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COMPACT RECTENNA DESIGN FOR RF ENERGY HARVESTING
APPLICATIONS

ABSTRACT

In this study, a detailed literature study has been conducted about radio frequency
energy harvesting systems, and two different RF energy harvesting system designs are
presented operated two different bands. RF energy harvesting systems have been in
our lives for more than fifty years. The number of studies carried out on these systems
has increased, especially to meet the power requirements of low power consumption
devices whose usage is growing with the developing technology in recent years. In the
literature, RF energy harvesting systems have been generally designed to operate in
the ultra-high-frequency band. For this purpose, two different RF energy harvesting
systems operating in this frequency band have been developed. While determining the
operating frequencies of the proposed systems, GSM and ISM bands widely used have
been preferred. The RF energy harvesting system consists of a receiving antenna, a
rectifier circuit that converts RF signals into DC signals, and an impedance matching
circuit between the antenna and rectifier circuit.

Antennas have been designed, numerically calculated in CST Studio Suite using the
Rogers RO4003 substrate, and verified by the fabricated prototype. RF to DC
rectifying and impedance matching circuits have been designed and numerically
calculated as a nonlinear in Ansoft Designer and Ansys Electronics Desktop. The
proposed system designs have achieved successful performance parameters: The
system design operating at 900 MHz has been yielded 1.7 VV DC output voltage with
75 % RF-DC conversion efficiency at -11 dBm input power. The system design
operating at 2.4 GHz has been generated 0.75 V DC output voltage with 49 % RF-DC
conversion efficiency at -11 dBm input power. As a result, essential information about
RF energy harvesting systems has been presented, and successful performance
parameters have been obtained in the designed systems. Also, suggestions on
increasing output DC voltage are presented in this study.
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RF ENEngi HASATLAMA UYGULAMALARI iCiN KOMPAKT
DOGRULTUCULU ANTEN (RECTENNA) TASARIMI

OZET

Bu ¢alismada, radyo frekans enerji toplama sistemleri hakkinda detayli bir literatiir
calismasi gerceklestirilmis ve iki farkli bantta ¢aligmak {izere tasarlanan iki farkli RF
enerji toplama sistemi tasarimi sunulmustur. RF enerji hasatlama sistemleri elli yi1ldan
uzun bir siiredir hayatimizda yer almaktadir. Bu sistemler ile ilgili yiiriitiilen
caligmalarin sayis1 6zellikle son yillarda gelisen teknoloji ile birlikte kullanimi artan
diisiik gii¢ tliketimi olan cihazlarin gii¢ ihtiyacini karsilamak amaciyla artmustir.
Literatiirde bulunan RF enerji hasatlama sistem tasarimlari genellikle ultra yiiksek
frekans bandinda ¢alismaktadir. Bu amagla bu frekans bandinda ¢alisan iki adet farkl
RF enerji hasatlama sistem tasarimi olusturulmustur. Onerilen sistemlerin ¢alisma
frekanslar1 belirlenirken ise kullanimlar1 oldukca yaygin olan GSM ve ISM bantlari
tercih edilmistir. RF enerji hasatlama sistemi alic1 anten, RF sinyalleri DC sinyallere
doniistiiren dogrultucu devre ve anten ile dogrultucu devre arasinda bulunan empedans
eslestirme devresinden olusmaktadir.

Anten tasarimlart Rogers RO4003 alttas malzemesi kullanilarak CST Studio Suite
programinda tasarlanmis, niimerik olarak hesaplanmis ve fabrike edilen prototip ile
dogrulanmistir. RF - DC dogrultucu devre tasarimlari ile empedans eslestirme devresi
ile birlikte Ansoft Designer ve Ansys Electronics Desktop programlarinda nonlineer
olarak tasarlanmis ve niimerik olarak hesaplanmustir. Onerilen sistem tasarimlari
basarili sonuglara ulasmistir: 900 MHz de ¢alisan sistem tasarimi ile -11 dBm giris
giictinde % 75 RF-DC doniisiim verimiyle 1.7 V DC ¢ikis voltaj1 elde edilmistir. 2.4
GHz de calisan sistem tasarimi ile -11 dBm giris giiclinde % 49 RF-DC doniisiim
verimiyle 0.75 V DC ¢ikis voltaj1 elde edilmistir. Sonug olarak, yiiriitiilen ¢calismada
RF enerji hasatlama sistemleri ile Onemli bilgiler sunulmus ve tasarimlar
gerceklestirilen sistemlerde basarili performans verileri elde edilmistir. Ayrica ¢ikis
voltaj degerini arttirmak {izerine bazi dneriler de bu ¢alismada sunulmustur.
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1. INTRODUCTION

