
 

IZ
M

IR
 K

A
T

IP
 C

E
L

E
B

I U
N

IV
E

R
S

IT
Y

 
 

 
 

 
   

    2
0

1
9

  
C
.G
Ö
Ç
E
N

 

 

 
 

 

 

 

 

 
 

  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

M.Sc. THESIS 

JUNE 2019 

 

COMPACT RECTENNA DESIGN  

FOR  

RF ENERGY HARVESTING APPLICATIONS 

Thesis Advisor: Assoc. Prof. Dr. Merih PALANDÖKEN 
 

IZMIR KATIP CELEBI UNIVERSITY 

GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES 

 

Cem GÖÇEN 

Department Of Electrical And Electronics Engineering 

 

 

 

Anabilim Dalı : Herhangi Mühendislik, Bilim 

Programı : Herhangi Program 

 



 

  



 

    IZMIR KATIP CELEBI UNIVERSITY 

GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES 

 

JUNE 2019 

COMPACT RECTENNA DESIGN  

FOR  

RF ENERGY HARVESTING APPLICATIONS 

 

M.Sc. THESIS 

Cem GÖÇEN 

Y160207011 

Department Of Electrical And Electronics Engineering 

 

 

 

 

Anabilim Dalı : Herhangi Mühendislik, Bilim 

Programı : Herhangi Program 

 

Thesis Advisor: Assoc. Prof. Dr. Merih PALANDÖKEN 



 

  



 

    

 

 

 

 

 

 

 

 

 

 

 

HAZİRAN 2019 

İZMİR KATİP ÇELEBİ ÜNİVERSİTESİ 

FEN BİLİMLERİ ENSTİTÜSÜ 

RF ENERJİ HASATLAMA UYGULAMALARI  

İÇİN  

KOMPAKT DOĞRULTUCULU ANTEN (RECTENNA) TASARIMI 

YÜKSEK LİSANS TEZİ 

Cem GÖÇEN 

Y160207011 

Elektrik Elektronik Mühendisliği Ana Bilim Dalı 

 

 

 

 

 

Anabilim Dalı : Herhangi Mühendislik, Bilim 

Programı : Herhangi Program 

 

Tez Danışmanı: Doç. Dr. Merih PALANDÖKEN 



 

 

 







vii 

 

 

 

 

 

To my family, 

 

 

 

  



viii 

 

  



ix 

 

 

FOREWORD 

First and foremost, I would like to thank my advisor, Assoc. Prof. Dr. Merih 

Palandöken, for support and guidance throughout my study. It was an honor me to 

work with a very successful and knowledgeable advisor in your work. Also, I would 

like to thank you very much for your guidance as a younger brother both in my study 

and others. 

 

I would like to express my gratitude to the head of our department, my thesis jury, 

Prof. Dr. Adnan Kaya, for giving every opportunity for the success of the study as well 

as providing me a scholarship in your Tubitak project. I would also like to thank my 

colleagues Res. Asst. Cem Baytöre, Res. Asst. İsmail Akdağ, and Caner Murat for 

their support and assistance in my studies. 

 

My heartiest thanks and most profound appreciation is due to my parents, my sister 

and my fiancee, Hatice Küçükönder M.D., for standing beside me, encouraging and 

supporting me all the time I have been working on this study. 

 

Thanks to all those who assisted me in all terms and helped me to bring out this study. 

 

This thesis was supported by the research projects of Izmir Katip Çelebi University, 

BAP  (Scientific Research Coordination Office of Scientific Research Projects) under 

the project grant no: 2018-TYL-FEBE-0058, TURKEY. 

 

 

 

June 2019 

 

Cem GÖÇEN 

 

 

 

 

 

 

 

 

 

 

  



x 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xi 

 

. 

TABLE OF CONTENTS 

Page 

FOREWORD ............................................................................................................. ix 
TABLE OF CONTENTS .......................................................................................... xi 

ABBREVIATIONS ................................................................................................. xiii 
LIST OF TABLES ................................................................................................... xv 
LIST OF FIGURES ............................................................................................... xvii 
ABSTRACT ............................................................................................................. xxi 

ÖZET ...................................................................................................................... xxiii 
1. INTRODUCTION .................................................................................................. 1 

1.1 Introduction ........................................................................................................ 1 
1.2 Motivation .......................................................................................................... 2 

1.3 Aim and Objectives ............................................................................................ 3 
1.4 Contributions ...................................................................................................... 3 
1.5 Thesis Overview ................................................................................................. 4 

2. RADIO FREQUENCY ENERGY HARVESTING ............................................ 5 
2.1 Radio Frequency Energy Harvesting System Overview .................................... 6 
2.2 Literature Review of RF Energy Harvesting ...................................................... 8 
2.3 Ambient RF Energy Sources ............................................................................ 15 

2.4 Antenna ............................................................................................................ 17 
2.4.1 Antenna parameters ................................................................................... 17 

2.5 Impedance Matching Circuit ............................................................................ 22 
2.6 Rectifying Circuit ............................................................................................. 24 
2.7 DC Load ........................................................................................................... 29 
2.8 RF Energy Harvesting System Efficiency ....................................................... 30 

3. RF ENERGY HARVESTING SYSTEM DESIGN CONSIDERATIONS ..... 31 
3.1 RF Survey ......................................................................................................... 34 
3.2 Rectenna Design – 1 ......................................................................................... 35 

3.2.1 Energy harvesting antenna design ............................................................. 35 

3.2.2 Impedance matching and RF to DC rectifying circuit design ................... 37 
3.3 Rectenna Design – 2 ......................................................................................... 39 

3.3.1 Energy harvesting antenna design ............................................................. 39 

3.3.2 Impedance matching and RF to DC rectifying circuit design ................... 41 

4. NUMERICAL AND EXPERIMENTAL RESULTS ........................................ 43 
4.1 Rectenna Design – 1 ......................................................................................... 43 
4.2 Rectenna Design – 2 ......................................................................................... 54 

5. CONCLUSION AND FUTURE WORK ........................................................... 65 
5.1 Conclusion ........................................................................................................ 65 
5.2 Future Work ..................................................................................................... 66 

REFERENCES ......................................................................................................... 67 
CURRICULUM VITAE .......................................................................................... 75 



xii 

 

 

 

 

 

 

  



xiii 

 

 

ABBREVIATIONS 

2D : Two Dimensional 

3D : Three Dimensional 

3G : Third Generation 

4G : Fourth Generation 

AC : Alternate Current 

AF : Antenna Factor 

AM : Amplitude Modulation 

BW : Bandwidth 

CST : Computer Simulation Technology 

CMOS : Complementary Metal-Oxide Semiconductor 

dB : Decibel 

dBi : Decibel Isotropic 

DC : Direct Current 

EM : Electromagnetic 

FM : Frequency Modulation 

IEEE : Institute of Electrical and Electronics Engineers 

ISM : Industrial Scientific and Medical Band 

GHz : Gigahertz 

GPS : Global Positioning System 

GSM : Global System for Mobile Communications 

Hz : Hertz (cycles per second) 

IC : Integrated Circuit 

LAN : Local Area Network 

LTE : Long Term Evolution 

MHz : Megahertz 

PCB : Printed Circuit Board 

RF : Radio Frequency 

RFID : Radio Frequency Identification 

SHF : Super High Frequency 

SMA : Sub-miniature A 

SMT : Surface Mount Technology 

SMD : Surface Mount Device 

UHF : Ultra High Frequency 

UMTS : Universal Mobile Telecommunications System 

VHF : Very High Frequency 

WiFi : Wireless Fidelity 

WiMAX : Worldwide Interoperability for Microwave Access 

WLAN : Wireless Local Area Network 

WPT : Wireless Power Transfer 

WSN : Wireless Sensor Network 

 



xiv 

 

  



xv 

 

 

LIST OF TABLES 

Page 

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

 .............................................................................................................................. 5 

Table 2.2 : Comparison of different wireless energy transfer techniques [3;5;6]. ...... 8 
Table 3.1 : Literature review of RF energy harvesting systems operating at 900 

MHz. .................................................................................................................. 32 
Table 3.2 : Literature review of RF energy harvesting systems operating at 2.4 GHz.

 ............................................................................................................................ 33 

Table 3.3 : Skyworks SMS 7630 Spice parameters. ................................................. 38 
Table 3.4 : Design parameters of proposed impedance matching and RF to DC 

rectifying circuit with DC load. ......................................................................... 38 

Table 3.5 : Design parameters of proposed impedance matching and RF to DC 

rectifying circuit with DC load. ......................................................................... 42 
Table 4.1 : Rectenna Design – 1 simulated performance parameters. ...................... 53 

Table 4.2 : Rectenna Design – 2 simulated performance parameters. ...................... 64 

 

  



xvi 

 

  



xvii 

 

 

LIST OF FIGURES 

Page 

Figure 2.1 : RF energy harvesting system block diagram........................................... 6 
Figure 2.2 : Different antenna designs used for RF energy harvesting; (a) probe-fed 

microstrip patch antenna [26], (b) 50 Ω 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]. ....................................... 9 
Figure 2.3 : Radio frequency spectrum [56]. ............................................................ 15 
Figure 2.4 : The path loss in dB with increasing distance at 900 MHz and 2.4 GHz.

