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RESUMEN 

 

El trabajo que se presenta a continuación se centra en la eficiencia de la 
transferencia inalámbrica de energía orientada a aplicaciones de larga distancia, 
basándose en el uso de ondas de radiofrecuencia. Para el desarrollo de este trabajo 
se ha estudiado, sintetizado e implementado un modelo no lineal de un rectificador, 
con el objetivo de estudiar los parámetros que hacen que este dispositivo sea más o 
menos preciso en eficiencia durante la etapa de conversión RF-DC. 

Primeramente se ha simplificado matemáticamente el modelo no lineal obteniendo 
una matriz de parámetros desconocidos. Tras ello, la implementación del modelo 
se llevó a cabo en Matlab aplicando dicho modelo a dos recolectores de energía que 
cuentan con un rectificador como elemento principal y cuyas curvas de eficiencia 
son dadas por el fabricante, para ello se ha usado el método del ajuste por mínimos 
cuadrados. Los recolectores recogen la energía de radiofrecuencia sobrante en el 
espacio libre, de otros radiotransmisores,  para que así el rectificador la convierta 
en corriente continua. En cuanto al elemento rectificador, se ha usado un 
rectificador formado por diodos Schottky debido a su baja caída de voltaje,  rápida 
velocidad de conmutación para rectificación de señales de alta frecuencia. y por 
tanto una reducida pérdida de potencia. 

El modelo propuesto en este proyecto aporta unos parámetros que hacen que la 
eficiencia de conversión del dispositivo rectificador sea más o menos precisa en 
función de la frecuencia y voltaje de salida de los recolectores, así como del número 
de parámetros usados.  Los resultados de la implementación del modelo se 
comparan gráficamente con los obtenidos a partir de los datos proporcionados por 
el fabricante para así determinar como de ajustado es este para cada combinación 
de características y por tanto evaluar bajo que circunstancias el modelo actúa más 
precisamente. 

 



ABSTRACT 

 

Wireless power transfer is nowadays gaining popularity in the cutting edge 
power transmission technologies, since it provides many benefits such as 
sealing the devices, the highly expandable power ranges, the product life, or no 
needing of batteries. These benefits make life of the customers easier. 
Although there are already some devices for wireless power transmission, the 
majority of them are aimed at short ranges, using techniques mainly based on 
the usage of any sort of coupling. Thus, at the present is increasing the needing 
of reaching longer ranges, and for such purpose there is a "new" technique that 
consists of collecting the remaining energy coming from the different 
transmitters. 

The way of achieving the ranges mentioned above, is by using system based on 
the usage of microwaves or radio-frequency waves, which pass through a 
rectifier that converts them into direct current. Nonetheless, the problem is the 
efficiency obtained at the output of the system when using such type of waves. 
In this thesis is studied a non-linear modelling for testing the actual efficiency 
accuracy by comparing the efficiency of the model and the efficiency of an 
existing powerharvester, provided by a manufacturer. Thereby, it is obtained a 
number of parameters, related to the rectifier that makes the model to be more 
or less accurate. The testing is accomplished by a implementation in matlab of 
the non-linear model, till getting an optimal number of parameters. Although 
such number is figured out, the results show that for different variations in the 
powerharvester, the model also changes, but slightly, proving that the model 
remains very precise even with variations. 

As for the rest of the results obtained by the simulator, when it comes to a 
greater number of parameters, the model varies rapidly and abruptly, while 
with fewer parameters the model varies more slowly. It concludes that the 
greater the number of parameters, the less accurate the model is. 
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1. INTRODUCTION

Over the last decades, many wireless systems have been developed and widely used, since
these devices provide several benefits as mobility, effectivity, speed or savings. Such
benefits make these kind of appliances have an increasing importance in the daily life, to
such an extent that various of them have become essential, as the mobile phone or the
laptop.

Nowadays, wireless systems are utilized for numerous functions, such as transmission of
information, use of Internet, interpersonal communication, wireless charging or power
transmission. This latter is currently being very important, which increases the needing
new technologies and devices for such purpose. Although it does already exist appliances
orientated for certain devices, as mobile phones or smart watches, most of them are aimed
to reach short ranges, therefore it is needed to achieve medium and large ranges. Thus,
the intention is to evolve the existing devices to be able to transmit power to all types
of devices wirelessly, regardless of the distance to which they are placed. Such purpose
implies new researches in the field of wireless power transmission (WPT).

The wireless transfer of energy today is important because of its benefits, and it should
be studied as it will allow us to have a world without cables, making it more sustainable
due to future applications, such as charging an electric vehicle as soon as we enter the
garage, installation in buildings of a complete wireless network or wireless lighting system,
charging small portable devices. All of this will imply that wires as well as batteries will
not be needed anymore.

Nonetheless, even though wireless communication for longer ranges is at the present one of
the most used cutting edge technology and seems to be new, wireless communications were
arose in the 19th century, when Heinrich Rudolph Hertz proved that electromagnetic waves
(electromagnetic radiation) existed and they could be used for transporting information
from one point to another at long distances[34].

As mentioned above, the ranges these sort of systems are aimed to, are short medium
and long, which implies that there are several methods or technologies to performing
the wireless power transmission, and each one of them is utilized depending on a certain
characteristics, as the range of scope or the directivity. Those methods could be:

• Inductive coupling
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• Resonant inductive coupling

• Capacitive coupling

• Magnetodynamic coupling

• Microwaves

• Light waves

Regarding to the transfer of wireless energy through microwaves, this technology is
generally used for long distances, therefore the band of frequencies where these waves
work is of the order of GHz, which implies high directivity.. There is a bunch of devices
that use this concrete wireless method for transmitting energy.