1.1 Introduction

In this thesis, a study on Radio Frequency (RF) Energy Harvesting System (Rectenna)
is presented. The word rectenna is a compound of “rectifier” and “antenna” The
primary purpose of this study is to analyze the feasibility of using RF energy harvesting
to power an electronic device that is in general low power consumption by using
ambient radio frequency sources in the environment and providing appropriate system

design.

Electronic devices are an undetachable part of our lives, and with the developing
technology, this part gets increased. The increasing use of wireless devices has led to
increased demand and supply in need of batteries to be more efficient. Using
disposable/ rechargeable batteries as the source of energy impose of wireless devices
several limitations, including the need for maintenance of batteries and cost involved
in replacing batteries. Also, some batteries contain heavy metals such as lead,
cadmium, and mercury, which can pollute the environment if they are disposed of
improperly. Due to negative aspects, batteries could be replaced by alternative sources,

such as Direct Current (DC) power generators using energy harvesting techniques.

Radio frequency energy harvesting is defined as the process of extracting energy from
the surroundings of a system and converting it into usable DC signal for any electronic
devices [1]. In general, an energy harvesting system consists of the following

components:
e Anambient energy source,

e A transducer (rectifying circuit) - converting ambient energy into electrical

energy,

e An energy storage component or load - storing the harvested energy and

powering the sensor system,



There are different kinds of ambient available in the environment that can be utilized
for energy harvesting such as solar, thermal, vibration, wind, and radio frequency (RF)

energy.

The RF energy harvesting is based on the gathering of RF signals in the RF fields
generated by electromagnetic waves radiated by electromagnetic wave sources such
as TV towers, wireless radio networks, and mobile phone towers. This RF signal is
captured and converted into functional DC voltage by using a rectifying circuit directly
connected to a receiving antenna. Electromagnetic waves are freely available at an
increasing frequency and power level in the environment, especially in densely
populated urban areas. RF energy sources are available in our environment and

suitable for use in energy harvesting systems:

FM (Frequency Modulation) Band: 87.5 — 108 MHz
Radio Communication Band: 370 — 450 MHz
VHF (Very High Frequency) Band: 174 — 230 MHz
UHF (Ultra High Frequency) Band: 470 — 854 MHz
GSM (Global System for Mobil Communication) 900 Band:
880 — 915 MHz (uplink) mobile to base
935 - 960 MHz (downlink) base to mobile
GSM (Global System for Mobil Communication) 1800 Band:
1710 — 1785 MHz (uplink) mobile to base
1805 — 1880 MHz (downlink) base to mobile
WiFi (Wireless Fidelity) Band: 2400 — 2480 MHz
ISM (Industrial Scientific Medical) 2.4 GHz Band: 2400-2483 MHz
3G (Third Generation of Mobile Phone) Band: 2110 — 2200 MHz

WiMax (Worldwide Interoperability for Microwave Access) Band: 3400 —
3600 MHz

1.2 Motivation

People need energy, which is a fundamental need to sustain their various vital
activities. The energy in nature can be converted between different forms, stored,

transferred, and never eliminated. With the developing technology, there has been a



significant increase in energy resource diversity, energy storage capacity, and the
conversion efficiency of energy between types. Energy supply has always been a
critical limiting factor to the lifetime of some electronic devices, especially wireless

devices.

The motivation behind this thesis study is that, despite the disadvantages of limited
battery life and where there is difficulty in energizing, by exploring possible
alternatives to conventional, disposable batteries in powering the electronic devices
with low power consumption, thus making these devices indefinitely self-sustaining.
One possible solution is to use radio frequency (RF) energy harvesting, in which
ambient energy is gathered, converted into electrical energy, and used.