 ............................................................................................................................ 17 
Figure 2.5 : Antenna field regions [57]. .................................................................... 18 
Figure 2.6 : Antenna polarization types [60]. ........................................................... 21 

Figure 2.7 : Antenna equivalent model. .................................................................... 22 
Figure 2.8 : Matching network between the antenna and the rectifying circuit........ 23 
Figure 2.9 : Half-wave rectifier................................................................................. 25 

Figure 2.10 : Full-wave rectifier. .............................................................................. 25 

Figure 2.11 : Equivalent circuit of a Schottky diode [67]. ........................................ 26 
Figure 2.12 : Single stage Villard voltage doubler circuit. ....................................... 27 
Figure 2.13 : Different voltage rectifier topologies:  (a) 2-stage Villard voltage 

rectifier, (b) 2-stage Greinacher voltage rectifier, and  (c) 2-stage Dickson 

voltage rectifier. ................................................................................................. 28 

Figure 2.14 : N-Stage voltage rectifier...................................................................... 29 
Figure 2.15 : RF energy harvesting system with DC load resistance. ...................... 30 
Figure 3.1 : RF signal measurement devices: (a) Survey meter, (b) Personnel 

dosimeter, and (c) Spectrum analyzer. ............................................................... 34 

Figure 3.2 : (a) top and (b) bottom surfaces of energy harvesting antenna model with 

design parameters (The relevant dimensions are (in mm); R1=18, R2=20, 

R3=22, R4=24, D1=2.5, D2=2, L1=81.25, L2=87.5, L3=23, L4=8.2, L5=30.1, 

L6=34.375, L7=12.5, M1=43.75, M2=40.625, Rg1=32.5, Rg2=27.5, Rg3=5, 

Rg4=6.5, ● is feeding point), (c) top, and (d) bottom views of the fabricated 

prototype of energy harvesting antenna design. ................................................. 36 
Figure 3.3 : (a) Configuration of the proposed RF energy harvesting system 

(antenna, matching circuit, rectifying circuit, and DC load), (b) matching circuit 

(c) Villard voltage rectifier circuit, and (d) DC load (temperature sensor). ...... 37 
Figure 3.4 : (a) top and (b) bottom layers of energy harvesting antenna model with 

design parameters (The relevant dimensions are (in mm); H1=41.8, H2=22, 

C1=1.9, C2=13.4, C3=1.7, C4=8.8, C5=4.6, C6=2.7, C7=4, C8=13.5, C9=1.5, 

C10=12.8, C11=3.2, C12=2, G1=8.3, G2=21, G3=25.2, G4=0.5, and ● are 

feeding points), (c) top, and (d) bottom views of the fabricated prototype of 

energy harvesting antenna design. ..................................................................... 40 



xviii 

 

Figure 3.5 : (a) Configuration of the proposed RF energy harvesting system 

(antenna, matching circuit, rectifying circuit, and DC load), (b) matching 

element (circuit) (c) Villard voltage rectifier circuit, and (d) DC load. ............. 41 
Figure 4.1 : The input reflection coefficient (S11) of the modeled in CST and 

fabricated energy harvesting antenna. ................................................................ 43 
Figure 4.2 : The input reflection coefficient (S11) of the proposed energy harvesting 

antenna with the different variables; (a) Rg1 is variable (others are constant) and 

(b) Rg2 is variable (others are constant). ........................................................... 45 
Figure 4.3 : The surface current distributions of the energy harvesting antenna at the 

resonance frequency; (a) top and (b) bottom views. .......................................... 46 
Figure 4.4 : The 2D (polar plot) radiation patterns of the energy harvesting antenna 

at the resonance frequency 900 MHz: (a) antenna design with coordinate system 

for demonstration of planes (b) X-Y plane, (c) X-Z plane, and (d) Y-Z plane. . 47 
Figure 4.5 : The 3D radiation pattern of the proposed energy harvesting antenna at 

the resonance frequency of 900 MHz. ............................................................... 48 
Figure 4.6 : RF energy harvesting antenna input power measurement setup. .......... 48 
Figure 4.7 :  Terminal (a) voltage and (b) current values on the lumped element  

(antenna feeding port). ....................................................................................... 49 

Figure 4.8 : The input reflection coefficient of the RF energy harvesting system at 

the resonance frequency with different RF input values. ................................... 50 

Figure 4.9 : The RF to DC conversion efficiency of the impedance matching and RF 

to DC rectifying circuit at the resonance frequency with different RF input 

values. ................................................................................................................. 51 

Figure 4.10 : The output DC voltage values of the impedance matching and RF to 

DC rectifying circuit at the resonance frequency with different RF input values.

 ............................................................................................................................ 51 
Figure 4.11 : The DC output voltage level of the impedance matching and RF to DC 

rectifying circuit at the resonance frequency with different DC load resistance.

 ............................................................................................................................ 52 
Figure 4.12 : RF input and output DC voltage values of the proposed impedance 

matching and RF to DC rectifying circuit for -11dBm input RF power. ........... 53 

Figure 4.13 : The input reflection coefficient (S11) of the modeled in CST and 

fabricated energy harvesting antenna. ................................................................ 54 
Figure 4.14 : The input reflection coefficient (S11) of the proposed energy harvesting 

antenna with the different variables; (a) G4 parameter is variable (others are 

constant), and (b) C2 parameter is variable (others are constant). ..................... 55 
Figure 4.15 : The surface current distribution of the proposed energy harvesting 

antenna; (a) top and (b) bottom layers. .............................................................. 56 

Figure 4.16 : The 2D (polar plot) radiation patterns of the energy harvesting antenna 

at the resonance frequency 2.4 GHz: (a) antenna design with coordinate system 

for demonstration of planes (b) X-Y plane, (c) X-Z plane, and (d) Y-Z plane. . 57 
Figure 4.17 : The 3D radiation pattern of the proposed energy harvesting antenna at 

the resonance frequency of 2.4 GHz. ................................................................. 58 

Figure 4.18 : Energy harvesting antenna input power measurement setup. .............. 58 
Figure 4.19 : (a) Voltage and (b) current values on the lumped element  (antenna 

feeding port). ...................................................................................................... 59 

Figure 4.20 : The input reflection coefficient of the RF energy harvesting system at 

the resonance frequency with different RF input values. ................................... 60 



xix 

 

Figure 4.21 : The RF to DC conversion efficiency of the impedance matching and 

RF to DC rectifying circuit at the resonance frequency with different RF input 

values.................................................................................................................. 61 
Figure 4.22 : The output DC voltage values of the impedance matching and RF to 

DC rectifying circuit at the resonance frequency with different RF input values.

 ............................................................................................................................ 62 

Figure 4.23 : The DC output voltage level of the impedance matching and RF to DC 

rectifying circuit at the resonance frequency with different DC load resistance.

 ............................................................................................................................ 62 
Figure 4.24 : The RF to DC conversion efficiency of the impedance matching and 

RF to DC rectifying circuit at the resonance frequency with different DC load 

resistance. ........................................................................................................... 63 
Figure 4.25 : RF input and output DC voltage values of the proposed impedance 

matching and RF to DC rectifying circuit for -11dBm input RF power (Vin – 

Input RF signal (from the antenna), Vin1 – RF to DC rectifying circuit input 

signal (after matching), and Vout – Output DC voltage). .................................. 64 

 

 

 

 

 



xx 

 

  



xxi 

 

 

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 V 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 ENERJİ HASATLAMA UYGULAMALARI İÇİN KOMPAKT 

DOĞRULTUCULU ANTEN (RECTENNA) TASARIMI 

ÖZET 

Bu çalışmada, radyo frekans enerji toplama sistemleri hakkında detaylı bir literatür 

çalışması gerçekleştirilmiş ve iki farklı bantta çalışmak üzere tasarlanan iki farklı RF 

enerji toplama sistemi tasarımı sunulmuştur. RF enerji hasatlama sistemleri elli yıldan 

uzun bir süredir hayatımızda yer almaktadır. Bu sistemler ile ilgili yürütülen 

çalışmaların sayısı özellikle son yıllarda gelişen teknoloji ile birlikte kullanımı artan 

düşük güç tüketimi olan cihazların güç ihtiyacını karşılamak amacıyla artmıştır. 

Literatürde bulunan RF enerji hasatlama sistem tasarımları genellikle ultra yüksek 

frekans bandında çalışmaktadır. Bu amaçla bu frekans bandında çalışan iki adet farklı 

RF enerji hasatlama sistem tasarımı oluşturulmuştur. Önerilen sistemlerin çalışma 

frekansları belirlenirken ise kullanımları oldukça yaygın olan GSM ve ISM bantları 

tercih edilmiştir. RF enerji hasatlama sistemi alıcı anten, RF sinyalleri DC sinyallere 

dönüştüren doğrultucu devre ve anten ile doğrultucu devre arasında bulunan empedans 

eşleştirme devresinden oluşmaktadır.  

