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ABSTRACT 

Fully Printed 3D Cube Cantor Fractal Rectenna for Ambient RF Energy 

Harvesting Application 

Azamat Bakytbekov 

Internet of Things (IoT) is a new emerging paradigm which requires billions of wirelessly 

connected devices that communicate with each other in a complex radio-frequency (RF) 

environment. Considering the huge number of devices, recharging batteries or replacing 

them becomes impractical in real life. Therefore, harvesting ambient RF energy for 

powering IoT devices can be a practical solution to achieve self-charging operation.  

The antenna for the RF energy harvesting application must work on multiple frequency 

bands (multiband or wideband) to capture as much power as possible from ambient; it 

should be compact and small in size so that it can be integrated with IoT devices; and it 

should be low cost, considering the huge number of devices.  

This thesis presents a fully printed 3D cube Cantor fractal RF energy harvesting unit, 

which meets the above-mentioned criteria. The multiband Cantor fractal antenna has 

been designed and implemented on a package of rectifying circuits using additive 

manufacturing (combination of 3D inkjet printing of plastic substrate and 2D metallic 

screen printing of silver paste) for the first time for RF energy harvesting application. 

The antenna, which is in a Cantor fractal shape, is folded on five faces of a 3D cube 

where the bottom face accommodates rectifying circuit with matching network. The 
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rectenna (rectifying antenna) harvests RF power from GSM900, GSM1800, and 3G at 

2100 MHz frequency. Indoor and outdoor field tests of the RF energy harvester have 

been conducted in the IMPACT lab and the King Abdullah University of Science and 

Technology (KAUST) campus territory, and 252.4 mV of maximum output voltage is 

harvested. 
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Chapter 1. Introduction 

1.1. Motivation and Objectives 

Internet of Things (IoT) implies global infrastructure of physical world objects, known as 

smart devices, connected to each other via Internet where they can collect and 

exchange data [1]. This real-time communication and decision-making results in 

enhanced efficiency, economic profit, and convenient service without human 

intervention. However, the technical part of the realization process of IoT implies 

massive amount of sensor nodes that ideally should be self-sustainable and low-power 

devices. Harvesting energy from available RF bands, such as GSM900, GSM1800, 3G, 4G 

LTE, or WiFi, can be a potential solution for implementing autonomous sensor nodes in 

future applications of IoT. Harvesting ambient RF energy for providing power to circuits 

and systems can be highly beneficial, considering the fact that it is environmentally 

friendly and continuously available. The focus of such energy harvesting units is mainly 

to supply power to wireless sensing and communication devices in order to achieve self-

charging operation, which perfectly suits the concept of IoT. Therefore, the need for 

ambient RF energy harvesting is critical and can have strong impact on the 

implementation of the IoT.  

This thesis aims to: 

 Design and fabricate an antenna, which shows multiband performance while 

keeping the size small; 
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 Demonstrate the suitability of the Antenna-on-Package concept, along with 

additive manufacturing, for RF energy harvesting application; 

 Integrate an antenna with rectifying circuit and matching network while 

achieving the interference-less antenna performance with embedded circuits; 

 Demonstrate multiband, compact-in-size and low-cost rectenna that can harvest 

RF energy and provide useful output voltage in complex RF environment; and 

 Show the usefulness of additive manufacturing processes such as 3D inkjet 

printing and screen printing to fabricate energy harvesting unit with functional 

package and embedded circuits. 

1.2. Challenges 

As previously mentioned, this thesis focuses on designing a multiband rectenna, which 

harvests RF energy from three bands at the same time. In this regard, the Antenna-on-

Package concept and additive manufacturing techniques are utilized to make the 

rectenna compact and low-cost. The following challenges have to be addressed in order 

to satisfy the thesis objectives: 

 Multiband antenna design that can fit in a limited space and operate without 

interference on near-distance circuits; 

 Folding strategy of Cantor fractal antenna on a cube sides as fractals have fixed 

sizes and structures of sequencing elements; 
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 Realization of the antenna on five cube faces while avoiding discontinuities on 

the antenna structure and ensuring robust electrical contacts on the edges of the 

cube; 

 Multiband impedance matching of the antenna and rectifying circuit; 

 Challenges in the demonstration of harvested useful DC due to the low level of 

ambient RF power; and 

 Complications in the fabrication process of the antenna because of the low 

melting point of 3D printed material and high curing temperature of silver paste. 