1.3 Aim and Objectives

The study presented in this thesis aims to develop rectennas (energy harvesting
systems) which operates at different frequency bands for RF wireless energy
harvesting.

The objectives are:

v To investigate various types of energy harvesting antennas and to improve the

appropriate antenna design.

v Toinvestigate RF to DC rectifying circuit of energy harvesting systems and to
improve the appropriate circuit design.

v To achieve high RF to DC conversion efficiency as a result of the RF energy
harvesting system consisting of an RF energy harvesting antenna and RF to DC

rectifying circuit.

1.4 Contributions

This thesis summarizes the main contributions of the work as follows:

This study presents two different RF energy harvesting systems. One of the energy
harvesting systems is designed to operate in the 900 MHz band, and the other is
designed to operate in the 2.4 GHz band.



The designed energy harvesting antenna structures and rectifier circuits have been
verified using various simulation programs, analyzes and performance tests have been
done in these programs. It has been ensured that every fabricated element gives
measurement results compatible with the simulation result, and otherwise, their causes

have been investigated.

Antenna and rectifying circuit designs have been designed to operate correctly even at
low power levels. The energy harvesting antennas have a broadband operation and a
meager return loss value in this operating band. Rectifying circuit designs have input

impedance values that can operate to match with 50 Q line impedance.

For the RF energy harvesting system to operate in high efficiency, the antenna and
rectifier circuit designs have been fabricated using low loss substrate. Also, to achieve

high efficiency, zero bias Schottky diodes are used in rectifying circuit design.

1.5 Thesis Overview

This thesis is organized as follows:

e Chapter 2 gives a comprehensive review of RF energy harvesting system
solutions proposed by researchers in the scientific literature. The basics of an

RF energy harvesting system are discussed and reviewed.

e Chapter 3 describes the design, and fabrication of the RF energy harvesting
systems consists of RF energy harvesting antenna, impedance matching, and
RF to DC rectifying circuit, operate at 900 MHz and 2.4 GHz.

o Chapter 4 describes the simulation and measurement results of the RF energy
harvesting systems, consists of RF energy harvesting antenna, impedance

matching, and RF to DC rectifying circuit, operate at 900 MHz and 2.4 GHz.

e Chapter 5 presents conclusion remarks and future work.



2. RADIO FREQUENCY ENERGY HARVESTING

Energy harvesting is a process that generates power from energy sources in the
environment. Energy harvesting from different sources has been in the focus of the
research studies in recent years. Energy harvesting systems utilizing clean and
renewable resources can be examined under the following headings: Solar energy
harvesting, Vibrational energy harvesting, Thermal energy harvesting, Piezoelectric
energy harvesting, and RF energy harvesting. Also, the estimated harvested power

values of these energy harvesting techniques are presented in Table 2.1.

Table 2.1 : Estimated power values from different energy harvesting techniques [2].

Energy Source Harvesting Technique Estimated Harvested Power
Sun Solar
. . 10* uW/ cm®
(outside) energy harvesting
Thermal Thermal
) ] 10! pW/ cm?®
gradient energy harvesting

) ) Piezoelectric
Piezoelectric _ 5x10% uW/ cm?®
energy harvesting

Radio Frequency
RF _ 10! uW/ cm?®
energy harvesting

Solar energy can be turned into electrical energy using a solar cell. The solar energy
harvesting technique is the most promising candidate for energy harvesting as it has
the highest energy density among the energy harvesting options and it has

commercially available solar cells which can be produced in various sizes.

Thermal energy harvesting is a technique developed using natural temperature
variations in the environment. The thermoelectric generator is used to convert thermal

energy into electrical energy.



Piezoelectric energy harvesting is a technique that converts oscillating mechanical
energy into electrical energy using piezoelectric materials.

Radio frequency energy harvesting is a technique that harvests energy by gathers radio
frequency signals in the environment. In this harvesting technique, ambient RF signals
are gathered through the antenna and converted into electrical energy by rectifying
circuit. Although the harvested power level was low, this technique attracted the

attention of many researchers, and various studies were carried out in this field.