Anten tasarımları Rogers RO4003 alttaş malzemesi kullanılarak CST Studio Suite 

programında tasarlanmış, nümerik olarak hesaplanmış ve fabrike edilen prototip ile 

doğrulanmıştır. RF - DC doğrultucu devre tasarımları ile empedans eşleştirme devresi 

ile birlikte Ansoft Designer ve Ansys Electronics Desktop programlarında nonlineer 

olarak tasarlanmış ve nümerik olarak hesaplanmıştır. Önerilen sistem tasarımları 

başarılı sonuçlara ulaşmıştır: 900 MHz de çalışan sistem tasarımı ile -11 dBm giriş 

gücünde % 75 RF-DC dönüşüm verimiyle 1.7 V DC çıkış voltajı elde edilmiştir. 2.4 

GHz de çalışan sistem tasarımı ile -11 dBm giriş gücünde % 49 RF-DC dönüşüm 

verimiyle 0.75 V DC çıkış voltajı elde edilmiştir. Sonuç olarak, yürütülen çalışmada 

RF enerji hasatlama sistemleri ile önemli bilgiler sunulmuş ve tasarımları 

gerçekleştirilen sistemlerde başarılı performans verileri elde edilmiştir. Ayrıca çıkış 

voltaj değerini arttırmak üzerine bazı öneriler de bu çalışmada sunulmuştur.  
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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: 

 An ambient energy source, 

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

energy, 

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

powering the sensor system, 
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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 
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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:  

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

appropriate antenna design. 

 To investigate RF to DC rectifying circuit of energy harvesting systems and to 

improve the appropriate circuit design. 

 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. 
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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 Ω 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: 

 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. 

 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.  

 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.  

 Chapter 5 presents conclusion remarks and future work. 
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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  

(outside) 

Solar  

energy harvesting 
104 µW/ cm3 

Thermal 

gradient 

Thermal  

energy harvesting 
101 µW/ cm3 

Piezoelectric 
Piezoelectric  

energy harvesting 
5x102 µW/ cm3 

RF 
Radio Frequency  

energy harvesting 
101 µW/ cm3 

 

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. 
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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. 

 

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

Wireless Energy 

Transfer 

Technique 

Operating Area Efficiency Applications 

Resonant 

Inductive 

Coupling 

Near-field  

(Non-radiative 

propagation) 

From 5.81 % to 57.2 % 

when frequency varies 

from 16.2 kHz to 508 

kHz  

Contactless 

smart cards, cell 

phone charging 

Magnetic 

Resonance 

Coupling 

Near-field 

(Non-radiative 

propagation) 

From the above 90 % to 

above 30 % when 

distance varies from 

0.75 m to 2.25 m 

PHEV charging, 

cell phone 

charging 

RF Energy 

Transfer 

Far-field 

(Radiative 

propagation) 

Depends on the input 

power. 0.4 % at -40 

dBm, above 18.2 % at -

20 dBm and above 50 

% at -5 dBm  

Wireless sensor 

network, 

wireless body 

network 

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 
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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. 

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 

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

microstrip patch antenna [26], (b) 50 Ω 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 
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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 Ω 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 kΩ, 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 µW/m2 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 kΩ, and the system DC power output values 

have been obtained 8 µW and 26 µW 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 kΩ for the continuous waves source and 90 kΩ 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 µW 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 Ω to 63 kΩ) 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. 

 

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 super high frequency (SHF) is 

the range of the electromagnetic spectrum from 3 to 30 GHz. This frequency range is 
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Figure 2.4 : The path loss in dB with increasing distance at 900 MHz and 2.4 GHz. 

2.4 Antenna 

An antenna (receiving antenna) is a vital component of an RF energy harvesting 

system, and it is responsible for gathering the RF signal from the radiating sources 

(transmitting antenna). The detailed literature review shows that different types of 

receiving antennas are used in RF energy harvesting systems. Receiving antennas are 

generally preferred in microstrip type due to their low profile physical properties and 

low fabrication costs [58]. Basic parameters determine the performance of a receiving 

antenna; input impedance, effective area, radiation pattern, gain, efficiency, and 

polarization type. 

2.4.1 Antenna parameters 

Antenna parameters are used to characterize the performance of an antenna when 

designing. Antenna regions, radiation pattern, gain, input impedance, bandwidth, and 

polarization that are the basic antenna parameters will be described in this section. 

According to [57;59;60], the surrounding region of the antenna is divided into three 

regions as in Figure 2.5: the reactive near-field, the radiating near-field, and the far-

field region. The boundaries separating these regions are unclear; these are depending 

on the length of the antennas and the wavelengths of the operating frequency. The first 
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of an antenna. The directivity parameter can be explained by the given Equation 2.4 

[57;59]: 

  
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where U is radiation intensity (W/solid angle), and Pr is the radiated power (in watts). 

The radiation intensity is defined as radiated power from an antenna per solid angle. 

The radiation intensity is a far-field parameter and can be explained by the given 

Equation 2.5 [57]. 

 
2

radU r W  (2.5) 

where U is radiation intensity (W/solid angle), 
radW  is radiation density (W/m2), and r 

is distance (m). 

Radiation power density is defined power density of an antenna in its far-field region. 

The tricentenary Poynting Vector S  is identified as the power associated with an 

electromagnetic wave and can be explained by the given Equation 2.6 [57]. 

 S ExH  (2.6) 

where E  is instantaneous electric field intensity (V/m) and H  is instantaneous 

magnetic field intensity (A/m). 

Total power crossing a closed surface can be obtained by integrating the standard 

component of the pointing vector over the entire surface, given in Equation 2.7 [57]. 

 
.  ds

s

P S n   (2.7) 

where P is instantaneous total power crossing a closed surface (W), n  is unit vector 

normal to the surface, S is instantaneous Poynting vector (W/m2), and ds is derivative 

of the area of the closed surface (m2). 

Antenna gain is the proportion of the radiation intensity in an expensed heading to the 

radiation intensity that would be achieved if the power postulated by the antenna were 

radiated isotropically and can be explained by the given Equation 2.8 [57;59]. 
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where   is the voltage reflection coefficient at the input terminal of the antenna, Zin is 

antenna input impedance, and Z0 is the impedance of the transmission line. 

Also, the antenna efficiency can be calculated by Equation 2.15 using the reflection 

coefficient [57]. 

  2
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Antenna bandwidth is identified as the sequence of frequencies within which the 

performance of the antenna, concerning some characteristic, conforms to a specified 

standard [57]. The antenna bandwidth is usually expressed as the ratio of the upper-to-

lower frequencies of acceptable operation [57].  

Polarization is identified as the orientation of the electric field of an electromagnetic 

wave [57;59]. Polarization types occur depending on the magnitude and destination 

components of the electric field of electromagnetic waves. There are two kinds of 

polarization, linear and elliptical. It also has circular polarization as a special type of 

elliptic polarization. Polarization types are presented in Figure 2.6. 

 

Figure 2.6 : Antenna polarization types [60]. 
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Antenna input impedance is defined as the impedance an antenna at its terminals, 

which the proportion of the voltage to current at a couple of antenna input terminals 

[57]. Antenna equivalent model is shown in Figure 2.7.  

 

Figure 2.7 : Antenna equivalent model. 

Antenna input impedance (ZA) can be calculated by Equation 2.16 using the radiation 

resistance (Rr), loss resistance (RL), and antenna reactance (XA) [57]. 

 A A A r L AZ R jX R R jX      (2.16) 

2.5 Impedance Matching Circuit 

In an RF energy harvesting system, an energy harvesting antenna gathers the incident 

RF signals, an impedance matching circuit steps up the power transfer from the 

antenna to the rectifying circuit, and rectifying circuit rectifies the gathering RF signals 

to output DC voltages. The input impedance of the receiving antenna is 50 Ω because 

it is generally determined compatible with the line impedance. The input impedance 

of the RF-DC rectifier circuit has a reactive value due to the diodes and capacitors used 

in the voltage multiplier circuit. For this reason, the impedance mismatch between the 

receiving antenna and the RF-DC rectifying circuit is prevalent. Impedance matching 

circuit is vital in optimizing the performance of the RF energy harvesting system [62]. 

There is a need for an impedance matching network to obtain maximum power transfer 

between the RF energy harvesting system components (RF energy harvesting antenna 
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and rectifying circuit) with different impedance values. A matching network between 

the antenna (VA, ZA) and the rectifying circuit (ZR, VR) shown in Figure 2.8. 

 

Figure 2.8 : Matching network between the antenna and the rectifying circuit. 

where VA is the antenna voltage, and ZA is the antenna impedance (Equation 2.15). VR 

is the voltage, and ZR is the input impedance of the rectifying circuit. Zin is the 

impedance seen looking into the matching network. 

In the case of a lossless matching network, all output RF power from the antenna is 

transmitted to the rectifying circuit. The maximum power transfer occurs when the 

impedance value seen looking at the matching network (Zin) is come up to the complex 

conjugate of the antenna impedance (ZA*). Maximum power transfer condition is 

shown in Equation 2.17. 

