-Energy Harvesting Subsystem (RFEHS) is the

combination of RF Energy Harvesting circuit and power management.

3 Solar_Cells Step-Up DC/DC Converter I I Power Manager
SOLAR ENERGY HARVESTING I’ ‘% %
RF ENERGY HARVESTING
Rectenna . Ultra Low Power Comparator o

IS [

Lk, bl Lil

Fig.5.6 Final RF-Solar energy harvester architecture.

We now analyze separately the performance of the two individual

harvesters in the presence of the power management circuit with WST and

WSG loads.

5.4.1 RF Energy Harvesting subsystem performance

The RF Energy Harvesting subsystem is able to harvest energy from
the following radio frequency signals:

- GSM1800@1795MHz;

- UMTS@2045MHz

- Wi-Fi@2445MHz
These signals, in the LT simulator, are represented by sinusoidal voltage
generators having an internal resistance of 50€2. Since this simulator, unlike

ADS, works only in the domain of time, it must collect sufficient samples for
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the highest frequency component. This involves significant memory and
processing requirements.

Before evaluating the performance of the RF energy harvesting with
power management, it is necessity to examine the comparator waveforms
(designed in the Chapter 3, par. 3.4) because it is connected with the rectenna
and power management. In particular, fixed the load, the power management
has been designed and the regime input resistance to the section shown in
figure 5.7, must be evaluated.

In [54], have been defined the design guideline of a rectenna and in particular
has been defined the rectification efficiency for varying input power.
Assuming to work in optimal load condition. Fixed the RF input power
(ImW) and the number of stages, the rectenna output voltage is equal to 2.8V
and the rectification efficiency is around 50%. The rectenna can be
considered as a voltage generator (with 5.6 V open circuit voltage and 14k
internal resistance) able to deliver up to 500uW when the optimal load is
connected. This generator was added to the input of the comparator and

power management (see fig. 5.7).

Ultra Low Power Comparator DiodEs Bk oy
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Fig.5.7 Input resistance calculation procedure for the comparator-power
management circuits.

It is possible to note in the figure 5.8, that the sensor WSG (represented by
the red bursts current) turns-on after 9s. The comparator goes from the high
to the low logic state when the voltage of V,,; exceeds the comparator

reference voltage (1.18V). Moreover, as can be seen, the comparator power
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consumption is less than 2.2 pW. This value is in agreement with datasheet
value [78]. Figure 5.9 shows a zoom of the previous simulation where the

waveforms comparator are indicated.

4.8pW 3.6V

4.84W 3, 3y-

4005 gy.

SBHW ) 2y

3.2pW-
W v

2.8pW
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1.8V
2.0pW-
1.5V
1.6

1.2v-
1,200

L
0.4pw n.sv]

0.0pw{0.3V |

-0.4uw-10.0v
0s

Fig.5.8 Waveforms and power consumption of the comparator (light blue
waveform).

Fig.5.9 Comparator waveforms (zoom of fig-5.8).

Once verified the operation of the comparator, the input impedance of the
comparator-power management is shown in figure 5.10. When V. voltage
(green waveform) increases, the input impedance average value (yellow
waveform) is about 13.5kQ. In fact, the power delivered by the input
generator (520uW) is higher than 500uW (light blue in figures 5.10). Once the
voltage V1 has reached 3.3V steady state value, the sensor turns-on and the
average value of the input impedance is about 24kQ. This value lowers the

input generator power to 480uW. In fact, considering a mismatching between
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the generator internal resistance and the input impedance calculated, the
comparator output voltage in steady state condition is 3.3V.
The input resistance value calculated was used as load resistive value in order

to design the network matching (Cap 3, par 3.4).

A

WA

Fig.5.10 Comparator-power management input resistance (yellow waveform).

Setting the input power and the matching network of the rectifier circuit, the
performance of the RFF Energy Harvesting subsystem can be calculated.

To evaluate the performance, independently of the working frequency, we
consider that the power generator is able to deliver up to ImW (0dBm).
Consequently, fixed the internal resistance, the maximum sinusoidal voltage
is 0.65V. Furthermore, suppose that the output power from the solar cells is
zero. Figure 5:11 shows the RF energy harvesting subsystem with the power

management circuit.

3 Solar_Cells Step-Up DC/DC Converter e P S ey Power Manager
IglIty e
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Fig.5.11 RF Energy Harvesting Sub-System.
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At this point, suppose we want to supply before the WST and after the

WSG: we analyze the following cases:

1. GSM1800 Energy Harvesting with WST load

Considering an input average power of 1mW at a frequency of
1800MHz and set the power management output voltage in order to supply
the WST node to the voltage of 3.3V, the waveforms relating to the circuit of
figure 5.11 are shown in Figure 5.12.
After 500ms, the rectenna output voltage is such that the comparator is turn
on. This one activates the MOSFET that connects the power management to
GND. The Vg voltage is brought to the voltage of 3.3V after 12 s. When
Vour voltage exceeds 90% of its steady state value, the voltage Vo shifts
from the low logic state to high activating the MOSFET connected in series
to the WST. In this way, at 11s the WST is switched on with a periodicity of

one second. Figure 5:13 shows a current burst of the sensor

Fig.5.12 RFEHS waveforms@1800MHz-1mW input power-WST node.
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T
11.1314s 11.1319s

Fig.5.13 Zoom of WST current.