2.1 Radio Frequency Energy Harvesting System Overview

Radio frequency (RF) energy harvesting is a system that targets gathering energy that
is freely available in the environment from external ambient RF sources for providing
energy to the low power electronic devices. In this study, ‘Radio frequency’ (‘RF’)
refers to electromagnetic waves with frequencies in the range from 3 kHz to 300 GHz.
The amount of energy to be harvested can be in macro scale or micro scale for the RF
energy harvesting system [3]. In general, an RF energy harvesting system consists of
the following components: Ambient RF energy source(s), receiving (energy
harvesting) antenna, matching circuit, RF-DC rectifying circuit, and DC load. The

basic RF energy harvesting system block diagram shown in Figure 2.1.

i ™y Ambient
RF Signal

. | | Recehing IE}'[ Mateni ]E}[: ‘ ]

Antenna RF ENE R GT HﬁH‘U’ESﬂ NG SYST E "'-'1
(0c Qutpud

D ] DC Load

e
RF EMERGY SOURCE

Figure 2.1 : RF energy harvesting system block diagram.

A radio frequency energy harvesting system (rectenna-rectifying antenna) consists of
two main subsystems, receiving antenna and RF-DC rectifying circuit. An RF energy

source is responsible for generating and radiating RF signals into the environment. The



receiving antenna used to gather RF signals which are radiated from the RF source and
freely available on the environment. The RF-DC rectifying circuit converts the RF
signals gathered by the receiving antenna into a DC output voltage with a high RF-DC
conversion efficiency ratio. If there is an impedance mismatch between the output port
of the receiving antenna and the input port of the RF-DC rectifying circuit, a matching
circuit is used to increase the efficiency of the energy harvesting system by minimizing

the return losses.

Wireless energy transfer is in the headpiece of the RF energy harvesting system. The
wireless energy transfer topic includes inductive coupling, magnetic resonance
coupling, and electromagnetic radiation. Inductive coupling and magnetic resonance
coupling applications are highly efficient techniques, but it is limited by difficulties in
application to the near-field of the RF source accommodates. RF energy transfer
(harvesting) system is the application of electromagnetic radiation and study
implement in the far-field of the RF source. Wireless power transfer techniques are

summarized in Table 2.2.

The amount of harvesting power depends on the average power density of the location,
efficiency of power conversion (RF to DC), and size of the energy harvesting system.
The performance of the RF energy harvesting system depends on the efficiency of the
rectenna, which can be improved by the antenna design, impedance matching, and
modeling of the diode [4].



Table 2.2 : Comparison of different wireless energy transfer techniques [3;5;6].

Wireless Energy

Transfer Operating Area Efficiency Applications
Technique
From 5.81 % to 57.2 %
Resonant Near-field . Contactless
when frequency varies ¢ card '
' -radiati smart cards, ce
Inductive (Non-radiative from 16.2 kHz to 508 _
Coupling propagation) KHz phone charging
From the above 90 % to PHEV chargi
' Fi charging,
Magnetic Near-field above 30 % when ging
Resonance (Non-radiative . . cell phone
distance varies from harai
' i chargin
Coupling propagation) 0.75 mt0 2.25 m ging

Depends on the input _
Wireless sensor

Far-field power. 0.4 % at -40 swork
network,
RF Energy (Radiative dBm, above 18.2 % at - .
i m and above
propagation) network
% at -5 dBm

2.2 Literature Review of RF Energy Harvesting

RF energy harvesting systems are often used for two different purposes, to meet the
energy needs of low power consumption device [7-11] and storage of the harvested
energy in the storage unit (device) [12-15]. Also, RF energy harvesting systems have
been used in microwave energy harvesting for space solar power satellite applications

[16;17], wireless power transmission [18-20], and hybrid harvesters [21-23].

The first RF power transfer system has been developed by Brown et al. in NASA [24].
The researchers have been developed the first rectenna and achieved an efficiency of
40% by delivering 100 W to an electric rotor at a distance of more than 20 m and an
operating frequency of 3 GHz. With the development of Schottky diodes capable of
operating efficiently without an external bias at tens of GHz, low power RF energy
harvesting systems have been designed during the 90s [25]. The RF energy harvesting



in ambient freely available RF sources has begun to evolve to meet the need for devices
with low power requirements, and as shown in Figure 2.2, various antenna designs

have been used.
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Figure 2.2 : Different antenna designs used for RF energy harvesting; (a) probe-fed

microstrip patch antenna [26], (b) 50 Q folded dipole antennas [27], (c) flexible yagi

antenna [28], (d) small loop antenna [29], (e) anti-spiral slot resonator antenna [30],
and (f) circular patch array antenna [31].