 
*

in A in A AZ Z Z R jX     (2.17) 

There are several possible difficulties in designing an impedance matching network 

for RF energy harvesting system. The frequencies and magnitudes of RF signals from 

the antenna are continually changing according to various physical factors, so an 

impedance matching solution must be produced in broadband. Also, the RF energy 

harvesting system is a non-linear system because of the input of rectifying circuit 

(input impedance and input power), and the output of antenna (output power and 

output impedance) changes as a function of operating frequency. To achieve maximum 

power transfer between the antenna and the rectifying circuit, an impedance matching 

network should be designed by adjusting the antenna output power to a minimum to 

ensure correct and proper operation of the RF energy harvesting system. The antenna 

output impedance will continuously vary due to the antenna's physical conditions, so 

the constant or specific capacitance or (and) inductance values of the impedance 

matching circuit will not be a continuous solution. To overcome changing antenna 

input impedance, the tunable impedance matching solution has been used [14;63]. 
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2.6 Rectifying Circuit 

The rectifying circuit plays a vital role in RF energy harvesting systems and has 

rewarded many awards and achievements that demonstrate the importance of relevant 

studies in our modern life [64]. An RF-DC rectifying circuit converts the captured RF 

signals (AC type) from the receiving antenna and provides a DC output voltage to the 

DC load. A significant challenge of the rectifying circuit design is to generate DC 

voltage from little input RF power [3].  

Rectifier technologies are examined in two main categories as diode based and 

transistor based rectifier circuits. However, transistor-based rectifier circuits are 

developed based on diode effects [65]. The diode is the main component of a rectifying 

circuit. The efficiency of the rectifying circuit is essential and defined in Equation 

2.18, 

 
DC

RF

P

P
   (2.18) 

where PDC is the DC power out of the rectifying circuit and PRF is the power available 

at the input of the rectifying circuit. 

A half-wave rectifier circuit in Figure 2.9 can be designed simply by using a diode. 

The input of the rectifier circuit is in the form of an AC signal consisting of the negative 

and positive cycle. On the positive half cycle of the AC signal, the diode is forward 

biased and current flowing through the diode, charging the capacitor. On the negative 

half cycle of the AC signal, the diode is reverse biased, and no current flows through 

the diode or circuit. 
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Figure 2.9 : Half-wave rectifier. 

A full-wave rectifier in Figure 2.10 can be designed simply by using two diodes. On 

the positive half cycle of the AC signal, when the D1 diode is forward biased, D2 is 

reverse biased, and the current is flowing to RL. On the negative half cycle of the AC 

signal, when the D1 diode is reverse biased, D2 is forward biased, and the current is 

flowing to RL. A purer DC output signal is obtained in the full-wave rectifier circuit 

than the half-wave rectifier circuit. Also, using the capacitor in the full-wave rectifier 

circuit (due to the effect of the capacitor discharge) a purer DC output signal can be 

obtained (Figure 2.10). 

 

Figure 2.10 : Full-wave rectifier. 
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The most critical circuit element of the rectifier circuit is the diode, so the selection of 

the correct diode type is very significant. Schottky diodes have fast switching times 

(low reverse-recovery time), the low forward voltage drop (typically 0.25 to 0.4 volts 

for a metal-silicon junction), and low junction capacitance [66]. Schottky diodes are 

made of a metal-to-N terminal instead traditional diodes are constructed of a P-N 

semiconductor junction. The equivalent electrical circuit of a Schottky diode is shown 

in Figure 2.11 (Cj is junction capacitance in Farad, Rs is the bulk resistance in Ohm, 

and Rj is the junction resistance in Ohm). 

 

Figure 2.11 : Equivalent circuit of a Schottky diode [67]. 

The Schottky diodes have two main classes. The first class is the n-type silicon with a 

high barrier and low values of series resistance (Rs). The second one is the p-type 

silicon characterized by a low barrier and high values of series resistance (Rs). P-type 

Schottky diodes are used because of their low series resistance for RF energy 

harvesting applications (100 times lower compared to n-type) [68]. To obtain the 

maximum DC output, the entire incoming RF signal should ideally appear across Rj 

with no losses over Rs [48]. 

The operation of a voltage doubler can be explained by looking at successive half 

cycles of an RF input signal. The input RF signal (in AC form) is rectified in the 

positive semi of the input cycle, followed by the negative semi of the input cycle. 

However, the voltage stored on the input capacitor during the one-half cycle is 

transmitted to the output capacitor during the next half cycle of the input signal. Thus, 

the voltage on the capacitor at the output is approximately two times the peak voltage 

of the RF source minus the diode turn-on voltage. A single stage Villard voltage 
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doubler circuit, in which each stage consists of two capacitors and two diodes (Figure 

2.12).  

 

Figure 2.12 : Single stage Villard voltage doubler circuit. 

Voltage multiplier topologies have been proposed and tested for RF energy harvesting 

applications in literature such as Greinacher rectifier invented by Heinrich Greinacher 

in 1919, Villard voltage rectifier also referred as Cockroft-Walton voltage rectifier 

designed by John Cockcroft and Ernest Walton, and Dickson rectifier designed by 

Donald Dickson. This circuit performs not only the RF to DC conversion, but also 

produces a DC output voltage that multiplies the peak amplitude of the incoming RF 

signal. 

Villard voltage multiplier topology is commonly employed in rectifying circuits that 

expect low input RF signals during operation [69]. The Greinacher voltage multiplier 

topology is essentially a Villard multiplier topology, with the addition of a peak-

detector rectification stage at the output. The Dickson multiplier topology, another 

topology often mentioned in the RF energy harvesting applications, is an adaptation of 

the Greinacher and Villard topologies, with the distinction of requiring a DC input 

signal for operation [69]. The 2-stage Villard voltage rectifier (Figure 2.13.a), 2-stage 

Greinacher voltage rectifier (Figure 2.13.b), and 2-stage Dickson voltage rectifier 

circuits are shown in Figure 2.13. 
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(a) 

 

(b) 

 

(c) 

Figure 2.13 : Different voltage rectifier topologies: 

 (a) 2-stage Villard voltage rectifier, (b) 2-stage Greinacher voltage rectifier, and  

(c) 2-stage Dickson voltage rectifier. 

In the voltage multiplier circuits, diodes are selected close to the ideal (no threshold 

voltage or loss) and the capacitor values as high as possible. The capacitor values 

selected as high values ensure that the voltage in the capacitor charge does not change 

significantly when the capacitor is charged or discharged.  
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An attractive feature of these rectifier circuits is that it can be arranged in a cascade 

configuration to achieve higher output DC voltage. An N-Stage voltage multiplier 

circuit shown in Figure 2.14.  

 

Figure 2.14 : N-Stage voltage rectifier. 

The higher output DC voltage can be obtained by increasing the number of voltage 

multiplier circuit stages. Even if the low RF signal is used as input, a suitable 

multistage voltage multiplier circuit can be designed to obtain the desired DC output 

voltage. As the stage number increases, the DC output voltage increases until it reaches 

an optimal point. Adding more stages beyond the optimal point reduces the quality 

factor (due to the linearly increased parasitic capacitance), and it causes a decrease in 

DC output voltage [62]. Therefore, it is vital that the number of rectifier stages is 

determined through circuit simulation, and to be designed simultaneously with the 

impedance matching network, to maximize the DC output voltage, maintain a high 

system quality factor and optimize the power conversion efficiency. 

2.7 DC Load 

One of the crucial parts of RF energy harvesting applications is the output DC load 

part. The DC load part at the end of the energy harvesting circuit generally consists of 

devices or devices with low power consumption. The low power device in the DC load 

part has its internal resistance (RLOAD), and this resistance value affects the equivalent 
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impedance values of the RF-DC rectifying circuit and the matching circuit. The DC 

load resistance in the RF energy harvesting system is presented in Figure 2.15. 

 

Figure 2.15 : RF energy harvesting system with DC load resistance. 

The design of the RF energy harvesting application designed to compensate for the 

power requirement of the device requiring low power consumption must be 

determined in advance. 

As the RF energy harvesting system is nonlinear, the output DC voltage value will 

change to nonlinear depending on the resistance value of the DC load part. Therefore, 

the load resistance of the DC load part must be considered at the beginning of the RF 

energy harvesting system designing. 

2.8 RF Energy Harvesting System Efficiency 

The RF to DC conversion efficiency of the RF energy harvesting system is defined as 

the ratio of the output power Pout over the input power Pin, means the conversion 

efficiency of the system is the DC power at the DC Load over the RF input gathered 

by the energy harvesting antenna (Equation 2.19).  

 
 

2

DCout

in load eff d

VP

P R A P
    (2.19) 

where Pd is the maximum power density at the center of an antenna aperture (W), VDC 

is the output power of the RF energy harvesting system. 
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3.  RF ENERGY HARVESTING SYSTEM DESIGN CONSIDERATIONS 

In this section, two different rectenna designs which could be used in RF energy 

harvesting systems have been presented. The designed energy harvesting antennas is 

a microstrip structure. Energy harvesting antenna, impedance matching, and RF to DC 

rectifying circuit designs operate in different operating bands (900 MHz and 2.4 GHz). 

There are different impedance matching circuits and different rectifying circuit design 

for each energy harvesting antenna designs. The components of the energy harvesting 

system operate in the same band. Also, because the DC load impedance values are 

different in the same frequency-operated energy harvesting antenna designs, various 

performance parameters are composed for the impedance matching and RF to DC 

rectifying circuit designs. 

Several studies on RF energy harvesting in the literature have been investigated. The 

acquired data as a result of the literature review are presented in Table 3.1 (for 900 

MHz) and Table 3.2 (for 2.4 GHz).  
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Table 3.1 : Literature review of RF energy harvesting systems operating at 900 

MHz. 