In these conditions, considering an output average power of the rectenna
equal to 432uW (figures 5.13), the rectification efficiency is 43.2% . This value
is about 7% less than that obtained with the ADS (Ch. 3, par3.6) .

35 65 95 125 155 185 215 245

Fig.5.14 Output power of the rectifier circuit @1800MHz-1mW input power-WST
node.
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2. UMTS Energy Harvesting with WST load

As before, in the UMTS case, the WST node is turned-on after 10 s and the
rectification efficiency of rectenna is 49%. This value is about 3% less than

that obtained with ADS (Ch. 3, par3.0) .

e HEB7BM
12245m)

Fig.5.16 Output power of the rectifier circuit @2045MHz-1mW input power-WST
node.
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3. Wi-Fi Energy Harvesting with WST load
Finally, in Wi-Fi case, the WST node is turned-in after 14 s and the
rectification efficiency of the rectenna is 32% This one is about 8% less than

that obtained with the ADS (Ch. 3, par3.6) .

Fig.5.18 Output power of the rectifier circuit @2445MHz-1mW input power-WST
node.
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As the two nodes have a very similar power consumption, we have not found
huge differences in the rectification efficiency and trend waveforms. For this
reason, in GSM1800, UMTE and Wi-Fi cases with WSG load, only the
rectification efficiencies are shown respectively in figures 5.18, 5.16 and 5.20.

Finally, a comparison table is reported for all case examined.

Fig.5.19 Output power of the rectifier circuit @1800MHz-1mW input power-WSG
node.

Fig.5.20 Output power of the rectifier citcuit @2045MHz-1mW input power-WSG
node.
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Fig.5.21 Output power of the rectifier circuit @2445MHz-1mW input power-WSG
node.

GSM1800 50,37
UMTS 51,91 48,98 10
Wi-Fi 39,33 31,78 14
GSM1800 50,37 43,35 10
UMTS 51,91 49 9
Wi-Fi 39,33 31.64 13

Tab. 5.3 Rectification efficiency comparison for wireless nodes between ADS an LT

simulators.

5.4.2 Solar Energy Harvesting subsystem performance

In this section, a solar energy harvesting subsystem performance
varying the wireless node was calculated. This time we consider that all RF
voltage generators are turned-off and the current generators, that represent
the solar cell, are turn on. In particular, two cases for the current of the
current generator were examined.

- I=15mA (current for the outdoor light overcast)

- I=45mA (maximum current cell obtain for optimal outdoor

environment condition)
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5.4 RF- Solar Energy Harvester Architecture

According to the design developed in chapter 4, the SEHS circuit is shown in
figure 5.21. Because of the enormous memory required by the L'T simulator,
the simulations were truncated to 150ms. In order to demonstrate the charge
of the Cgpopp: capacitor, the value proceeds in (5.4) or (5.5) since they are too
high, after 150ms the voltage across it is still ZERO. For this reason, for both
wireless nodes, the CSTORE capacitor value has been fixed to 1mF.

Let us analyze now separately the two cases cited, varying the wireless nodes.

3 Solar_Cells ‘Step-Up DC/DC Converter

FUFHT

SOLAR ENERGY HARVESTING

RF ENERGY HARVESTING

Rectenna . e~ Ultra Low Power Comparator

L

L B
I

Fig.5.22 Solar Energy Harvesting Sub-System.

1. 15mA current solar cell with WST load

Considering a 15mA output current for each solar cell and set the power
management output voltage in order to supply the WST node to the voltage
of 3.3V, the waveforms relating to the circuit of figure 5.10 are shown in
Figure 5.21.

After 3ms, the V| sorag solar cells output voltage is such that to activate the
MOSFET M1 and M2 which connect respectively the L TC1305 Step-Up
DC-DC converter and LTC3108 power management to GND. As designed,
the Vyppy voltage is brought to 1.5V thereby setting the cells working point
(0.5V foe each cell).

After 3ms, the LT'C3105 output voltage and LTC3108 input voltage begin to
rise. In this way, also LTC3108 output voltage (V) increases up to 80ms
where it reaches the steady state value (3.3V). When Vr voltage exceeds

90% of its steady state value, the voltage V,; shifts from the low logic state
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to high activating the MOSFET connected in series to the WST. In this
instant, however, the WST is not switched on because it will turn on at 130ms
with a periodicity of one second. In fact, at 130ms, the sensor burst current is
visible in figure 5.5 Between 80ms and 130ms, because the V; voltage has
reached 3.3V, the CSTORE capacitor is charged. After the duration in active

mode of the sensor, is reloaded again.