In [32], the study presented by Kim et al. have provided an overview of the ambient
energy harvesting technologies (solar, thermal, radio frequency, and piezoelectric). In



this study, many studies on RF energy harvesting applications are investigated and
proposed energy harvesting applications with different antenna (log-periodic, folded-
dipole) and rectifying circuit designs. The researchers have been examined the RF
performance of the surrounding area and determined operating bands, which is
according to this data of the harvesting antenna. The fabricated system prototype
which includes the antenna and rectifying circuit has appropriately operated.

In [33], the study has been presented an energy harvesting application which formed a
one-sided flexible material by Kanaya et al., in 2013. This study includes energy
harvesting antenna which operates at 900 MHz, the resonant circuit with tuning block,
and rectifying circuit with 107 Q load. The RF-DC conversion efficiency has been
obtained %58.7 as the simulation result and %44 as the measurement result which

belongs to the fabricated prototype.

In [34], the study has been presented by Adami et al. wristband design for RF power
harvesting. The proposed wristband design is flexible and has been comprised to
operate at -24 dB input RF power in the 2.45 GHz operating band. The wristband
design consists of a flexible RF energy harvesting antenna (which forms of the patch
antenna) made of the woven polyester substrate and a rectifying circuit made of Rogers
5008 substrate. The efficiency of the wristband RF harvesting system has been

obtained as %28.7 according to the input RF power value of -7 dBm.

In [35], self-sustained body area networks (BAN) sensor prototype which designed for
human body self-monitoring and mobile healthcare has been presented by Yang et al.
The prototype includes an electrically small triple band antenna which covers at GSM-
900, UTMS-2100, and TD-LTE bands and rectifying circuit which designs for low
power applications. Electrically small antenna gain values of 1 dBi, 2.64 dBi, and -
0.19 dBi have been obtained at operating frequencies (0.9 GHz, 2.025 GHz, and 2.36
GHz), respectively. In the rectifying circuit, DC output power has been obtained at -
10 dBm RF input power with %59 RF-DC conversion efficiency.

In [36], the study has been presented by Sun et al. an antenna array for RF power
harvesting applications. The design of the proposed antenna array (1 x 4) consisting of
a combination of 4 patch antennas have been designed to enhance beamwidth. With

the aid of two auxiliary antennas, the beamwidth of the designed antenna array at the
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H-plane is about two times wider as the typical antenna array (not enhanced
beamwidth). The efficiency of the designed rectenna has been measured over 50%

when the wave incident angle is between —38° and 35°.

In [37], broadband rectenna for ambient wireless energy harvesting applications has
been presented by Song et al. The characteristics of the ambient radio-frequency
energy have been investigated while the designing of a rectenna. A dual-polarized
cross dipole antenna design has been proposed by researchers to be used as an energy
harvesting antenna and to avoid frequency domain harmonics. A two-branch matching
circuit is designed and fabricated to provide impedance matching between the energy
harvesting antenna and RF to DC rectifying circuit.

In [38], the research work on a design, analysis, and optimization of RF energy
harvesting system for GSM900 band (890-960 MHz) has been presented by Arrawatia
et al. The differential microstrip antenna has a maximum gain of 8.5 dBi and VSWR
< 2 in the operating band. A rectenna which fabricated on a low-cost glass epoxy
substrate is realized using a Schottky diode-rectifier and the developed differential
antenna. In the rectenna’s output load of 3 k€, DC output power was obtained at 2.19

dBm RF input power with %65.3 RF to DC conversion efficiency at 980 MHz.

In [8], the study presented by Kimionis et al. has provided 3-D inkjet printed (silver
ink jetting) energy harvesting antenna design for RF harvesting sensor applications.
The proposed antenna design is energized from two different ports and has carried
about studies on isolation between these ports. Also, a rectifier circuit design has been

put into the 3-D antenna structure, and a compact rectenna design has been created.