Fabrication conditions must be optimized accurately.   

1.3. Contributions 

The main contributions of the thesis are as follows: 

 Multiband, low-cost (through additive manufacturing), and on-package 3D cube 

Cantor fractal antenna is designed and implemented for ambient RF energy 

harvesting application for the first time; 

 Output DC voltage of 252.4 mV is harvested in a complex RF environment from 

three frequency bands at the same time; 

 Integration of 3D cube Cantor fractal antenna with rectifier is done through a 

multiband matching network; 

 Wideband Cantor fractal antenna is designed and realized using a combination of 

3D printing of plastic substrate and 2D inkjet printing of silver ink; 
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 Publications:  

1. A conference paper titled “Fully Inkjet Printed Wideband Cantor Fractal 

Antenna for RF Energy Harvesting Application” was accepted for 

presentation in European Conference on Antennas and Propagation 

(EuCAP) 2017.  

2. A journal paper titled “Fully Printed 3D Cube Cantor Fractal Rectenna for 

Ambient RF Energy Harvesting Application” is to be submitted to IEEE 

MTT Transactions 

1.4. Thesis Organization 

The thesis is organized as follows: 

Chapter 2 explains the relevance of RF energy harvesters for the realization of IoT, 

compares different designs of published rectennas, and highlights fractal and on-

package antenna performances for RF energy harvesting application. 

Chapter 3 illustrates the whole process of antenna design, including an introduction to 

the theory of fractals, design steps, simulations, fabrication and measurements for 2D 

planar and 3D cube Cantor fractal antennas.  

Chapter 4 provides information on the rectifier and impedance matching network and 

describes how system level integration has been done to obtain the harvesting unit. It 
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also presents the results achieved for field testing of RF energy harvester at the IMPACT 

lab and in the KAUST campus. 

Chapter 5 concludes the thesis by summarizing the research performed and finally 

suggests recommendations and plans for future work. 
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Chapter 2. Literature Review  

2.1. Internet of Things 

The International Telecommunication Union describes the Internet of Things as “a global 

infrastructure for the information society, enabling advanced services by 

interconnecting (physical and virtual) things based on existing and evolving 

interoperable information and communication technologies” [1]. According to a Cisco 

research, the number of devices connected to the Internet will reach 50 billion by 2020 

[2].  

 

Figure 2.1 Number of connected objects to the Internet by 2020 [2] 

This increase will definitely find applications in different areas of people’s daily life, such 

as transportation, healthcare, security, education, and entertainment [3]. 

Implementation of IoT gives people additional control, more flexibility, and constant 

awareness of their environment, actions, health conditions, and time. However, the 

complexity of the IoT system, lack of technological maturity and proper business model 

make the practical realization of IoT more difficult [4]. Nevertheless, there are 
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governments that support and fund the concept of a “Smart city”, which may have an 

impact in development of IoT in urban areas by modifying and optimizing existing city 

services with the help of sensors and smart devices. The IoT applications, such as smart 

parking, smart lighting, waste management, noise and air quality monitoring, energy 

consumption management, and smart buildings, can significantly improve the quality of 

city services for citizens and lead to effective utilization of public resources by cutting 

down operational costs [5]. Conversely, all above-mentioned city services become 

possible by introducing massive number of sensors, actuators, microcontrollers, and 

different electronics into existing city infrastructure. Power consumption of such huge 

amount of electronics is also a concern because existing electronics are powered by 

batteries that have limited lifetime and replacing them with charged ones is not a 

practical solution anymore. The best possible way to solve this issue is to have a low-

power, battery-less and self-charging operation of smart devices.  