Fig.5.23 SEHS waveforms@15mA solar cell current-WST node.

Moreover, the output average powers of the solar cells and LTC3105
regulator are respectively 21.37mW and 16.74mW. Then, in this case, the
efficiency of the LTC3105 regulator is 78.33%. This value is in agreements
with fig 4.19.

Fig.5.24 SEHS: solar cells output power (fuchsia waveform), LTC3105 output
power (blue waveform) and load power consumption (ted waveform) @15mA solar
cell current-WST node.
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2. 45mA current solar cell with WST load
As before, considering a 45mA current for each solar cell, the WST node is
turn-in at 130ms (as the last case) but the V. output voltage reaches 3.3V
after 75ms. The efficiency of the LTC3105 regulator is 69.76% because, the
output average powers of cells solar and LTC3105 regulator are respectively

35.36mW and 24.67mW. This value is in agreements with fig 4.19.

Fig.5.25 SEHS waveforms@45mA solar cell current-WST node.

Fig.5.26 SEHS: solar cells output power (fuchsia waveform), LTC3105 output
power (blue waveform) and load power consumption (ted waveform) @45mA solar
cell current-WST node.
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Changing the wireless node, for the same reasons previously discussed, a

comparison table is reported for all case examined.

light overcast

Clear 45 69,76 130
light overcast 15 79 130
Clear 45 70,05 130

Tab. 5.4 LTC3105 efficiency varying the wireless nodes and sky condition.

Comparing tables 5.3 and 5.4, in these conditions, the contribution from the
RFEHS than SEHS, in term of “turn-on sensot” is lowet. The situation could

be reversed in the evening hours.

5.5 Prototype Implementation

In order to verify the performances of RF-Solar Energy Harvesting
architecture, a PCB with dimensions 95mm x 60mm was created. In
particular, in figure 5.27 it is possible to see the layout with all the
components previously designed. This PCB layout has two metallization
layers on both sides of substrate (ASTRA, eps=2.9, h=0.5 mm). The brown
one is relative to top side, while the yellow one is the bottom side. The two
sides are electrically linked through vias holes .

The proposed RF-Solar energy harvesting system was evaluated initially
as individual subsystems and then as an hybrid energy harvesting system. In
fact, through pins, it is possible to enable or disable manually the rectenna or
the solar cells. The physical implementation of the hybrid energy harvesting

circuit is shown in figure 5.28.
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5.5 Prototype Implementation

RECTIFIER
CIRCUIT

Fig.5.27 RF-Solar energy harvester layout.
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Fig.5.28a RF-Solar energy harvester prototype.
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Fig.5.28b RF-Solar energy harvester prototype with MTM antenna and ULP
sensors.

5.5.1 RFEHS subsystem performance
In order to verify the theoretical prediction and test the RF /DC
rectification efficiency of the RFEHS, the measurement instrumentation for

experimentation is set up as shown in figure 5.29.

Fig.5.29 Set-up instrument for the RFEHS.
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5.5 Prototype Implementation

Fig.5.30 Output voltage measured of the rectifier circuit.

As it is possible to note in figure 5.30, in order to obtain the performances of
the rectification circuit, it was necessary:

- to disconnect the antenna from the prototype and to connect directly
to the input a cable for RF signal;

- to disable the control pin of the solar cells;

- to disable the control pin between rectenna and comparator

- to insert, as load for the rectification circuit, a 24K€Q resistance (load
value considered in the rectifier circuit design).
To generate the sinusoid with a given power, a Waveform Generator
(E442PC) 250kHz-64GHz of Agilent Technologies was used. Considering
cable losses, the cable was linked to the circuit and a power sweep from -
20dBm to 20 dBm was done. The utilized sensor node was initially a WST
and then a WSG. In figure 5.30 it is possible to observe the rectification
efficiency of wide band rectifier circuit in the three cases examined in the
simulations.

The efficiency curve shows a steep increase at the beginnig, then a
leveling and finally a slight decrease. The increase is a result of the exponential
V-I-curve of the diodes, whereas the decrease for high power levels is caused

by two factors: the first is the RF voltage approach to the reverse breakdown
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voltage during the high impedance state of the diode. The second factor is the
diode current as it approaches the saturation current of the diode during the
low impedance state.

In the three examined cases, maximum rectification efficiencies

obtained were:

- GSM1800: 1=60%@Py;, =3dBm
- UMTS: n=50%@Py. ;,n=0dBm
- Wi-Fi: n=40%@ Py, =-4dBm

GSM1800 UMTS

Rectification Efficiency [%]
Rectificatio Efficiency [%]
S
8

20,00
-18,00
20,00

Received RF Power [dBm]

Wi-Fi

Rectification Efficiency [%)]
H

Received RF Power

Fig.5.31 Rectification efficiencies measured for the GSM1800, UMTS and Wi-Fi

cases.