In [39], the study has been presented by Shen et al. a dual-port triple-band L-probe
microstrip patch rectenna design for ambient RF energy harvesting operating at triple
bands. The proposed rectenna system allows converting RF signals from different
antenna ports and different operating bands (GSM-900, GSM-1800, and UMTS-2100
bands) to DC output power from all directions. As a result of the experiments when
the power density is above 500 pW/m? in the environment, the efficiency of the dual-

port triple-band rectenna system has been obtained over 40%.

In [40], the study on rectenna for energy harvesting application operating at ISM band

has been presented by Chuma et al., in 2017. The proposed rectenna design consists
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of a microstrip antenna based on fractal geometries and single stage voltage doubler
rectifying circuit. The proposed antenna design has been fabricated using FR-4
substrate, and measurement results have been obtained similarly to the simulation
results. In the rectifying circuit used Schottky SMS7630 diode, DC output power has
been obtained at 2 dBm RF input power with ~62% RF-DC conversion efficiency.

In [41], the study has been presented by Song et al. a novel six-band dual circular
polarization (CP) rectenna for RF power harvesting. Since the proposed antenna design
operates in multiple bands, the rectenna design will also have a multi-band RF power
input. Advanced impedance matching technique has been used to manage this RF
power input efficiently in this study. The DC load resistance of the proposed energy
harvesting system ranges from 10 to 75 kQ, and the system DC power output values
have been obtained 8 pW and 26 uW in indoor and outdoor environments,

respectively.

In [42], the research study on a loop antenna with the artificial magnetic conductor for
dual-band RF energy harvesting applications has been presented by Kamoda et al. The
artificial magnetic conductor structure has been designed to produce a low profile high
gain antenna and has been designed to operate in accordance with rectenna structure
including loop antenna. In RF energy harvesting experiment, the output voltage of the
proposed rectenna design has been obtained above 1.4 V when the load resistance is
more extensive than about 70 kQ for the continuous waves source and 90 kQ for the

actual modulated signal source.

In [43], the study has been presented by Marian et al. a wireless energy transfer system
using microwave electromagnetic support. In this study, a novel rectenna design has
been proposed which has the operating band can be tuned at 900 MHz and 2.45 GHz
with high RF to DC conversion efficiency of %80. Also, the RF input power values of
the rectenna system can range between -30 and 30 dBm.

In [44], the study on rectenna with the hybrid frequency selective surface for wireless
power applications has been presented by Ferreira et al., in 2016. The proposed hybrid
frequency selective surface design has been exhibited a bandpass frequency response
at 900 MHz GSM band, band rejection frequency response at 2.4 GHz ISM band. The

proposed rectenna design consists of an antenna array of 12 unit cells and a single
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stage Greinacher rectifying circuit. In the rectenna output, average 300 uW DC output
power has been obtained at -10 dBm RF incident power level with 50% RF-DC

conversion efficiency.

In [45], the research study on an ultra-wideband transparent antenna for photovoltaic
solar-panel integration and RF energy harvesting applications has been presented by
Peter et al. The energy harvesting antenna has been designed as a coplanar-waveguide
(CPW) fed antenna sandwiched on a thin TCO polymer film with AgHT-4 substrate.
The narrowband rectifying circuit has been developed using HSMS-2850 diode
operating at a frequency of 2.55 GHz has been fabricated using FR-4 substrate. The
harvesting performance of the rectenna design has been tested in an experiment made
up of a horn antenna and a signal generator. Consequently, an average 18 mV DC

output voltage has been obtained at -30 dBm input power.

In [46], the study has been presented by Popovic et al. on a system capable of
harvesting energy from electromagnetic waves in the environment, where it is difficult
to replace the batteries, and the energy sources are not known in location. The energy
harvesting performance has been examined at 900 MHz and 2.45 GHz with the energy
harvesting antenna as yagi-uda antenna array and rectifying circuit. RF-DC conversion
efficiency and the highest output voltage on different loads (100 Q to 63 k) have
been investigated, high resistance values for low RF power (-40 dBm) and low

resistance values for high RF power (10 dBm) has been obtained as optimal values.