1.1 Background

In 1886, the physicist Heinrich Hertz managed to prove the electromagnetic wave propaga-
tion in free space. Then the interest in the usage of waves for wireless transmission starts
emerging [7]. Even though Hertz experiments were important, the Engineer Nikola Tesla
was better recognized for his labour in the field of wireless transmissions. In 1891, Tesla
was able to achieve the most known accomplishment in the field of the WPT, due to his
advanced researches, he enhanced the radio-frequency (RF) power supply of Hertz, and in
1894 he was able to make illuminate two bulbs wirelessly [7] placed at a long distance from
the power supplier. In this case Tesla used resonant inductive coupling, demonstrating that
is not needed high voltage lines. Thus, Tesla patented the device he used for such purpose,
calling it "Tesla coil" [7]. From that moment there were attempts to use and improve the
resonant inductive coupling.

Tesla attempts at efficient WPT were decades ahead of the unfolding technology, therefore
during the following years no more attempts on the field were carried out. In 1930 when
one more experiment for WPT was accomplished in the Westinghouse Laboratory by H.V.
Noble. The experiment consisted of identical transmitting and receiving 100-MHz dipoles
located at a distance of about 10 meters from each other, achieving a transmission of
hundreds of watts of power [7]. In the late 1930’s, early 40’s, two developments capable of
generating microwave power were made: the klystron tube, by O.Heil, and the microwave
cavity magnetron, developed during the World War II in Great Britain [7].

In the decade of the 60’s William C. Brown also contributed to the modern development of
microwave power transmission through the invention of a device capable of converting
microwaves into direct current (DC). This device, called presently rectenna evolved further,
to the point of obtaining more DC current with a smaller gear, as W.C. Brown did in
collaboration with J.F. Trimer. It is in 1982 when it was achieved a better rectenna with



1.2 Motivation and Scope 3

less weight and size [6]. However, by the beginning of the present century, the harvesting
of microwave energy from the free space was introduced [13].

In the 70’s and 80’s, there were two study programs from Wallops Flight Facility, devoted
to a microwave-powered aerostat or balloon. The first study determined the need of a
different physical format of the rectenna, so the format of the rectenna was changed into a
new one. This new format had high overall efficiency (80 percent) [7]. The second study
from Wallops supported the conceptual design of a ground-based phased array, permitting
high gain of the order of 30 dB. From then onwards, the aim was to improve the efficiency
of the rectenna in following studies [7].

1.2 Motivation and Scope

There are already multifold systems to carry out the power transmission wirelessly. They
all work in different manners, utilizing different methods, and having different components,
but one point in common is the need of transmitting the maximum amount of energy
possible, and this is measured by efficiency. The efficiency of the systems is established by
the method used for the transmission of the energy, and more specifically, by the factors
that each method takes into account, such as the components used, the frequency in some
cases, the bandwidth, the distance between the components or the ambient. By a getting
an optimum combination of these elements, the efficiency of the WPT system would be
the highest. Efficiency is a very relevant parameter in WPT methods since based on it,
the system performs more or less competently. Anyhow, always is desired to have high
values of efficiency, since by having a great value the mechanism is able to have most of
the input power radiated away, while having lower values implies that most of the input
power will be lost within the system itself. Therefore, the scope of this thesis is to research
on the energy efficiency of the systems used in WPT, especially in systems based on RF for
transmitting, since these systems are able to transmit at medium and long ranges, which
are distances not as easy to be reached as short ones.

1.3 Objectives

Efficiency is the most relevant parameter in concerns of wireless power transfer systems
since it defines whether the system used is competent or not. Nevertheless, efficiency
depends on the several elements that method used counts with. The method treated in this
thesis utilize microwaves for transmitting energy with no cables. This technique counts
with two main elements, an antenna and rectifier. This latter one is used in order to convert
the microwave energy collected by the antenna into DC current, however, the problem is
to increase the value of efficiency. In this case the system used is based on a model in
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which is taken into account a waveform parameters in order to analyze how efficient it is.
Therefore, the main objective of this thesis is the analysis and synthesis of a model for
practical energy harvesters.

1.4 Structure of the Thesis

This thesis is organized into six sections. The present chapter is an introduction of where
this thesis is aimed to reach in the field of WPT, including a brief history of it comprising
the past, the present and the future.

Through the second chapter is explained what is wireless power transfer, how is it currently
and how it will be in the future. Furthermore, the different types of technologies known
nowadays for WPT are briefly analyzed, and for the particular case of the technology used
for long ranges, it is examined deeply, going into details, coming to where it comes from,
why it is needed, different means of performing it, and how can it be carried out. Section
three presents the RF to DC power conversion, going through the explanation of what a
rectifier is and its functioning and components, the presentation of both linear model and
non-linear model for WPT, specifically the one the thesis is based on. In chapter four it is
introduced the practical case, where the parameters are explained as well as how they were
figured out, their effect, specifications, graphs of the model chosen and comparisons to the
graphs, and an explanation and the reason they were selected. Eventually, the penultimate
chapter, the fifth, provides an analysis of the results obtained during the thesis and the
outcomes and consequences coming out from the results.
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2. WIRELESS POWER TRANSFER

Wireless power transfer can be defined as the transmission of electrical energy from a
power supplier to an electrical load without needing wires as a physical link between
them, usually via electromagnetic fields [18]. For accomplish this labour does exist some
technologies that use time-varying electric, magnetic, or electromagnetic fields. The use
of each one of them depends on factors or features such as the range or directivity to be
reached, the frequency where it is possible to work at, or the type of devices which is
wanted to transmit the energy to.