Comparing figure 5.31 and 3.39, it is possible to note that the trend is
identical, but with the same input RF power, the measurements diverge from
the simulations of 5%. Anyway, considering that a matching network was

designed with SMT component, the results obtained are quite acceptable.
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Now we consider cases where the input signal is the sum of the input signals
previously analyzed. For this reason, it was necessary to utilize a microwave
coupler which is composed by two RF input ports and one RF output port
(figure 5.29).

In order to compensate the RF cables and microwave coupler losses, the
output of the microwave coupler was connected to the signal analyzer while
the two input were connected to waveform generator (E442PC). In this way,
it was possible to know exactly the total output power of the microwave
coupler.

In figure 5.32 it is possible to note the coupler total output power is
composed of two RF signals at 1800MHz and 2045MHz. The input RF

power was equally divided for both signals.

Cenber 18044 GHZ

Fig.5.32 Sum of GSM1800 and UMTS signals in the Signal Analyzer.

In figure 5.33 it is possible to examine the rectification efficiency trends in the

different cases.
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GSM1800+UMTS GSM1800+Wi-Fi

Rectification Efficiency [%]
Rectification Efficiency [%]
8

20,00
18,00
20,00

20,00

Received RF Power [dBm] Received RF Power [dBm)]

UMTS + Wi-Fi

Rectification Efficiency [%]

20,00
-18,00

20,00

Received RF Power [dBm]

Fig.5.33 Rectification efficiencies measured for the GSM1800+UMTS, GSM1800 +
Wi-Fi e UMTS + Wi-Fi cases.

Also in this case, comparing figure 5.33 with figure 3.4, we note that
maximum rectification efficiency is worse of 8%.

After the calculation of the rectifier circuit performances, the control
pins between comparator and rectifier circuit have been enabled and the
24k€ resistance has been removed. In figure 5.34 and 5.35 the cases where
RFEHS supply WST and WSG are shown.

Considering the temperature sensor, it turns on after 13 seconds
measuring a room temperature of 25.1 °C, while in the same condition, the
gas (CO) detector turns on after 12 seconds measuring a CO concentration of
13.5ppm (typical value in the air ). The measure, sent via Bluetooth
communication, is displayed through an app installed on a smartphone.

The activation times of the two sensors, compared with the ones
obtained in simulations, are slightly superior because of the worse efficiency

in the rectifier circuit.
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Fig.5.34 RF-Solar energy harvester prototype with WST load.

Fig.5.35 RF-Solar energy harvester prototype with WSG load.

Now we link the antenna to the RFEHS prototype and place it close to
a Wi-Fi router, where radiating power is 1W and antenna gain is 3dBi (figure
5.32). Considering the “MTM-inspired” antenna with 2.3 dBi gain, the
maximum distance in order to turn on the WST or WSG, is 80cm. At this
distance, sensor turns on after 15 seconds. Also in this case, the activation
time is superior to the one obtained in simulation (13 seconds) for the worse

efficiency in the rectifier circuit at 2.45 GHz.
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Fig.5.36 Wi-Fi energy harvester prototype with WST load.

5.5.2 SEHS subsystem performance

The SEHS characterization was obtained in outdoot environment, with
clear sky (no clouds). Also in this case, WST and WSG were employed as a

load for the SEHS prototype. In particular, in figure 5.37 we can see the
SEHS prototype feeding the WST with a illuminance of 230.000 lux.

EREE
HEEE
aeEEEEEE

Aaidd
EeEF

Fig.5.37 Solar energy harvester prototype with WST load in outdoor environment
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In such conditions, output voltages coming from the series of the three cells
is 1.627 V. The sensor is immediately turned on (exactly as simulations),
measuring an outdoor temperature of 17.7 °C. The Cgyyopi: capacitor (140mF)
reaches the maximum voltage 5.5V after 4 minutes.

Once loaded the back-up capacitor, the prototype was taken to a room where
the solar cells were covered. Every second, the sensor measured the
temperature of the room. The WST is powered by the energy stored by
Cgrorp capacitor for a time of 2 hours and 35 minutes.

In fact, the Vgpopy; voltage measured is lower than the V|, voltage and then,
the Cgpopp; ends to supply the load. For Cypopp; values larger, the standby time
of the sensor is extended.

The same measures are also carried out considering the WSG load. In
particular, since such a sensor has a lower power consumption compared to
the WST, the autonomy time was 4 hours and 15 minutes.

Both cases show how the TLC3108 regulator, manage efficiently the power

harvested.

5.5.3 Hybrid system performance

In order to evaluate the performance of the hybrid system, all control pins
present on the prototype, have been enabled. This system has been tested
both outdoor and indoor environment. Also in this case, WST and WSG
were employed as a load for the hybrid system prototype.