Reference 

Number 

Physical 

Dimensions 

[mm] 

Gain 

Center 

Frequency 

(Bandwidth) 

Operating 

Frequency 

Band 

RF to DC 

Conversion 

Efficiency 

Output 

Voltage 

[70] 
128 x 110 x 

0.8 
2.29 dBi 

848 MHz 

(21 MHz) 

839-860 

MHz 

not 

specified 

not 

specified 

[71] 
240 x 240 x 

264 
9.1 dBi 

900 MHz 

(121 MHz) 

877-998 

MHz 

not 

specified 

not 

specified 

[72] 
120 x 55 x 

0.5 
2.05 dBi 

915 MHz 

(300 MHz) 

850-1150 

MHz 

not 

specified 

not 

specified 

[73] 
172 x 38 x 

13 
3 dBi 

878 MHz 

(47 MHz) 

839-860 

MHz 

not 

specified 

-11 dBm: 

1.08 V 

[74] 
120 x 50 x 

1.6 
1.97 dBi 

915 MHz 

(124 MHz) 

853-977 

MHz 

not 

specified 

-20 dBm: 

30 mV 

[62] 
not 

specified 
6 dBi 

915 MHz 

(26 MHz) 

902-928 

MHz 

-22 dBm: 

60 % 

not 

specified 

[75] 
77 x 36 x 

1.6 
2.12 dBi 900 MHz 

not 

specified 

-20 dBm: 

23.8 % 

not 

specified 

[76] 
100 x 128 x 

1.6 
1.81 dBi 900 MHz 

not 

specified 

not 

specified 

not 

specified 

[77] 
130 x 140 x 

0.25 
3.6 dBi 

900 MHz 

(200 MHz) 

780-980 

MHz 

-10 dBm: 

65 % 

not 

specified 

[78] 
106 x 100 x 

1.6 
1.82 dBi 

1 GHz (230 

MHz) 

0.9-1.13 

GHz 

-20 dBm: 

18.2% 

not 

specified 
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Table 3.2 : Literature review of RF energy harvesting systems operating at 2.4 GHz. 

 

Reference 

Number 

Physical 

Dimensions 

[mm] 

Gain 

Center 

Frequency 

(Bandwidth) 

Operating 

Frequency 

Band 

RF to DC 

Conversion 

Efficiency 

Output 

Voltage 

[79] 
35 x 35 x 

3.7 
4.6 dBi 

2.4 GHz 

(140 MHz) 

2.35-2.49 

GHz 

-10 dBm: 

28% 

not 

specified 

[80] 
64 x 70 x 

3.63 
7.6 dBi 

2.45 GHz 

(20 MHz) 

2.44-2.46 

GHz 

-20 dBm: 

33.6% 

not 

specified 

[75] 
77 x 36 x 

1.6 

not 

specified 

2.4 GHz  

(64 MHz) 

2.37-2.43 

GHz 

-20 dBm: 

23.8% 

not 

specified 

[81] 
64 x 100 x 

1.57 
5.7 dBi 2.4 GHz 

not 

specified 

not 

specified 

-20dBm: 

412 mV 

[81] 
45 x 45 x 

0.8 
1.5 dBi 

2.45 GHz 

(1.3 GHz) 

1.95-3.25 

GHz 

12 dBm: 

73.7 % 

not 

specified 

[53] 
38 x 29.5 x 

1.6 
5 dBi 

not 

specified 

not 

specified 

-21 dBm: 

83.7 % 

not 

specified 

[82] 
85 x 100 x 

8.2 
7.68 dBi 

not 

specified 

not 

specified 

20 dBm: 

78.7 % 

not 

specified 

[83] 
160 x 160 x 

30 
7.96 dBi 

2.4 GHz 

(1.9 GHz) 

1.7-3.6 

GHz 

not 

specified 

not 

specified 

[84] 
19 x 14.5 x 

0.76 
11.4 dBi 

2.4 GHz 

(340 MHz) 

2.26-2.6 

GHz 

-25.4 dBm: 

86 % 

not 

specified 

[41] 
110 x 90 x 

1.6 
6.31 dBi 

2.45 GHz 

(1.95 GHz) 

0.55-2.5 

GHz 

-5 dBm:  

67 % 

not 

specified 
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3.1 RF Survey 

Based on the goal of the survey or system analysis, different measuring devices can be 

used to measure the transmitted RF signals in freely available in the environment. 

There are mainly three different devices to measure these signals; survey meters, 

personal dosimeters, and spectrum analyzers [47]. Survey meters (in Figure 3.1.a) are 

used to measure RF signals in near-field and far-field, can demonstrate results in 

broadband but do not give any information about the signal and modulation type. 

Personnel dosimeters (in Figure 3.1.b) are designed to operate at specific frequencies 

and by particular standards, indicating the result obtained at certain frequencies to the 

user as a percentage by the limits of the established criteria. Spectrum analyzers (in 

Figure 3.1.c) are used to measure RF signals in near-field and far-field, showing 

precise and stable results in a narrow band. It gives the frequency and power 

information at a single point or desired range according to the operating limits of the 

device. 

  
 

(a) (b) (c) 

Figure 3.1 : RF signal measurement devices: (a) Survey meter, (b) Personnel 

dosimeter, and (c) Spectrum analyzer. 

In the design procedure of an RF energy harvesting system, the system's operational 

area, the antenna's operating band or the bands, the amount of RF power in the system's 

operational area and the required power need for devices must be decided. The 

functional characteristics of the RF energy harvesting system will be determined and 

limited according to these data.  

The operating frequencies of the RF energy harvesting systems designed in this study 

have been chosen based on the RF signal sources, which are quite common in the 
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environment. One of these systems has been designed to operate in the GSM band (900 

MHz) while the other system designed to operate in the ISM band (2.4 GHz). 

3.2 Rectenna Design – 1  

The proposed Rectenna Design – 1 consists of an energy harvesting antenna, 

impedance matching circuit, and rectifying circuit. The energy harvesting system is 

designed to energizing the KY – 028 digital temperature sensor [85] (DC Load). 

3.2.1 Energy harvesting antenna design 

The energy harvesting antenna design consists of the split-ring resonator structure on 

the top and the framed elliptic structure on the ground surface. The port connection is 

from the end of the ring resonator in the top side to the elliptical structure in the bottom 

surface, which is directly fed through the probe feeding technique. The proposed 

energy harvesting antenna modeled in CST Studio Suite [86] using Rogers RO4003C 

[87] substrate with a thickness of 1.52 mm with 0.035 mm copper in both surfaces. 

The substrate material has a dielectric constant of 3.38 and a loss tangent of 0.0027. 

Also, the energy harvesting antenna design modeled in CST Studio Suite has been 

prototyped with PCB printing circuit device using Rogers 4003C substrate material. 

The top and bottom surfaces of the energy harvesting antenna design are shown in 

Figure 3.2 with the design parameters. In the same figure, the prototype fabricated 

using Rogers  RO4003C substrate is also presented. 
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(a) (b) 

 

 

(c) (d) 

Figure 3.2 : (a) top and (b) bottom surfaces of energy harvesting antenna model with 

design parameters (The relevant dimensions are (in mm); R1=18, R2=20, R3=22, 

R4=24, D1=2.5, D2=2, L1=81.25, L2=87.5, L3=23, L4=8.2, L5=30.1, L6=34.375, 

L7=12.5, M1=43.75, M2=40.625, Rg1=32.5, Rg2=27.5, Rg3=5, Rg4=6.5, ● is 

feeding point), (c) top, and (d) bottom views of the fabricated prototype of energy 

harvesting antenna design. 

 

 

 

 



37 

 

3.2.2 Impedance matching and RF to DC rectifying circuit design 

The RF to DC rectifying circuit of the RF energy harvesting system is a one stage 

Villard voltage rectifier topology. The RF energy harvesting system model is shown 

in Figure 3.3.a.  

 

(a) 

 

 

 

 

(b) (c) (d) 

Figure 3.3 : (a) Configuration of the proposed RF energy harvesting system 

(antenna, matching circuit, rectifying circuit, and DC load), (b) matching circuit (c) 

Villard voltage rectifier circuit, and (d) DC load (temperature sensor). 

The impedance matching circuit is designed to match the antenna and RF to DC 

rectifying circuit input impedance. The impedance matching circuit consists of an 

inductive element and a λ / 4 impedance transformer. The impedance matching circuit 

is shown in Figure 3.3.b. Rectifying circuit has been designed for obtaining DC output 

voltage from the gathered RF signal operates at 900 MHz resonance frequency, which 
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consisting of two diodes and two capacitors in a single stage Villard voltage rectifier 

topology have been composed. The Villard voltage rectifier circuit is shown in Figure 

3.3.c. A rectifying circuit based on zero bias Schottky detector diode SMS 7630 

Skyworks [88], and impedance matching circuit has been designed with the numerical 

model in Ansoft Designer and Ansys Electronics Desktop [89]. The end of the 

impedance matching and RF to DC rectifying circuit is load resistance. The value of 

the DC load is the resistance value of the temperature sensor and the design parameters 

of the impedance matching and RF to DC rectifying circuit is based on this DC load 

resistance value. The DC load is shown in Figure 3.3.d. 

In the RF to DC rectifying circuit, zero biased Schottky barrier diode SMS 7630 have 

been used. The Spice parameters of the SMS 7630 used the nonlinear simulation are 

presented in Table 3.3.  