Thus, it can be said that WPT is a modern alternative to power energy, which is being more
relevant over the time, since the cost of transmission lines (wires, cables) to transfer energy
from one point to another is increasing. Nevertheless, WPT overcomes this issue, although
a problem to take into account is that distance between transmitter and receiver must be
the appropriate, inclusive, there is needed a line of sight between the source and the device
[20].

2.1 Types of Technologies

The technologies for WPT can be categorized based on the band frequency they work at,
the power rating or the transmission distance. In this section, we will go over six of the
most basic methods of accomplishing WPT, by introducing the technology, the distance
which can be reached, the possible efficiency and a brief explanation of the functioning of
each one. However, the most important way of classifying the methods is the one based
on the power transmission range, these methods can be classified in two wide types: near
field and far field techniques. As for the frequencies, the range referred to far field is of the
order of GHz, while the one related to near field approaches is from kHz to MHz, therefore
there is a big difference between fields [16].

In this thesis long ranges will be considered in terms of hundreds of meters, even km;
short ranges as mm or cm; and medium ranges as meters. Of the following methods for
WPT presented, inductive coupling, resonant inductive coupling, capacitive coupling and
magneto-dynamic coupling can be considered as near field methods, while light waves
and micro waves belong to far field category [22]. They will be presented in order of
transmission length.
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2.1.1 Inductive Coupling

The system consists of a power source which is a high-speed switching circuit, primary
impedance compensating network, two magnetically coupled coils, a secondary impedance
compensating network, a high frequent rectifier, a voltage regulator and a DC load [18].

As the electrical current creates a circular magnetic field around a wire, when converting
the wire into a coil, the magnetic field created is amplified, therefore, the more loops the
coil makes, the bigger field created. By placing a second coil in the field created formerly,
the field can induce a current in the wire [38]. This form of inductive coupling is effective
for use in low frequency energy sources at short intervals. Wireless interconnection using
standard inductive coupling has the advantages of achieving high performance at low
power with a small size.

Concerning to the distance achieved, such mechanism is used for short ranges, as recharging
an electric toothbrush. The directivity of the appliances using this technology is low, and
they perform at interval of frequencies of Hz - MHz is also highly used since is one of the
first technologies in being implemented for WPT, although is aimed for small devices.

2.1.2 Resonant Inductive Coupling

This manner of transmitting wirelessly energy is a modification of the inductive coupling.
In this case the inductive coupling uses also resonance with the purpose of getting a longer
distance over which the efficient transmission of electricity can take place. Nonetheless the
range is a bit longer, considering it as medium range. This technology uses two coils which
are adjusted to resonate at the same frequency, producing a resonance transformer with a
high-quality value (Q). The electricity is transmitted between the two resonant coils. By
making a coil "ring" with an oscillating current, an oscillating magnetic field is generated.
As the coil is very resonant, the energy in the coil is extinguished relatively slowly.
However, by placing a second coil close to the first, most of the energy is transmitted to
the second coil before it becomes lost. This can happen even if the coils are placed at a
distance from each other, but this distance can not be greatly long [12].

Resonant inductive coupling is operative with low directivity, and at frequencies of the
order of kHz - MHz [23]. Usually it is used in appliances for charging portable devices,
such as mobile phones or smart watches, through its standard Qi which is able to offer
efficiencies over 90%, which converts this technology into the most used one nowadays
[36].
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2.1.3 Capacitive Coupling

When it comes to lower distances, both inductive and capacitive coupling are normally
used. This latter one needs a longer surface to transfer the same energy as the inductive
method, this makes it be less efficient in terms of WPT [26]. This method, called capacitive
power transfer (CPT) uses electric fields to carry out the wireless power transfer. These
electric fields are created between two electrodes, receiver and emitter, placed one at each
of the ends. The system consists of two sets of asymmetric electrical dipoles, one in
the transmitter and one in the receiver, which have electrodes. The transmitted power is
owing to the coupling of the sets of dipoles, which generates an induced electric field. The
receiver, when receiving the energy in form of alternating current (AC), converts it into
DC energy and supplies it to the device that is aimed to be charged [8].

Applications that utilize this technology are smartcards and power routing in large-scale
integrated circuits [35]. Additionally, one of the remarkable benefits of CPT is its ability
to accomplish the power transmission through metal barriers

2.1.4 Magnetodynamic Coupling

This is a new way to transfer energy wirelessly. Magneto-dynamic coupling is based on
the interaction of a simple magnetic field between two permanent magnets separated by a
distance of between 10 and 15 cm one from each other. The magnets act as transmitter
and receiver. The operation of a small electric motor causes the transmitting magnet to
start spinning, and therefore the magnetic field between the magnets will cause the upper
magnet to do so, and this will drive a small generator that charges the battery of the energy
receiver device.[2]

This WPT approach provides 90% efficiency [2]. One of the advantages is that the receiving
device does not need to be perfectly aligned with the energy supplier. Moreover, as it can
be deducted, the range of functioning of such technique is short, since the magnets are
placed around 10 cm one to each other. An application of this technology is the charging
of electric vehicles [35].

2.1.5 Lightwaves

Lightwaves for WPT are more referred to laser. Such technology could be used either for
medium and long distances. Its efficiency will depend on the range and intensity of the
laser beam, but the more intensity the more dangerous for the health [25].

A laser transmission system is comprised of a laser beam source and a receptor of such
beam. Its functioning can be stated as follows: the laser source transmits the beam through



8 2. Wireless Power Transfer

an efficient lens, which is used to lead the beam of the laser to point the receiver is placed at.
Once the beam is received, the receiver counts with highly efficient photovoltaic cells that
once they collect the beam they convert it into electrical energy and address it to the load.
In spite of it, this method normally has an efficiency value of around 60%, but it can be
increased by enhancing the photovoltaic cells at the receptor, but also the power/intensity
of the laser beam [25]. Nowadays it has been achieved an efficiency of 80% by using a
laser diode [25]. As for the applications it is worth it to mention the intention of powering
surface elements on the Moon and Mars, Earth orbiting satellites and deep space missions
[33].