As we expected, thanks to the back-flow diodes (see Figure 5.22), the two
harvesting circuits are completely independent each other. For this reason,
and especially also considered the different amount of recoverable energy,
measurements and tests performed on the entire hybrid system are completely
identical to those carried out on the two energy harvesting sub-system. In
particular, it was observed that when there are both sources (sun and
GSM1800 / UMTS / Wi-Fi signals), the contribution of SEHS is much
greater than the RFEHS.
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Appendix A

Antenna Miniaturization Using Artificial
magnetic Conductor Surfaces

Artificial Magnetic Conductor surfaces (AMC) are periodic structures
that can be used to give a refection response similar to a PMC (Perfect
Magnetic Conductor). This characteristic is limited to a range of frequencies
and the AMC surface works like a regular metallic ground plane outside of its
bandwidth. As shown in Figure Al, a conventional metallic ground plane
reflects the electromagnetic waves with 180° phase shift (I'=-1). On the other
hand, the AMC surface can reflect the wave with zero degree phase shift
(I'=1) at a particular band that can be controlled with its unit cell (i.e. the
smallest building block of the periodic structure) parameters. If positioned
below a patch antenna, the AMC surface changes the image current
decreasing the mutual impedance of the antenna and its image. For this
reason, reactive impedance surface (RIS) is a common way that is often used
for this structure [87].Because of this property, the RIS can provide an
increased bandwidth performance. In addition, the interaction between the
antenna and the RIS has been shown to result in antenna miniaturization and

increased front to back radiation ratio [87-89].
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Image current Image cumrent

Fig. Al: Conventional metallic vs. AMC ground plane

The bandwidth of the AMC, in general, is defined as the frequency range

where the phase of the reflection coefficient changes from -90° and 90°. The
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AMC surface gives a phase reflection coefficient of zero at the center
frequency. The center band frequency and bandwidth can be designed
through the geometrical parameters of the AMC unit cell. o improve the
bandwidth characteristics of the AMC cells many different geometries have

been tested in recent literature [90-93].

[
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Fig. A2: Example of different metallization patterns employed in AMC unit cell
design

Our purpose is to find ways of decreasing geometrical dimensions of wide-
band microstrip antenna using AMC surfaces. In particular, starting from a
polygonal antenna with a UMTS and Wi-Fi working band, the aim is to
dimension the AMC cells (inserted inside the substrate) in order to work the
antenna at lower frequencies (GSM1800) maintaining the bandwidth of
departure. In this way, not by changing the size of the antennas, the one with

the AMC cells electrically is smaller.

Al Polygonal Patch Antenna
Starting from the UMTS-Wi-Fi polygonal patch antenna [94] designed

on a substrate with a h= 9mm and er= 3.9, the final dimensions are optimized
in order to achieve a bandwidth equal to 900MHz (1700MHz-2800Mhz). The

final dimensions are shown in Table Al. Considering a future translation of
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the working band towards the low frequencies, the increase of the bandwidth
has been necessary to guarantee the antenna with the AMC cells to work at a

frequency of 2.45 GHz (Wi-Fi).

Wseox

Leox

w

Fig. A3: UMTS-Wi-Fi Polygonal patch antenna.

The trend of the parameter S11 that defines the antenna working band (at -10

dB), and the one of gain, are shown in figure A4 and A5.

dB(S{1,17)

20—
=25 -
30| S11=/15.50B@2GHz
| BW=YTTMHZ
35 T | T | T I T | T I T | T I T
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freq, GHz

Fig. A4: Reflection coefficient magnitude of antenna (without AMC cells).
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Fig. A4: Gain and directivity of antenna (without AMC cells).

A2 Polygonal Patch Antenna with AMC cells

The AMC unit cell considerate is composed by two dimensional
periodic metallic patches printed on a grounded substrate. The periodicity of
the metallic patches is much smaller than the wavelength. Considering a single
cell illuminated with a TEM plane wave, PEC and PMC boundaries can be
established around the cell as shown in figure A5. The resulting structure can
be modeled as a parallel LC circuit where the edge coupling of the square
patch provides a shunt capacitor and the short-circuited dielectric loaded
transmission line can be modeled as a shunt inductor.

The impedance then can be obtained [95] as:

Zpis = ﬂ (A1)
X, —Xc
X, = jZgtan koy[e h, (A2)
X = — (43)
JwCpris
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Fig. A5: HFSS model for reflection phase computation of the AMC cell.