Table 3.3 : Skyworks SMS 7630 Spice parameters. 

Is (A) Rs (Ω) N TT (sec) Cj0(pF) M 

5x10-6 20 1.05 10-11 0.14 0.4 

XTI Fc Bv (V) IBV (A) Vj (V) EG (eV) 

2 0.5 2 10-4 0.34 0.69 

The DC load resistance is quite similar to the input resistance of the commercial 

temperature sensor, KY-028 Digital Temperature Sensor. The lumped circuit element 

values of the impedance matching and RF to DC rectifying circuit with DC Load are 

listed in Table 3.4. 

Table 3.4 : Design parameters of proposed impedance matching and RF to DC 

rectifying circuit with DC load. 

Z line (CZ) L line L1 C1 C2 R load 

77.45 Ω 44.5 mm 150nH 1.5nF 5.6nF 50 KΩ 
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3.3 Rectenna Design – 2  

The proposed Rectenna Design – 2 consists of an energy harvesting antenna, 

impedance matching circuit, and rectifying circuit. The RF energy harvesting system 

has been designed to be efficient in different resistance values for use in different 

loads. 

3.3.1 Energy harvesting antenna design 

The proposed energy harvesting antenna modeled using Rogers RO4003 substrate in 

CST Microwave Studio. The substrate material 1.52 mm thick with the dielectric 

constant of 3.38 and loss tangent of 0.0027. The top layer of the energy harvesting 

antenna consists of a U-shaped structure directly connected to the feeding line and a 

T-shaped structure which is designed with a hole in the middle and no connection to 

the U-shaped structure. The bottom layer of the energy harvesting antenna consists of 

two same structures which are located at the upper and lower, and thin connection 

paths connecting these two structures from the antenna boundaries. The top and bottom 

of the energy harvesting antenna model are shown in Figure 3.4 with the design 

parameters. In the same figure, the prototype fabricated using Rogers  RO4003C 

substrate is also presented. 
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(a) (b) 
 

  

(c) (d) 

Figure 3.4 : (a) top and (b) bottom layers of energy harvesting antenna model with 

design parameters (The relevant dimensions are (in mm); H1=41.8, H2=22, C1=1.9, 

C2=13.4, C3=1.7, C4=8.8, C5=4.6, C6=2.7, C7=4, C8=13.5, C9=1.5, C10=12.8, 

C11=3.2, C12=2, G1=8.3, G2=21, G3=25.2, G4=0.5, and ● are feeding points), (c) 

top, and (d) bottom views of the fabricated prototype of energy harvesting antenna 

design. 
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3.3.2 Impedance matching and RF to DC rectifying circuit design 

The RF to DC rectifying circuit of the RF energy harvesting system is a one stage 

Villard voltage rectifier topology. An RF to DC rectifying circuit based on zero bias 

Schottky detector diode SMS 7630 Skyworks and impedance matching element 

(circuit) has been designed with the numerical model in Ansys Electronics Desktop. 

The RF energy harvesting system model is shown in Figure 3.5.a.  

 

(a) 

 

  

(b) (c) (d) 

Figure 3.5 : (a) Configuration of the proposed RF energy harvesting system 

(antenna, matching circuit, rectifying circuit, and DC load), (b) matching element 

(circuit) (c) Villard voltage rectifier circuit, and (d) DC load. 
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In the harmonic balance analysis which performed in Ansys Electronics Desktop, the 

input impedance of one-stage voltage rectifier circuit has been obtained  

29.8 - j272.1 at -11 dBm input power value. The input impedance value has been set 

to 46 + j0.1 using one inductor (CL1). The impedance matching between the antenna 

and the RF to DC rectification circuit is sufficient level, so the impedance matching 

circuit has been not designed, only the impedance matching element (one inductor) 

has been used. The impedance matching element (one inductor) is shown in Figure 

3.5.b.  

Rectifying circuit has been designed for obtaining DC output voltage from the gathered 

RF signal operates at 2400 MHz resonance frequency, which consisting of two diodes 

and two capacitors in a single stage Villard voltage rectifier topology have been 

composed. The Villard voltage rectifier circuit is shown in Figure 3.5.c. 

The end of the impedance matching and RF to DC rectifier circuit is load resistance. 

After the design of the impedance matching and RF to DC rectifying circuit, the DC 

load value is determined as the most optimized value according to the input impedance 

and RF to DC conversion efficiency of this circuit. The DC load is shown in Figure 

3.5.d. 

In the RF to DC rectifying circuit, zero biased Schottky barrier diode SMS 7630 have 

been used. The Spice parameters of the SMS 7630 used the nonlinear simulation are 

presented in Table 3.3.  

The lumped circuit element values of the impedance matching and RF to DC rectifying 

circuit with DC Load are listed in Table 3.5. 

Table 3.5 : Design parameters of proposed impedance matching and RF to DC 

rectifying circuit with DC load. 

CL1 CC1 CC2 Optimize R_load 

21.7 nH 2 pF 10 pF 15 KΩ 
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4.  NUMERICAL AND EXPERIMENTAL RESULTS 

The performance parameters of designed Rectenna Design – 1 operates at 900 MHz 

and Rectenna Design – 2 operates at 2400 MHz have been presented in this section. 

Measurement and simulation studies of RF energy harvesting antennas and simulation 

studies of the impedance matching and RF to DC rectifying circuits have been 

conducted. 

4.1 Rectenna Design – 1 

The performance analysis of the components of the RF energy harvesting 

system has been performed. The electromagnetic performance parameters of the 

proposed energy harvesting antenna are numerically calculated in CST Studio Suite. 

The input reflection coefficient of the fabricated energy harvesting antenna prototype 

is measured by the SignalHound USB-SA124B Spectrum Analyzer and the USB-

TG124A Monitoring Generator. The numerically calculated and experimental results 

of the input reflection coefficient (S11) are shown in Figure 4.1. 

 

Figure 4.1 : The input reflection coefficient (S11) of the modeled in CST and 

fabricated energy harvesting antenna. 
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The energy harvesting antenna, which is the component of the RF energy harvesting 

system, is designed to operate in the GSM 900 band by adjusting with geometric 

parameters. The numerically computed resonance frequency is 900 MHz with the 

return loss of 21 dB and 10 dB bandwidth of 34.6 MHz. The measured resonance 

frequency of the fabricated prototype is 890 MHz with the return loss of 21 dB and 10 

dB bandwidth of 51.3 MHz. Although there are differences between the numerically 

computed and measured the resonance frequency, the width of the operating 

bandwidth is very close and similar, and the desired operating band performances have 

been obtained in both the modeled in CST and fabricated energy harvesting antenna. 

Two essential parameters have been determined for shifting the resonance frequency 

to the desired frequency point and increasing the operation bandwidth. These 

parameters are the radius of the elliptical structure of the antenna design on the ground 

surface Rg1 and Rg2. The Rg1 parameter is effective in changing (shifting) the 

resonance frequency while the Rg2 parameter is valid on the operation bandwidth. The 

effect of the Rg1 and Rg2 parametric study on the input reflection coefficient 

performance parameter is presented in Figure 4.2. All other parameters have been kept 

constant while performing parametric studies. However, when adjusting the resonance 

frequency and the operating bandwidth, it is necessary to conduct a parametric study 

with all parameters, including these two dominant parameters. By changing the 

parameters Rg1 and Rg2, the perimeter of the elliptical structure on the ground surface 

changes, keeping the changing length below the critical value prevents the formation 

of a second resonance frequency and the evolution of the operating bandwidth which 

may occur from near-field radiation. However, when adjusting the resonance 

frequency and the operating bandwidth, it is necessary to conduct a parametric study 

with all parameters, including these two dominant parameters. 
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(a) 

 

(b) 

Figure 4.2 : The input reflection coefficient (S11) of the proposed energy harvesting 

antenna with the different variables; (a) Rg1 is variable (others are constant) and (b) 

Rg2 is variable (others are constant). 

The surface current distribution at the resonance frequency indicates the operating 

principle of the antenna. The surface current distributions of the energy harvesting 

antenna surface at resonance frequency 900 MHz are presented in Figure 4.3. When 

the surface current distribution of both surfaces of the antenna is examined, the λ 

resonance characteristics feature is observed. The resonance current distribution 

indicates the operation principle of the antenna. In the form of the λ resonance 

characteristic of split ring resonators capacitively coupling on the upper surface of the 
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antenna and in the form of electrical coupling between the slotted ground plane the 

bottom surface of the antenna. 

  

(a) (b) 

Figure 4.3 : The surface current distributions of the energy harvesting antenna at the 

resonance frequency; (a) top and (b) bottom views. 

The 2D polar radiation patterns of energy harvesting antenna in free-space on X-Y, X-

Z, and Y-Z planes at the resonance frequency 900 MHz are shown in Figure 4.4. 

The half-power beamwidth (HPBW) is more than 90 degrees (94.8 degrees) in azimuth 

(X-Y) plane. When the 2D radiation pattern of the antenna is investigated, a directional 

antenna behavior is observed in the phi and theta planes. 
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(a) (b) 

  

(c) (d) 

Figure 4.4 : The 2D (polar plot) radiation patterns of the energy harvesting antenna 

at the resonance frequency 900 MHz: (a) antenna design with coordinate system for 

demonstration of planes (b) X-Y plane, (c) X-Z plane, and (d) Y-Z plane. 