2.1.6 Microwaves

The most studied wireless transmission techniques at the present are the ones based on
microwaves, since such technology makes possible the transmission at long ranges with
relatively higher efficiency. The ranges of frequencies of microwaves and radio-frequency
should be differentiated, since they both can coincide, as RF usually goes from 100 kHz
to about 300 GHz, and microwaves from 300 MHz up to more than 300 GHz [19]. Thus,
microwaves are part of the band of RF.

There are two main components taking part into this technology: a microwave source
acting as transmitting antenna, as it could be a radio transmitter; and a power-harvester,
which is capable of collecting those microwaves dissipated by the transmitting antenna and
converting them into energy to be provided to a device. The electromagnetic waves that the
source antenna transmits could be in a range of frequencies from 1 MHz up to 1 THz. Such
value makes them to be efficient [25]. Microwaves are aimed to be used for long range
WPT. Although there are several ways for implementing that functionality such as through
magnetic resonance [21], or laser, microwaves is safer and provide a higher efficiency. In
this thesis, this technique is studied in depth, more specifically the part corresponding to
the rectifier, since it consists of several parameters that cause the efficiency to be higher or
lower.

2.2 Long-Range Radio-Frequency Techniques

Using RF techniques for WPT, there is a needing of converting the microwave energy
collected into electrical energy, for this function there might be multifold ways to carry
it out. Anyhow, we are going to be focused on a specific manner: the usage of a device
called rectenna. This appliance is composed of an antenna and a rectifier. Its functioning
is as follows: a power harvester collects the remaining RF energy from several sources,
such energy is received by an antenna and later passed, through a low pass filter, to a
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rectifier, thanks to a matching circuit [40]. Then the rectifier permits the conversion of the
RF energy harvested into DC current, which will be passed to the load, it means a device.
Once the load obtains the electrical energy, it is needed to take into account the efficiency,
since depending on how high or low is this parameter, the load will receive higher or lower
DC current, respectively. In terms of efficiency microwaves techniques offer relatively
high efficiencies [25].

Some utilizations of this method are solar power satellite, powering and controlling drone
aircraft, and charging wireless devices [35]. As a way of explaining all the elements
regarding to a WPT system operating at long ranges, such as the power harvester or
rectenna is shown the following block diagram:

Figure 2.1. Block diagram of a rectenna with a load
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3. RF-TO-DC POWER CONVERSION

The procedure of conversion the RF energy collected by the antenna, into electricity is
the most relevant one in WPT systems. Such conversion is accomplished by the rectifier,
once it gets the RF energy from the antenna. How profitable is this transformation is
measured by the efficiency, based on it, there are also two types of models that can be used
in the process of the rectifier: a linear and a non-linear models. Both the efficiency and
the models are analyzed more in detail along this thesis, in addition to the most important
elements of the powerharvester. However in the present chapter the process of passing
from a RF signal to DC power, through the rectifier, is analyzed.

3.1 Rectifier

A rectifier is an electrical device capable of converting a received alternating current into
direct current [37]. According to the way of rectification, rectifiers could be either half-
wave or full-wave. While the half-wave rectifier acts blocking the negative half cycles of
the input, in the full-wave rectifier the idea is to pass both positive and negative half cycles
to the output, but with the negative half cycles inverted, therefore a full-wave rectifier is a
combination of two half-wave rectifiers, but one of them inverts [30]. Although, regardless
of the type the rectifier belongs to, its performance is owing to the functioning of one or
more rectifier diodes, which are its main components.

A diode is an electrical component which mainly lets the current flow in one direction
[29]. In addition, diodes are also known as rectifiers since they act as a converter of AC
current into DC current. These elements have certain features such as: the voltage drop,
which could be either forward or reverse; the switching speed; and the threshold voltage.
Regarding to the first one, there is a small voltage through a driving diode, in order to let
the current pass through it. If the voltage at the anode is more positive than the voltage
at the cathode, that voltage is the forward voltage drop, but if the voltage at the cathode
is more positive than the voltage at the anode, that voltage is the reverse voltage drop.
Additionally, it is worth to highlight that the reverse voltage drop uses to be higher [29]. On
the other hand, the diodes when operating switch from one state to another, OFF to ON or
vice versa. Therefore, the speed which diodes carry out this switching with is known as
switching speed. Concerning to the threshold voltage, this is the voltage value in direct
polarization from which a diode conducts. This value can be obtained from characteristic
I-V by determining the value of the voltage corresponding to an intensity of approximately
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one milliampere [30]. From a voltage higher than the threshold voltage, the current flowing
through the diode increases greatly with a slight variation in the value of the polarization
voltage [17].

The rectifier used in wireless power harvesting systems consists of one or several Schottky
diodes [40], which are the responsible of accomplishing the conversion of the energy. This
type of diodes is normally used in rectifiers for WPT because they have a low voltage
drop, a fast switching speed and therefore they have the lowest power losses, due to the
conduction and the switching [3] [31]. Regarding to the level of voltage drop on Schottky
diodes, it is of the order of 0.15V - 0.45V, while normally diodes have a voltage drop
of between 0.6V and 1.7V [3]. That lower voltage drop added to a high current density
in Schottky diodes, permits less energy wasted, compared to other type of diodes [32].
Moreover, it is also needed to highlight that rectifiers are made in a manner such that they
only permit a current to flow in just one direction, due to the use of a high value resistance
in one direction, and a low value resistance in the contrary direction [37].