The variation of the patch size and slot width mainly changes the capacitor
value while the substrate thickness and dielectric constant mainly affects the
inductance value, all of which can be used to control the resonance frequency.
It is possible to achieve both an inductive RIS (under the RIS surface
frequency) or a capacitive RIS (above the PMC surface frequency) with
dependence of the operating frequency and the geometry [95].Note that
since the near field generated by the patch antenna is not a uniform plane
wave and the AMC is size-limited far from being periodic, the design of a
radiating patch over the AMC using the unit-cell analysis shown. The last
figure is just an approximation to qualitatively explain its working principle.
An inductive RIS can store the magnetic energy which increases the
inductance of the circuit. Then, this permits of miniaturizing the size of a
patch type antenna which is essentially an RLC parallel resonator. In addition,
the inductive RIS can give a wider matching bandwidth, then it is particularly
fit for antenna application.[95]. Because of the capacitive coupling between
the adjacent unit cell patches, enlarging the AMC patch produces the

reduction of the zero phase reflection frequency.
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Fig. A6: A parameter study on the AMC for the proposed antenna.

Because the periodicity (a2) of the metallic patches must be much smaller
than the wavelength, it was chosen initially a2= 15.625mm and al=15mm.
Once the height of the substrate (h1=0.5mm, h2=9.5mm) is set, it is noticed
that keeping constant the gap between two adjacent patches (0.625mm), the
resonance frequency of the antenna decreases with the increase of al.
Furthermore, fixed the substrate and the periodicity (a2), decreasing the size
of the patch (al), the resonance frequency of the antenna increases.
Conversely, fixed the substrate and the size of the patch (al), increasing the
periodicity (a2), the resonance frequency of the antenna decreases but at the
same time, increase the size of the antenna proposed.
Finally, fixed the total thickness substrate h (h1+h2=10mm) and the [a2, al]
parameters, increasing hl (decreasing h2), the resonance frequency of the
antenna increases (decreases).
Considering all this, the best AMC unit cell has the following features:

- al=15mm

- a2=15.625mm

- h1=0.5mm

- h2=9.5mm
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The resonance frequency of the single AMC unit cell is 2.4GHz and the AMC
surface will absorb ~5% of the incident power due to the metallic and

dielectric loss.
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Fig. A7:Magnitude phase of the AMC surface.

The designed AMC exhibits a zero phase reflection with a bandwidth of 425

MHz for normally incident wave.
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Fig. A8:Reflection phase of the AMC surface.
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Defined the number and the AMC parameters, the polygonal microstip

antenna with AMC cells (yellow color), is show in figure A9. The dimensions

of the AMC cell and antenna, are reported in table A.1

Leox

T

w

Fig. A9: GSM1800, UMTS-Wi-Fi Polygonal patch antenna with AMC.

Antenna Antenna
Parameters without AMC | with AMC
cell cell
Fo [MHz] 2000 1810
er 3.9 3.9
h1 [mm] 0.5 0.5
h2 [mm] 9.5 9.5
L [mm] 30 30
W [mm] 70 70
Lyox [mm] 36.25 36.25
Whox [mm] 46.25 46.25
Area [mm’] 1676.5 1676.5

Tab. Al: Comparison antenna parameter with and without AMC cells.
The reflection coefficient magnitude at the input port, reported in figure A10,

shows a frequency band of operation (<-10dB) from 1700 to 2600 MHz,

while the gain antenna is reported in figure A11.
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Fig. A10: Reflection coefficient magnitude of antenna (with AMC cells).
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Fig. Al11: Gain and directivity of antenna (with AMC cells).

Comparing the antennas with and without AMC cells (figure A3 and A9), the
gain and the directivity are the same, while these present different S11
parameters. In particular, as shown in figure A12, the antennas have the same
bandwidth but the antenna without AMC cells has a frequency band of
operation (<-10dB) from 1900 to 2800 MHz, while the antenna with AMC
cells from 1700 to 2600 MHz. This means that the inclusion of the AMC cell
causes a move to lower frequencies of the working band, In particular, the
translation is approximately 200MHz which ensures the antenna to work also

in GSM1800 band. Finally, because the two antenna have the same
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dimensions, the antenna with AMC cells, is electrically smaller than antenna

without AMC cell.
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Fig. A12: Comparison between the reflection coefficient magnitude of antennas
(with and without AMC cells).
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Appendix B

An  Energy Harvesting  Application:
Surveillance of Wide Zones with Unattended
Ground Sensors

The growing interest for Unattended Ground Sensors (UGS) has stimulated
the development of ultra low-power circuits that permit a bigger medium lifetime for
the same systems. In fact, the main limit is the energetic one, given by the battery
lifetime and by the energy required from the device. In order to ensure the efficiency
of the device for long times, the solution is the employ of Energy Harvesting
techniques, that recharge the battery also when the sensor is in an hostile
environment where the device cannot be feed with traditional power sources.

In this appendix, we describe the experimental work and present an algorithm for
vehicle and human detection using seismic and acoustic sensors. This algorithm aims
to decrease the computational cost respect to the ones utilized in traditional
techniques, so that the energetic need of the sensors could decrease, with the cost of

an acceptable loss of efficiency.