The RF energy harvesting antenna has been designed to be as an omnidirectional as 

possible so that it can gather the RF signals in all directions. The 3D radiation pattern 

of the proposed antenna is shown in Figure 4.5. The simulated peak gain has been 

obtained as 3.4 dBi at resonance frequency 900 MHz. The antenna radiation efficiency 

is 96.3% with the directivity of 3.61 dBi. 
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Figure 4.5 : The 3D radiation pattern of the proposed energy harvesting antenna at 

the resonance frequency of 900 MHz. 

The RF energy harvesting performance of the antenna is numerically calculated to 

determine how much input RF signal value can be gathered in the receiving mode, as 

shown in the experimental setup model in Figure 4.6. To model this experimental setup 

in CST, the antenna feeding port is replaced by the lumped element (50 ohms 

resistance) as the port termination.  

 

Figure 4.6 : RF energy harvesting antenna input power measurement setup. 
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The ambient radiating field is modeled as the plane wave excitation (1 Volt/m) 

experimental setup in a far-field region with a distance of 500 mm from the antenna. 

At the 900 MHz resonance frequency, the lumped element voltage of 88.42 mV 

(Figure 4.7.a) and current of 1.768 mA (Figure 4.7.b) are achieved which indicates the 

approximately -11 dBm (0.079 mW) power to be gathered by the receiving antenna. 

The terminal voltage and current values are shown in Figure 4.7. 

 

(a) 

 

(b) 

Figure 4.7 :  Terminal (a) voltage and (b) current values on the lumped element  

(antenna feeding port). 

The RF to DC rectification performance of the proposed RF energy harvesting system 

operating at 900 MHz has been obtained with the numerical evaluations in the 

commercially available radio frequency electronic circuit design software, Ansoft 

Designer.  
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The input reflection coefficient of the impedance matching and RF to DC rectifying 

circuit is obtained by applying different input RF power values to the circuit input 

(from the antenna). The input reflection coefficient of the RF energy harvesting system 

at the resonance frequency 900 MHz is shown in Figure 4.8. The input impedance of 

the impedance matching and RF to DC rectifying circuit has a maximum matching 50 

Ω antenna input impedance in the 900 MHz at the RF input power level of -30 dBm. 

As the system shows a nonlinear characteristic, different input reflection coefficient 

values are obtained with different input RF power values. 

 

Figure 4.8 : The input reflection coefficient of the RF energy harvesting system at 

the resonance frequency with different RF input values. 

The RF to DC conversion efficiency of the RF energy harvesting system is obtained 

by applying different input RF power values to the RF to DC rectifying circuit input. 

The RF to DC conversion efficiency of the RF energy harvesting system at the 

resonance frequency is shown in Figure 4.9. The best RF to DC conversion efficiency 

is observed with the maximum value of 75% for the input power level of -11 dBm at 

the resonance frequency 900 MHz. 
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Figure 4.9 : The RF to DC conversion efficiency of the impedance matching and RF 

to DC rectifying circuit at the resonance frequency with different RF input values. 

Another one of the critical success parameters of RF energy harvesting systems is the 

high output DC voltage. The DC output voltage value of these systems intends to be 

as high as possible. The output DC voltage values of the RF energy harvesting system 

is obtained by applying different input RF power values to the RF to DC rectifying 

circuit input. The output DC voltage values of the RF energy harvesting system at the 

resonance frequency is shown in Figure 4.10. The output DC voltage is observed with 

a value of 1.7 V for the input power level of -11 dBm at the resonance frequency 900 

MHz. 

 

Figure 4.10 : The output DC voltage values of the impedance matching and RF to 

DC rectifying circuit at the resonance frequency with different RF input values. 
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It is directly related to the output DC voltage of the DC load resistor. The effect of the 

DC load resistance on the output DC voltage is shown in Figure 4.11. As a result of 

input impedance mismatch of the impedance matching and RF to DC rectifying circuit 

and power distribution in the generated higher order harmonics in the Schottky barrier 

diodes for different DC load resistances, the output voltage is not increased 

proportionally to DC load resistances. 

 

Figure 4.11 : The DC output voltage level of the impedance matching and RF to DC 

rectifying circuit at the resonance frequency with different DC load resistance. 

However, the maximum RF to DC conversion efficiency of 75% has been obtained at 

-11 dBm input power level for the impedance matching and RF to DC rectifying 

circuit. To demonstrate the time domain rectification feature of impedance matching 

and RF to DC rectifying circuit, the input RF signal and output DC voltage for -11 

dBm input power are shown in Figure 4.12. The input RF signal amplitude and output 

DC voltage value are 28 mV and 1.7 V, respectively. 
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Figure 4.12 : RF input and output DC voltage values of the proposed impedance 

matching and RF to DC rectifying circuit for -11dBm input RF power. 

Rectenna Design – 1 consisting of a probe-fed split ring resonator on the elliptical 

slotted ground plane in conjunction with impedance matching and RF to DC rectifying 

circuit is proposed and numerically investigated for the energy harvesting applications 

at 900 MHz. The nonlinear modeling and systematic optimization of the proposed 

rectenna have been performed as a whole complete system. The numerical and 

experimental results indicate the proposed rectenna to generate 1.7 V DC output 

voltage at the center frequency of 900 MHz for -11 dBm input power. The rectenna 

design numerically calculated performance parameters shown in Table 4.1. 

Table 4.1 : Rectenna Design – 1 simulated performance parameters. 

Antenna Gain 
Antenna Radiation 

Efficiency 
Antenna Total Efficiency 

3.42 dBi 96.3 % 93.4 % 

Antenna Directivity 
Antenna Operating 

Frequency 

Antenna Resonance 

Frequency 

3.61 dBi 885 – 920.6 MHz 900 MHz 

Antenna Bandwidth 
System RF to DC 

Conversion Efficiency 
System Output Voltage 

34.6 MHz -11 dBm: 75% -11 dBm: 1.7 V 
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4.2 Rectenna Design – 2 

The performance analysis of the components of the Rectenna Design – 2 (RF energy 

harvesting system) has been performed. The electromagnetic performance parameters 

of the proposed energy harvesting antenna are numerically calculated in CST Studio 

Suite. The input reflection coefficient of the fabricated energy harvesting antenna 

prototype is measured by the SignalHound USB-SA124B Spectrum Analyzer and the 

USB-TG124A Monitoring Generator. The numerically calculated and experimental 

results of the input reflection coefficient (S11) are shown in Figure 4.13.  

 

Figure 4.13 : The input reflection coefficient (S11) of the modeled in CST and 

fabricated energy harvesting antenna. 

The energy harvesting antenna, which is the component of the RF energy harvesting 

system, is designed to operate in the ISM 2.4 GHz band by adjusting with geometric 

parameters. The numerically computed resonance frequency is 2.38 GHz with the 

return loss of 27 dB and 10 dB bandwidth of 1050 MHz. The resonance frequency of 

the fabricated prototype is 2.44 GHz with the return loss of 34 dB and 10 dB bandwidth 

of 240 MHz. Numerical computations are done for the optimization of the proposed 

energy harvesting antenna to have the resonance frequency at 2.44 GHz. There are 

some differences between the input reflection coefficient simulation and measurement 

results. The reason for these differences is thought to be because the antenna could not 

be produced with the desired precision (the length of G4 on the fabricated prototype 

has occurred in the same path at different heights). However, despite these differences, 

the input reflection coefficient measurement and simulation results prove very similar 

characteristics.  



55 

The antenna design parameters have been optimized in that the proposed energy 

harvesting antenna has a resonant frequency at 2.4 GHz and wide operating bandwidth. 

According to the optimization studies which is performed in the simulation 

environment, the most critical parameters affecting the resonance frequency and 

operating bandwidth are G4 on the bottom layer and C2 on the top layer. The results 

of the input reflection coefficient, which are indicated the effect of G4 and C2 

parameters on the resonance frequency and the operating bandwidth are presented in 

Figure 4.14. Although the G4 parameter does not seem to be of great importance in 

antenna operation, the antenna has a considerable influence on the operation 

bandwidth and the resonance frequency (Figure 4.14.a).  

 

(a) 

 

(b) 

Figure 4.14 : The input reflection coefficient (S11) of the proposed energy harvesting 

antenna with the different variables; (a) G4 parameter is variable (others are 

constant), and (b) C2 parameter is variable (others are constant). 
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The parameter C2 has no effect on the resonance frequency, but has a significant 

impact on the operating bandwidth and is optimized to provide maximum bandwidth 

as a result of the parametric study (Figure 4.14.b).  

The surface current distribution at of 2.4 GHz is shown in Figure 4.15. The current 

distribution indicates the operation principle of the antenna. The antenna operation 

principle relies on the resonant excitation of mainly capacitively coupled directly fed 

fork-shaped resonator to the parasitic T shaped resonator in conjunction with the 

rectangular slot resonator in the ground plane. 

 

  

(a) (b) 

Figure 4.15 : The surface current distribution of the proposed energy harvesting 

antenna; (a) top and (b) bottom layers. 