Every rectifier diode, as the Schottky diode, has a threshold voltage. Assuming that the
signal enters through the anode, there will be a voltage at the output such that it will be in
the range between the threshold voltage of the diode and the maximum input voltage, thus
eliminating the negative parts of the input signal, and having the positive half cycles, those
above the threshold voltage. On the other hand, if the signal enters through the cathode,
the process is reversed, and at the output we will only have the negative half cycles, which
are below the threshold voltage. In our case the input signal is a sinusoid. It is shown in
the figure 3.1.

Figure 3.1. Functioning of a rectifier with a Schottky diode

Regarding to the functioning of the rectifier itself, there are several topologies of it, using
one or more diodes [4], as mentioned above. These topologies follow the schematics
shown in Fig. 3.2a and Fig. 3.2b.
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(a)

(b)

Figure 3.2. Different rectifier topologies for RF to DC conversion: (a) one diode (b) two
or four diodes

Furthermore, the functioning of the rectifier is through the matching of it to the load. The
way they both are matched one to each other comes by a low pass filter placed between the
rectifier and the antenna. Such filter is also responsible of blocking the harmonics of high
order that have been generated by the Schottky rectifier with the purpose of obtaining high
values for the energy conversion efficiency [40]. On the other side, there is also another
filter, placed between the load and the rectifier, which is used with the objective of only
letting pass the DC current to the load. This filter is called DC pass filter.

3.2 Linear Model

Regarding to the linear model, it is not used commonly, since models based on linearity
provide an output DC current such that it is directly proportional to the RF energy at the
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input of the power-harvester [39]. However, the linear model is mostly used because of its
simplicity, not for its accuracy. Nevertheless, the loss obtained by using a linear model for
the design of WPT systems has never been addressed so far [9]. Even though, there are
some studies on linear models that can prove that these are not useful at all for this type
of task, as [28] where by analyzing a RF harvester the maximum efficiency obtained was
around 40% with an input of −20 dBm.

For a linear model, knowing the existing relation between PRF and PDC , given by the
efficiency, this latter one stays constant, inferring that efficiency does not changes by
varying the input power, PRF . Thus, as knowing that the definition of the efficiency
relates Poutand Pin, which in our case are PDC and PRF respectively, for a linear model, the
efficiency can be expressed by

η = PDC

PRF
(3.1)

3.3 Non-linear Model

Other model normally used in multifold applications is the non-linear model. Non-linear
models are those which describe a non-linear behavior in relationships between input and
output. Such models are generally assumed to be parametric, where the model is described
as a nonlinear equation [27]. It is important to mention that a linear model is a special case
of a non-linear model, therefore both are related to each other.

In this type of model, the output is not directly proportional to the input, and the efficiency
provided tends to be more accurate. As a consequence, non-linear models are used
in machine learning methods [24], statistical models and agricultural applications [1],
business intelligence, wireless power harvesting [10]. As for to the latter application
mentioned, WPT models based on non-linearity are the most used, since they provide a
wide range of different values of output for a same input, and vice versa [10].

A rectifier is always made of a non-linear device, as it could be one or more diodes [9],
which are responsible of converting the RF energy into DC current. Therefore, this output
current will have one value or another pivoting on the value of efficiency. Efficiency is a
ratio of the power delivered to a system relative to the power radiated from that system. A
system that counts with a high efficiency has most of the power present at its input radiated
away, whereas, a system with a low efficiency has most of the power as losses within the
system itself, or inclusive reflected away in some cases. Therefore, this parameter is used
to take into account losses at the input and within the structure of the mechanism used for
WPT itself [11]. Nonetheless, when it comes to models based on non-linearity, efficiency
is not constant, but oscillate. The way it changes is by a shift on the Pin, which in this case
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is the PRF . Thus, efficiency depends on the variation of the PRF and can be expressed as a
function of it, by

η(PRF) =
PDC

PRF
(3.2)

The input power, PRF is the power corresponding to the energy harvested by the antenna
from the free space while the PDC is the power that will be transmitted to the load, and the
device that requested it. PDC will depend on the value of the efficiency.

3.3.1 Input-Output Relationship

The challenge now is to find manners to increase the DC power level at the output of the
energy harvester with no increasing the transmitted power [10], and therefore an increasing
efficiency, since both DC energy and efficiency are related to each other. For such purpose,
it is assumed a transmitting signal of Xm(t) at t, and an ideal rectifier, where the current
delivered to the load is expressed as the expectation of the diode current [10]. With the
purpose of making this equality easier to be handled, it is needed to truncate the Taylor
expression belonging to the diode current to the fourth order, since it is the minimum
enough for demonstrating the basic rectification operation of a rectifier [5]. Therefore, the
summation is from i = 1 to N, where N > 2. Output current can be expressed as

iout = E{id(t)} =
2N
∑
n=1

knRn/2
ant E{y(t)i}, (3.3)

where by [10], for a certain value of n:

• iout is the output current of the device

• id is the diode current of the rectifier

• E{id(t)} is the expectation of the current flowing through an ideal diode

• Rn/2
and is the resistance of the antenna

• E{y(t)n} is the expectation of the signal impinging on the antenna

As to kn = is e
a

dvt
i!(dvt)n

, following [10], for a certain value of n:

• is is the reverse bias saturation current

• vt is the thermal voltage

• d is the ideality factor (assumed equal to 1 for simplicity)



3.3 Non-linear Model 15

• a is a fixed operating voltage drop vd = a in order to express the non-linearity of the
diode.