B1 Introduction

Nowadays warfare scenarios always more often are complex city
environments. Surveillance there is very difficult using traditional stand-off
sensors. An approach with increasing popularity is the one of using a large
amount of ground sensors distributed (or unattended) in the area of interest.
These sensors have typically performances very limited both in terms of
processing capability and battery life. Then, traditional approaches to
recognition, identification, and tracking have to be reconsidered in this
environment.

Previous work have been based on acoustic and seismic sensors because of
their relatively low cost. Much of this work has been performed in relatively
open spaces with specific military targets that have strong harmonic

signatures. In urban areas, instead, the acoustic noise environment can be
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quite dynamic, requiring a highly adaptive approach. In addition, typical
targets may not be military vehicles, but civilian’s passenger cars and trucks or

simply people.

B2 Vehicle Detection Algorithm for the Acoustic Seismic

Sensor

Previous works have shown that background noise for acoustic and
seismic sensors is strongly non-stationary and non- Gaussian [96]. Under
weather calm conditions the noise background is quite stable, but wind can
produce dramatic and rapidly changing noise levels that are very hard to
compensate for. Other common noise sources include animal sounds,
construction equipment, thunder, rain, aircraft, etc.

Because we can have really large variations in noise background and target
signatures, we need a really robust detection algorithm that can easily adapt to
changing conditions. A procedure used often working with such a non-
homogeneous environment is of employing an order statistic constant false
alarm rate (OS-CFAR) detection algorithm. In an OS-CFAR algorithm, the
samples in an assigned window size are taken by increasing magnitude. The
k™ value is then employed as a test statistic. One virtue of this procedure is
that it can be quite easily implemented through a median filter. In the definitive
implementation we made many uses of order statistics to obtain both the
noise power and the change in the noise power over time. This resulted in a
very robust and flexible algorithm that could be easily reutilized in different
domains. The data was collected using a SM-7 10 Hz Geophone and a
SMM310 Microphone with a minimum sample rate of 64 samples/sec. We
collect data in continuous blocks. We then evaluate the median of the
absolute value of each block. The median filter provides further robustness
against non-Gaussian data as well as being computationally efficient [97]. The
median of each snippet is then used in a secondary running median filter. This
permits us of estimating the noise. Since each block is reduced to only a single

value, the running median filter can be relatively long (corresponding to a
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significant duration in time) without using an excessive amount of memory.
This allows us to adjust the algorithm to be more or less responsive to
changes in background noise level according as our operational needs. An
additional filter (with running median) is also employed on the variance
between the current block median and the regime noise estimate. This gives
us an approximate measure of the mean and standard deviation of
background distribution (although we are using order statistics rather than
sample averages). We can then use these estimated values as a basis for a
CFAR detector. Estimation of the mean and standard deviation allows the
use of a CFAR detector. We choose between the two hypothesis H, = no

target present and H, = target present using

Hy
m,—b 2 To (B1)
Hy

where ,is the median of the absolute value of the n™ block, /4 is the current
background estimate, T is a user defined threshold value (typically 3.0), and
finally, o is the median deviation of the background. To reduce false alarms
we require 3 blocks to surpass the threshold before having a detection event.

Moreover, the algorithm is robust against the unexpected “spike” false alarm.

B3 Human Detection Algorithm for the Seismic-Acoustic
Sensor

We considered the problem of personnel detection using a single
geophone and microphone used above. Here we discuss a method to tell
footsteps apart from and other seismic and acoustic signals using the single
component sensor. A footstep signature is caused by the impact on the
ground. Each footstep has a characteristic shape that can be used to
distinguish it from other noise. The main feature of the footstep when
comparing time series data for footsteps to other seismic signatures is the

series of sharp "spikes" generated by each impact. This differs from the
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random noise induced by the winds over the ground and from vehicle noise.
The problem is how to quantitatively distinguish the shape of a footstep
signature from other seismic or acoustic signatures. We make this distinction
through a statistical measure of the amplitude of the signature, the kurtosis.
Kurtosis is ratio of the 4™ to 2™ moment of the amplitude distribution of the
signature. For each snippet, composed from N samples of data, the kurtosis is

calculated:

where p is the mean, computed over N samples. The kurtosis value compared
for a sample sequence is much higher in the presence of impulsive events
than it is in the presence of Gaussian or sinusoidal signatures [98]. Note that
the method depends only on the shape of the signature and not the
amplitude. The magnitude of kurtosis tends to be higher for the raw
signature, and we will use it herein. In the [98], kurtosis value measured is
between 13 and 6 varying the distance between the personnel and sensor.
Kurtosis values computed for sinusoids are less than 2 and for Gaussian noise
are approximately 3 [98]. When the vehicle is near to the sensor, the vehicle
signature dominates, and the kurtosis is ~3, while as the vehicle moves away
the kurtosis increases [98]. The kurtosis itself varies with target, time and
distance and its value for vehicles and background noise the kurtosis is low.
From the kurtosis distribution we can construct ROC (Receiver Operating
Characteristic) curves [99]. These curves are normally constructed assuming
Gaussian distribution of signal amplitude. It is also possible to consider the
non Gaussian distribution of the kurtosis. The “noise” distribution can be
obtained from the measure of ambient noise, or from that of the vehicle
signature. The “signal” distribution can be that of any combination of walker
and jogger. For each kurtosis level, the probability of false alarm is the

integral under the tail of the “noise” distribution. The probability of right
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detection is the corresponding (much larger) integral under the signal

distribution. In [98], the process is illustrated.