In the thesis conducted by Pinuela, RF energy harvesting, and inductive power transfer
systems have been presented [47]. At the beginning of the study, the ambient RF
source potential of London has been researched, and the thesis study which consists
of designed various harvesters to cover four frequency bands from the most significant
RF contributors within the UHF has been conducted according to the data obtained.
The harvester prototypes have been tested on the London Underground stations and

successful harvesting performance results have been obtained.

In the thesis conducted by Alloh, RF energy harvesting system designs, which are
consists of the patch and array antennas and have been presented [48]. Proposed RF
energy harvesting system has been designed to gather freely available GSM (GSM -

900 MHz) signals in the environment. In the proposed method, 7-stage voltage doubler
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circuit using Schottky diodes has been used, and 2.283 V of DC output value has been
obtained.

In the thesis conducted by Zhang, a study on rectenna designs analyzes, and
measurements have been carried out [49] as an RF energy harvesting antenna has been
used optimized broadband planar dipole antennas with a unidirectional radiation
pattern in rectenna system. Also, it is presented that the desired DC output voltage with
reasonable efficiency will have been obtained by composing rectenna array. The study
has been presented that increasing the number of elements in the rectenna array, the
higher output voltage, although the bandwidth is not as extensive as expected due to
practical limits.

In the thesis conducted by Sim, RF energy harvesting system for low power embedded
sensor networks which using at outdoor applications is presented [50]. The budget
analysis of the proposed RF energy harvesting system has been carried out by finds
out the advantages and disadvantages that may occur when applied to the sample
sensor network (Zyrox2 Bait Station). Two different energy harvesting antennas (air-
substrate-based folded shorted patch antenna and air-substrate-based folded shorted
patch antenna with four slots) and a commercially available harvester module (P1110
Powerharvester) have been used in the study. RF energy harvesting system designs
have been tested both in the laboratory and field.

In the thesis conducted by Brynhildsvoll, RF energy harvesting system operates at 900
MHz is presented [51]. The RF energy harvesting system with low power input
consists of an antenna, a 3-stage rectifier circuit, and a boost converter circuit. The
efficiency of the system which includes of antenna and rectifier circuit has been
obtained 32.4 % (435 mV) and 19.6 % (184 mV) at input powers of -19 dBm and -23
dBm. After the boost converter circuit added, the efficiency of the system has been
obtained 61.7 % (2.5 V) and 52.2 % (2 V) at rectifier output powers of -24 dBm and -
30 dBm.

HSMS technology was used in the energy harvesting applications in [52] and [53], as
an output 1.8 V (with 40 % RF-DC conversion efficiency at 900 MHz using HSMS-
2850 diode), 0.77 V (with 83.73 % RF-DC conversion efficiency at 2.45 GHz using
HSMS-2820 diode) DC voltage values have been obtained, respectively.
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SMS technology was used in the energy harvesting applications in [54] and [55], as an
output 0.4 V (with 40.8 % RF-DC conversion efficiency from 900 MHz using SMS-
7630 diode) and 1 V (with 30 % RF-DC conversion efficiency at 2.45 GHz using SMS-

7630 diode) DC voltage values have been obtained, respectively.

2.3 Ambient RF Energy Sources

The electromagnetic spectrum is the extent of all types of electromagnetic radiation.
The radio frequency spectrum is the range between 3 Hz and 300 GHz of the
electromagnetic spectrum, and the signals in this region are called the radio frequency
signal. The signals that enable us to follow the TV and radio broadcasts reaching our
homes are composed of the signals in this range. The scale of the electromagnetic
spectrum that forms the RF spectrum and whose wavelengths varies between 1 mm

and 100 km is presented in Figure 2.3.
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Figure 2.3 : Radio frequency spectrum [56].

Very high frequency (VHF) is the range of the electromagnetic spectrum between 30
MHz and 300 MHz. This frequency range is used for FM radio, TV and air traffic
control broadcasts. Ultra high frequency is the range of the electromagnetic spectrum
between 300 Mhz and 3 GHz. In this range, transmissions for global system for mobile
communications 900 and 1800 (GSM-900 and GSM-1800), 3rd generation (UMTS-
2100 or 3G), long term evaluation (LTE), industrial scientific medical (ISM) and Wi-
Fi (wireless fidelity - 2.45 GHz) bands are located. The 