It has to be highlighted by [10] that this expression is based on a non-linear model. By
having the approximation of the output current referred to as (3.3), there are certain
parameters not known yet such as kn and Rn/2

and , as well as there is one already known, y(t)
which is the signal impinging on the antenna. Hence, the challenge is to solve the iout

equation, which will be useful to obtain an increasing DC power, by the direct relation
existing between output current and power, given by

Pout =Vout iout , (3.4)

and therefore a higher efficiency. Due to (3.4) it is possible to state the real expression for
the output power:

Pout =VoutE{id(t)} =
2N
∑
n=1

VoutknRn/2
ant E{y(t)n} (3.5)

The way of deriving such equation is by unifying the unknown parameters and consider
them as one, in order to calculate it itself. However, there is not only one parameter, but
an undefined number of them. The number of terms, and the value of the parameters will
be very important henceforth, since they will define how the efficiency will be and how
accurate is the model. Thereby they will take part on determining the efficiency value.
The number of parameters and the number of them called terms, are defined as αn and N
respectively. Thus, the expression for the output power becomes

Pout =
2N
∑
n=1

α̂nE{y(t)n}, (3.6)

where α̂n =VoutknRn/2
ant .

Regarding to the expectation of y(t)n, this can be expressed as a definite integral between
0 and the period T . On the other side, y(t) is the signal impinging on the antenna, which
is a sinusoid and therefore it is equal to Acos(2π f t). Anyhow, n can be either odd or
even number. For the case of an odd number, assuming p = 2n+1, the expression is the
following:

E{y(t)p}= 1
T ∫

T

0
(Acos(2π f t))pdt = 1

T ∫
T
2

0
(Acos(2π f t))pdt+ 1

T ∫
T

T
2

(Acos(2π f t))pdt

(3.7)
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By the trigonometric identity cos(α)p = −cos(α −π)p,

1
T ∫

T

T
2

(Acos(2π f t))pdt = − 1
T ∫

T

T
2

(Acos(2π f t))pdt (3.8)

As both terms of (3.7) are equal in absolute value, but with different sign, applying (3.8) to
(3.7), it is concluded that:

E{y(t)p} = 1
T ∫

T
2

0
(Acos(2π f t))pdt − 1

T ∫
T
2

0
(Acos(2π f t))pdt = 0 (3.9)

Since the odd number provide a null value for the expectation of y(t)n, the values for
n to take into account are the even values. Following the previous specifications, the
expectation now is expressed as

E{y(t)2n} = 1
T ∫

T

0
(Acos(2π f t))2ndt = A2n

T
[(2n−1)!!

2n!!
t]

T

0
= A2n (2n−1)!!

2n!!
(3.10)

Thus, the expression for the Pout is such that it will consider as number of terms only the
even ones. Hence, it is assumed 2N as the limit of the summation. On the other side, the
expectation of the incident signal on the antenna will be E{y(t)2n}, and therefore (3.6) can
be simplified to

Pout =
N
∑
n=1

αnE{y(t)2n}, (3.11)

where it could be inferred that αn = α̂2n and α̂2n+1 does not matter.

Applying (3.10) to (3.11), and assuming Pout as PDC, the equation for the output power for
a non-linear model that only considers the even terms, in an interval between 0 and π can
be expressed as:

PDC =
N
∑
n=1

αn
A2n

T
(2n−1)!!

2n!!
(3.12)

The challenge at this point is to figure out the different parameters, as well as the number
of terms. Considering (3.11) with N terms, will drive us to have a matrix of M values of
PDC by N even terms, such that:

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

PDC1

PDC2

PDC3

⋮
PDCM

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

α1E{y1(t)2} + α2E{y1(t)4} + ⋯ + αNE{y1(t)2N}
α1E{y2(t)2} + α2E{y2(t)4} + ⋯ + αNE{y2(t)2N}
α1E{y3(t)2} + α2E{y3(t)4} + ⋯ + αNE{y3(t)2N}

⋮ ⋯ ⋮ ⋯ ⋱ ⋯ ⋮
α1E{yM(t)2} + α2E{yM(t)4} + ⋯ + αNE{yM(t)2N}

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(3.13)
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Concluding that expectation is expressed as:

Emn = E{y(t)2n
m } (3.14)

Thereby, reducing (3.13) by splitting it into a product of two different matrices. expectations
and parameters, such their dimensions are MxN and Nx1 respectively, we have PDC =Eα

as

PDC =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

PDC1

PDC2

PDC3

⋮
PDCM

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

E11 E12 E13 ⋯ E1N

E21 E22 E23 ⋯ E2N

E31 E32 E33 ⋯ E3N

⋮ ⋮ ⋮ ⋱ ⋮
EM1 EM2 EM3 ⋯ EMN

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

α1

α2

α3

⋮
αN

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=Eα (3.15)

The number of values of M is inferred, since it is referred to the number of values of PDC,
and this will be the same as PRF . Nonetheless, regarding to the number terms N is still not
defined, since it will be vary from one case to another. This number will establish whether
the efficiency is accurate or not, and will be mentioned later on. In addition it is worth it to
highlight that this is the scope of this thesis, to find the number of parameters, N, in order
to obtain an accurate efficiency given a rectenna.

Concerning to the matrix of expectations of y(t)n, for only even terms, as mentioned
formerly the expression of the received signal is established as sinusoidal. Furthermore,
it is also known the expression for the expectation of a sinusoidal signal. In addition,
the expectation depends also on the number of M for a certain moment, which will be m
henceforth. Thus, the concluded statement is such that:

Emn = E{(Amcos(2π f t))2n} = 1
T ∫

T

0
(Amcos(2π f t))2ndt = A2n

m
(2n−1)!!

2n!!
(3.16)

On the one side, the value of Am is referred to the amplitude, and it can be linked to the
radio-frequency power by the definition of this latter one.