B4 Experimental Results

This section will demonstrate the algorithm presented in previous
sections. The field test was a one day test near Selex-ES in Giugliano (NA)
during the daytime hours. In that day, the weather was clear and the
temperature was 32°C with low wind. The field test consisted of vehicle and
personnel pass-bys closed (two meters) at two sensors on the paved road. The
seismic and acoustic signals acquired with 44.100 sample/sec are showed
respectively in figure B2a and in figure B4a. After, these signals have been
sampled with a sampling frequency of 64 Hz because this value is a good
compromise between accuracy (low false alarm) and power consumed (due at
processing of data acquired). The data have been collected in continuous
snippets, each of duration of half second and analyzed 5 snippets at time. In
this situation, the threshold will update every 5 snippets that is every 2.5
second. In the vehicle detection, in order to reduce false alarms, we further
require 3 snippets to exceed the detection threshold before declaring a
detection event. Instead, in the human detection, the Kurtosis threshold
value, in order to declare the detection has been fixed at 6.5 [98]. The block
diagram of the algorithm for the vehicle-human detection is showed in figure

B1.

CAR DFI'EL‘I'ION HAETROE

DATA SAMPLED
‘ HO= TRUE

______________________________________________

Fig. B1: Block diagram of the algorlthm for the vehicle-human detection.
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An example of the detection process, with geophone sensor, is show in figure
B2 and figure B3. In particular, in figure B3a shows the estimated background
noise level and the noise threshold for vehicle detection while in figure B3b
the relative kurtosis function varying the number of samples for second. The
final detection result is shown in figure B2b where the red lines represent the

human detection while the black linen that for the vehicle.

MEURA CAMPIONATA A 44100 CAMPIONISEC
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Fig. B2: (a) Geophone signal during the transit of the vehicle and the personnel and
(b) the relative detection by the algorithm presented.
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Fig. B3: (a) Background estimate and dynamic threshold for the vehicle detection
and (b) the trend of the Kurtosis chancing the sample rate for the human detection
considering a seismic signal.

As before, an example of the detection process, with microphone sensor, is
show in figure B4 and B5. In particular, in figure B5a shows the estimated
background noise level and the noise threshold for vehicle detection while in
figure B5b the relative kurtosis function varying the number of samples at
second. The final detection result is shown in figure B4b where the red lines

represent the human detection while the black linen that for the vehicle.
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Fig. B4: (a) Microphone signal during the transit of the vehicle and the personnel
and (b) the relative detection by the algorithm presented.
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Fig. B5: (a) Background estimate and dynamic threshold for the vehicle detection
and (b) the trend of the Kurtosis chancing the sample rate for the human detection
considering an acoustic signal.

The results demonstrate that, although a few sample for second, the
algorithm present only two false alarm (at 130 second utilizing the geophone
and at 170 second for the microphone). Fewer than 64 sample for second the
algorithm manifest numerous false errors while, increasing the number of the
samples, the performance improves at the expense of the higher power

consumption.
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6

Conclusions

This thesis has presented energy harvesting techniques for energy-
autonomous wireless sensor network nodes or ultra low power devices.

In particular, a hybrid energy harvesting system is developed to harvest
simultaneously electric power from solar and radio frequency signals
(GSM1800, UMTS, Wi-Fi), allowing self-sustained operation.

For the Solar Energy Harvester and the RF Energy Harvester, the
energy conversion devices were respectively a small solar cell and a flexible
wideband metamaterial inspired antenna.

In the first harvester, in order to improve the performance, maximum
power point control has been evaluated and applied.

In the second hatvester, high efficiency RF/DC using a new wideband
rectifier topology has been found.

Potential types of energy reservoirs for the wireless sensors such as
supercapacitors was investigated. The power management circuit responsible
to manage the energy recovered and the charge of supercapacitor has been
implemented. This supercapacitor, once loaded from power management, has
the aim to supply the wireless senor node when the energy sources references
are not present. This capacitor is loaded when there is a surplus input energy.

The hybrid prototype design was capable to recover enough energy
from the two harvesters in order to sustain the wireless sensor nodes at a

minimum operating duty-cycle of 1%.
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