The 2D polar radiation patterns of energy harvesting antenna on X-Z (phi=0), Y-Z 

(phi=90), and X-Y (theta=90) planes are shown in Figure 4.16. The half power beam 

width (HPBW) is 80.8 degrees in Y-Z plane. The numerically computed realized gain 

is 2.4 dBi at the resonance frequency in the operating frequency band. The antenna 
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radiation efficiency is computed to be 98.9% with the total efficiency of 96.3% with 

the directivity of 2.57 dBi. 

 
 

(a) (b) 

  

(c) (d) 

Figure 4.16 : The 2D (polar plot) radiation patterns of the energy harvesting antenna 

at the resonance frequency 2.4 GHz: (a) antenna design with coordinate system for 

demonstration of planes (b) X-Y plane, (c) X-Z plane, and (d) Y-Z plane. 

The 3D radiation pattern of the proposed antenna is shown in Figure 4.17. The 

simulated peak gain has been obtained as 2.27 dBi at resonance frequency 2400 

MHz.The antenna radiation efficiency is 99.57% with the directivity of 2.62 dBi. 
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Figure 4.17 : The 3D radiation pattern of the proposed energy harvesting antenna at 

the resonance frequency of 2.4 GHz. 

The experimental setup in Figure 4.18 has been built in the simulation environment to 

examining the RF signal gathering performance of the energy harvesting antenna. The 

antenna feeding port is replaced with a 50 ohm lumped element to set up the 

experimental setup, and this antenna is applied to the plane wave source located in the 

far-field region of the antenna (40 mm). 

 

Figure 4.18 : Energy harvesting antenna input power measurement setup. 

When an electric field is applied from the plane wave source to the energy harvesting 

antenna, on the lumped element (50 ohms resistance) is gathered 62 mV voltage 
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(Figure 4.19.a) and 1.24 mA current (Figure 4.19.b) as presented in Figure 4.19 at the 

2.4 GHz (-11 dBm).  

 

(a) 

 

(b) 

Figure 4.19 : (a) Voltage and (b) current values on the lumped element  

(antenna feeding port). 

The RF to DC rectification performance of the proposed RF energy harvesting system 

operating at 2400 Mhz has been obtained with the numerical evaluations in the 

commercially available radio frequency electronic circuit design software, Ansoft 

Electronics Desktop. 

The input reflection coefficient of the impedance matching and RF to DC rectifying 

circuit is obtained by applying different input RF power values to the circuit input 

(from the antenna). The input reflection coefficient of the RF energy harvesting system 

at the resonance frequency 2400 MHz is shown in Figure 4.20. The input impedance 

of the impedance matching and RF to DC rectifying circuit has a maximum matching 
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50 Ω antenna input impedance in the 2400 MHz at the RF input power level of -11 

dBm. As the system shows a nonlinear characteristic, different input reflection 

coefficient values are obtained with different input RF power values. 

 

Figure 4.20 : The input reflection coefficient of the RF energy harvesting system at 

the resonance frequency with different RF input values. 

The RF to DC conversion efficiency of the RF energy harvesting system is obtained 

by applying different input RF power values to the RF to DC rectifying circuit input. 

The RF to DC conversion efficiency of the RF energy harvesting system at the 

resonance frequency is shown in Figure 4.21. The best RF to DC conversion efficiency 

is observed with the maximum value of 79.3 % for the input power level of -6 dBm at 

the resonance frequency 2400 MHz. Also, 49 % RF to DC conversion efficiency is 

observed for the input power level of -11 dBm. 
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Figure 4.21 : The RF to DC conversion efficiency of the impedance matching and 

RF to DC rectifying circuit at the resonance frequency with different RF input 

values. 

Another one of the vital success parameters of RF energy harvesting systems is the 

high output DC voltage. The output DC voltage values of the RF energy harvesting 

system is obtained by applying different input RF power values to the RF to DC 

rectifying circuit input. The output DC voltage values of the RF energy harvesting 

system at the resonance frequency is shown in Figure 4.22. The output DC voltage is 

observed with a value of 0.75 V for the input power level of -11 dBm at the resonance 

frequency 2400 MHz. Also, 1.73 V output DC voltage is observed for the input power 

level of -6 dBm (at the best RF to DC conversion efficiency point). 
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Figure 4.22 : The output DC voltage values of the impedance matching and RF to 

DC rectifying circuit at the resonance frequency with different RF input values. 

The effect of the DC load resistance on the output DC voltage is shown in Figure 4.23. 

 

Figure 4.23 : The DC output voltage level of the impedance matching and RF to DC 

rectifying circuit at the resonance frequency with different DC load resistance. 
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The effect of the DC load resistance on the RF to DC conversion efficiency is shown 

in Figure 4.24. 

 

Figure 4.24 : The RF to DC conversion efficiency of the impedance matching and 

RF to DC rectifying circuit at the resonance frequency with different DC load 

resistance. 

The output DC voltage levels and RF to DC conversion efficiency have been 

investigated at variable output DC load resistance values. After this investigation, the 

optimum load resistance value has been determined to be 15 KΩ at 2400 MHz 

resonance frequency with -11 dBm input. 

However, the maximum RF to DC conversion efficiency of 49% has been obtained at 

-11 dBm input power level for the impedance matching and RF to DC rectifying 

circuit. To demonstrate the time domain rectification feature of impedance matching 

and RF to DC rectifying circuit, the input RF signal (Vin) and output DC voltage 

(Vout) for -11 dBm input power is shown in Figure 4.25. The signal obtained after 

impedance matching (Vin1) is presented in the same figure. The input RF signal 

amplitude and output DC voltage value are 28 mV and 0.75 V, respectively. 
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Figure 4.25 : RF input and output DC voltage values of the proposed impedance 

matching and RF to DC rectifying circuit for -11dBm input RF power (Vin – Input 

RF signal (from the antenna), Vin1 – RF to DC rectifying circuit input signal (after 

matching), and Vout – Output DC voltage). 

Rectenna Design – 2 consisting of RF energy harvesting antenna with impedance 

matching and RF to DC rectifying circuit is proposed and numerically investigated for 

the energy harvesting applications at 2400 MHz. The nonlinear modeling and 

systematic optimization of the proposed rectenna have been performed as a whole 

complete system. The numerical and experimental results indicate the proposed 

rectenna to generate 0.75 V output DC voltage at the center frequency of 2400 MHz 

for -11 dBm input power. The rectenna design numerically calculated performance 

parameters shown in Table 4.2. 

Table 4.2 : Rectenna Design – 2 simulated performance parameters. 

Antenna Gain 
Antenna Radiation 

Efficiency 
Antenna Total Efficiency 

2.27 dBi 99.57 % 99.3 % 

Antenna Directivity 
Antenna Operating 

Frequency 

Antenna Resonance 

Frequency 

2.62 dBi 2.05 – 3.1 GHz 2.38 GHz 

Antenna Bandwidth 
System RF to DC 

Conversion Efficiency 
System Output Voltage 

1.05 GHz -11 dBm: 49 % -11 dBm: 0.75 V 
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5.  CONCLUSION AND FUTURE WORK 

5.1 Conclusion 

With the rapid development of technology, a large number of wireless systems radiated 

electromagnetic energy into the environment. Most of this radiated energy is 

disappearing before reaching their target, and recycling ambient energy solution 

rectenna studies have aroused great attention, allowing to eliminate this problem 

efficiently. 

This study aims to design two different RF energy harvesting system able to harvest 

ambient RF power existing in the GSM 900 MHz, and ISM 2.4 GHz bands. The focus 

of this study is on designing a highly efficient system at low input power (-11 dBm) 

capable of power a DC Load (low power devices). 

The rectenna designs have been proposed and numerically investigated for RF energy 

harvesting applications. The parametric and systematic optimization of antennas and 

nonlinear modeling of the rectifying circuit designs have been performed as a whole 

complete rectenna system. In Rectenna Design – 1 consisting probe fed split ring 

resonator on the elliptical slotted ground plane in conjunction with impedance 

matching and RF to DC rectifying circuit (Villard voltage rectifier topology), 

numerical and experimental results indicate to generate 1.7 V output DC voltage (with 

% 75 RF to DC conversion efficiency) at the center frequency of 900 MHz for -11 

dBm input power. In Rectenna Design – 2 consisting RF energy harvesting antenna 

with impedance matching and RF to DC rectifying circuit (Villard voltage rectifier 

topology), numerical and experimental results indicate to generate 0.75 V output DC 

voltage (with % 49 RF to DC conversion efficiency) at the center frequency of 2400 

MHz for -11 dBm input power. 

As a result, the proposed rectenna designs have been numerically and experimentally 

validated to meet the operational needs of low power devices. 
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5.2 Future Work 

The future work related to this study will be the fabrication of the proposed rectenna 

systems and the measurement of output DC voltage. 

The output DC voltage values can be increased sufficiently by several methods to 

operate any low power and low voltage electronic devices: Firstly, by increasing the 

number of the proposed antenna, it can be used in an antenna array, resulting in more 

input RF power. Secondly, the output DC voltage can be increased by using a multi-

stage voltage rectifier circuit. However, when the multi-stage rectifier is used, 

advanced matching techniques must be applied to reduce the capacitive effect of the 

nonlinear circuit. Lastly, both the input RF power and output DC voltage can be 

increased by improving the design of the multi-band RF energy harvesting system. 
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