PRF = E{y(t)2} = E{(Acos(2π f t))2} = A2E{cos(2π f t)2} = A2

2
(3.17)

This relation can be solved since E{cos(x)2} = 1
2 and due to the properties of the expecta-

tions.

Moreover, as PRF follows the iteration of m, the amplitude for each value of PRF will be:

PRFm =
A2

m

2
(3.18)
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Therefore applying (3.10) and (3.18) to (3.16) and assuming a period of T = 1
f the expres-

sion for computing the expectation of y(t)2i is: PRF will be:

Emn{y(t)2n} =
√

2PRFm

(2n−1)!!
2n!!

(3.19)

3.3.2 Parameter Estimation

At this point we have the expression for computing each of the elements of the matrix of
expectations in function of n and m. Hence, the only values that need to be figured out
are αn, by knowing the values of PDC. It will drive us to have a product of matrices Exα ,
where the number of rows of α , N, is unknown. It implies that it is not possible to compute
the different values for the parameters αn, and not even the number of parameters needed
for a optimum accurate efficiency. For solving it, it will be needed a pseudoinverse of the
matrix, which in Matlab is solved as Least Squares Fitting.

The pseudoinverse matrix is a matrix that multiplied by a non-quadratic matrix provides as
a result the identity matrix (I), which is the square matrix with ones on the main diagonal
and zeros elsewhere. Pseudoinverse matrix is similar to the inverse matrix of an square
matrix. It could be placed either to the left (L) or to the right (R), such that AR = I or
LA = I, being A a matrix of mxn, Amxn. For the solution of PDC =Eα , as α is the unknown
matrix, the procedure to be followed is:

LEα =LPDC, (3.20)

being LE = I. Thus:
Iα =LPDC, (3.21)

where
L = (EtE)−1ET, (3.22)

and
Iα = α, (3.23)

therefore:
α = (EtE)−1ETPDC (3.24)
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4. PRACTICAL CASE

The accomplished task for the practical case consists of an implementation of a non-
linear model for rectification, which has been mentioned in Chapter 3. This will drive us
to figure out the minimum and optimum number of parameters needed for an accurate
efficiency rectification at long ranges. Once this number is obtained, a comparison between
the different "cases" from the Table 4.1 will be carried out, in order to know which
specifications make the model performs better. For this task, two different Powerharvesters
receivers [14] [15] provided by PowerCast were used, as well as their data sheets, from
which it was extracted the different values of efficiency given an RF power input, for
distinct values of operation frequency and voltage. The power harvesters used and their
different specifications, as their values of the frequency of operation and the "output"
voltage, are given in Table 4.1:

Table 4.1. Table of cases for analyzing

Case Powerharvester Frequency (MHz) Voltage (V)
1 P2110 915 1.2
2 P2110 868 1.2
3 P1110B 950 3.0
4 P1110B 915 3.0
5 P1110B 915 4.0
6 P1110B 868 3.0

Regarding to the different values of "output" voltage, both Powerharvester modes are aimed
to charge an external storage element [14] [15]. In the case of the P2110 it storages the
energy in a capacitor, and this should have a very small leakage current. It is recommended
that the leakage current of the capacitor be under the value of 1 µA at 1.2 V. For the P1110,
this model provides the energy to a battery or a capacitor, which are the storage elements.
The output voltage of the P1110B will be established by the voltage of the storage element
with a maximum established by a VOUT pin, which can vary its voltage from 0 V to 4.2 V.

For the present task, the non-linear model presented in the Chapter 3 has been solved
due to the realization of a Matlab program, which leads to solve the different equations
established, with different number of parameters for different combinations of the elements
in Table 4.1, in order to find the number of parameters that are needed to obtain an accurate
high efficiency. However, firstly, the values for the efficiency were found due to the
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manufacturer provides a power calculator. Upon this is done, it is possible to analyze
graphically the accuracy of the model comparing it to the measured performance given by
the datasheet. The plots analyzed are those referred to the efficiency vs PRF in dBm. This
way makes easier to know the number of parameters needed.

The process consists of testing the data collected from the datasheet, computing the
parameters and proving a number N of parameters until obtaining a value of it in which
the efficiency of the non-linear model is accurate compared to the graph provided by the
manufacturer. For this task, it was tested all the number of parameters from 1 to a number
of N which makes the efficiency to be notably different. In this case, such value of N is
12. Then, it is plotted the different graphs for all those values of N, inferring that the most
accurate number of parameters, N, is between 9 and 10, since comparing the different plots
for efficiency vs PRF , the curves start differing notably one each other with N = 11, while
with N = 9 and N = 10, the differences are not visible easily, as shown in Fig. 4.1 and Fig.
4.2.

Based on the Fig. 4.2, with N = 9 and N = 10 it is notable that both plots are the most
accurate compared to the provided one, so that it is needed to know which is more accurate
of those two values of N. On the other side, it can be noticed that the plots are quite similar,
but for the case of N = 11 the plot for the non-linear model starts differing a bit, and even
more with N = 12. Thus, the plot of the Fig. 4.2 shows that for the non-linear model,
while increasing the input power, the output power starts increasing too, but exponentially,
therefore differing from the graph collected from the datasheet, and being fairly inaccurate.

To obtain more certainly the optimum number of N, Fig. 4.2 is zoomed in order to know
which value is the most accurate, concluding that N = 9 is the value that offers the best
accuracy. Henceforth we will work with such parameter. It is shown in the Fig. 4.3

At this point, once we got N, we proceed to compare the cases of Table 4.1, in order to
know the accuracy of the model compared to the plots provided by PowerCast, for the
different cases. Firstly it is tested the model for a same value of frequency, 868 MHz, but
different powerharvesters, therefore, the case 2 and the case 6, obtaining the Fig. 4.4, in
which although the voltage is also different, it does not affect notably to the performance
of the model. However, it can be seen that the model for both cases is accurate, but a little
bit more for the case of P2110 with 1.2V and 868 MHz.

The next cases to be compared are 4 and 6, that are those in which the powerharvester
P1110, and the "output voltage". 3V , are the same ones, but varies the frequency, being
868 MHz in one case, and 915 MHz in the other one. However, the voltage still does not
affect notably to the behavior of the model. This comparison is provided in the Fig. 4.5.
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Powerharvester Efficiency vs. RFIN (dBm)

Measurement from datasheet P2110, 1.2V, 868 MHz
N=1 P2110, 1.2V, 868 MHz
N=2 P2110, 1.2V, 868 MHz
N=3 P2110, 1.2V, 868 MHz
N=4 P2110, 1.2V, 868 MHz
N=5 P2110, 1.2V, 868 MHz
N=6 P2110, 1.2V, 868 MHz

Figure 4.1. Comparison of the Efficiency vs Input power PRF for P2110 powerharvester
operating at 868 MHz and V=1.2V with N from 1 to 6

As it can be seen, the model seems to be equally accurate for both cases. In Fig. 4.6 the
plot is zoomed, in order to know in which case, the model is more accurate. But apparently
the model behaves with almost no differences in both cases.

Following to the previous cases contrasted, a similar comparison is also carried out, but
this time with the other powerharvester, P2110 operating at different frequencies, and with
the same voltage, 1.2V . It is plotted in the Fig. 4.7.

As the difference still can not be appreciated easily, the plot of the Fig. 4.7 is zoomed, with
the purpose of knowing at which frequency the model is more accurate. It is presented in
Fig. 4.8

It is proved that the non-linear model is slightly more accurate when the powerharvester
performs at 868 MHz.
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N=11 P2110, 1.2V, 868 MHz
N=12 P2110, 1.2V, 868 MHz

Figure 4.2. Comparison of the Efficiency vs Input power PRF for P2110 powerharvester
operating at 868 MHz and V=1.2V with N from 7 to 12

Continuing with the comparison between cases, the last cases to be compared are the
cases 4 and 5, which provide the difference between varying the "output" voltage, but
maintaining the same powerharvester, P1110 and the same frequency of operation, 915
MHz. Such difference is shown in Fig. 4.9

Such chart shows that in this case, there is a difference not obvious enough at a glance,
since as mentioned formerly, the non-linear model proposed here slightly varies with the
variation of the voltage, providing almost depreciable differences. However, in both cases
the model with a number of parameters of N = 9 brings an accurate efficiency.

It is notable that for both powerharvester N = 9 presents a very accurate efficiency for the
measured performance given in the datasheet. Although it could vary depending on the
powerharvester as well as on the voltage and frequency. On the other side, mostly, based
on the multifold comparisons accomplished, the behavior of the non-linear model is a little
bit more accurate when the powerharvester operates at 868 MHz.
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Figure 4.3. Zoom of the comparison of the Efficiency vs Input power PRF for P2110
powerharvester operating at 868 MHz and V=1.2V with N from 7 to 12
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Figure 4.4. Comparison of the Efficiency vs Input power PRF of P2110, 1.2V, and P1110,
3V, operating at the same frequency 868 MHz, with N = 9
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Figure 4.5. Comparison of the Efficiency vs Input power PRF of the same powerharvester
P1110 with 3V, but operating at different frequency 868 MHz and 915 MHz, with N = 9
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Figure 4.6. Zoom of the comparison of the Efficiency vs Input power PRF of the same
powerharvester P1110 with 3V, but operating at different frequency 868 MHz and 915
MHz, with N = 9
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Figure 4.7. Comparison of the Efficiency vs Input power PRF of the same powerharvester
P2110 with 1.2V, but operating at different frequency 868 MHz and 915 MHz, with N = 9
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Figure 4.8. Zoom of the comparison of the Efficiency vs Input power PRF of the same
powerharvester P2110 with 1.2V, but operating at different frequency 868 MHz and 915
MHz, with N = 9
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5. CONCLUSION

Through this thesis a non-linear model for wireless power harvesting has been introduced,
analyzed, simplified and implemented. This model utilizes the remaining radio-frequency
waves in the free space. For such task, firstly it was necessary to acquire the knowledge
related to wireless power harvesting as well as to the non-linear model, that is to say,
concepts such as rectifiers, microwaves or radio-frequency.

Once these concepts were acquired, a implementation of the previously simplified model
was developed in order to get to know the optimum number of parameters for having a
model with an accurate efficiency. This was accomplished by used the Least Squares
Method. Upon the simulator was done, for proving the non-linear model was accurate it
was compared to the graphs provided by the manufacturer, for each powerharvester, with
different number of parameters N as well as with different plots.

Comparing the efficiency between the curve provided by the manufacturer and the graphs
of each powerharvester varying the number of parameters, the results provided an optimal
number of parameters, N, that offers a very accurate efficiency. In such a way that when
increasing the number of parameters the efficiency increased too, but exponentially, ceasing
the model to be accurate. On the other hand, reducing the number of parameters, the
efficiency increased too, but in a moderate way, such that the model kept being almost as
accurate as with the optimal number of parameters.

Moreover, the model was also compared for the same powerharvesters varying its specifi-
cations such as the "output voltage", the frequency of operation, as well as for different
powerharvesters but both with same specifications, in order to be able to know when the
model behaves more accurate, concluding that it is when the frequency is lower.

As a conclusion the non-linear model analyzed is very accurate even varying the number
of parameters in few units, no matter the specifications. However, if an optimal accuracy is
desired, then the optimal number of parameter need to be figured out.
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