2.2. Wireless RF Energy Harvesters 

One of the best solutions for the realization of IoT concept is to have sensors, which are 

powered by RF energy harvesters. Energy from RF sources has advantages over other 

alternative energy sources such as solar or thermal because of its time, place, and 

orientation insensitiveness. However, there is a disadvantage of using RF energy in 

terms of low level of power availability in ambient environment. Therefore, today 

several researches focus on designing low-power sensors along with the efficient RF 

energy harvesters [6]. The performance of a receiving antenna is one of the most 
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determining parts of RF energy harvesters because the reception quality of an antenna 

identifies the efficiency of the whole harvesting unit in the first place. Different types of 

antennas for RF energy harvesting applications have been designed and presented in 

the past. For example, log-periodic antenna working at 540 MHz [7], two element dipole 

array at 2.45GHz [8], and planar circular spiral inductor antenna at 520 MHz [9], have all 

been designed to capture RF energy from ambient environment and to transfer that 

power to rectifier. The common shortcoming of these antennas is that all of them 

operate at one frequency band, which limits the input power that can be harvested 

from ambient sources.  

                                  

Figure 2.2 Log-periodic antenna, two element dipole array, and planar circular spiral inductor 
antenna 

The next step in the development of antennas for RF energy harvesting applications is to 

make them multiband or wideband in order to take advantage of capturing power from 

several bands at the same time. “With the rapid development of wireless 

communication technologies today, more frequency bands have been and will be 

occupied by different standards such as GSM, WiFi, WiMax, 3G, 4G LTE, DTV, radio and 

different radars” [10]. Therefore, it is a reasonable move to adapt antennas to operate 
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in a multiband and wideband fashion, since the diverse reception quality of these 

antennas provide more input power in comparison to single-band antennas. This idea 

makes more sense considering the fact that ambient power is extremely low and only 

adding power from different bands can provide usable output voltage. In [11-17] 

different wideband and multiband antennas for RF energy harvesting applications have 

been realized and tested. However, none of these rectennas are fabricated through 

additive manufacturing techniques, which cut down costs. Additionally, packaging still 

remains an issue for such designs. Moreover, in order to realize the diverse reception 

concept for an RF energy harvester, several separate antennas are integrated together 

and are connected to a rectifier in order achieve multiband performance [18-19]. 

Conversely, tradeoff analysis between performance and size of the harvester has not 

been studied in these papers, which can definitely be considered a downside of this 

approach.   

2.3. Fractal Antennas  

As previously mentioned, wideband and multiband reception quality of antennas is 

important for RF energy harvesting applications. Fractal antennas consisting of 

repetitive and self-similar structures are widely used in RF energy harvesting 

applications due to their unique property of introducing multiple resonances, which can 

collectively provide wideband or multiband performances. For example, in [20] coplanar 

waveguide (CPW) fed circular patch antenna with triangular fractal slots can achieve a 

bandwidth from 0.88GHz to 8.45 GHz (Figure 2.3).  
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Figure 2.3 Circular patch antenna with triangular slots 

Other examples of fractal antennas include the fractal labyrinth antenna [21], 

rectangular patch antenna with rectangular fractal slots [22], and circular patch with 

circular fractal slots [23]. In spite of the fact that these fractal antennas can capture 

signals from a wide range of frequency bands, none of them utilizes the Antenna-on-

Package concept to make a substrate work as a practical package for a rectifier and 

other circuits. These fractal antennas are illustrated in Figure 2.4. 

         

Figure 2.4 Fractal antennas 

2.4. Antennas-on-Package 

In addition to the space filling property of fractals, antennas can be further miniaturized 

by placing the antenna on a package. As RF energy harvesters consist of several 

components such as antenna, rectifier, matching network, and storage element, it is 

relevant to apply the concept of Antenna-on-Package in order to make the system more 



23 
 

compact and to have practical implementation of an antenna substrate as a package for 

electronics. Several researches have been done on antenna integration and the effect of 

interference caused by circuits and chips on antenna performance, particularly on its 

radiation pattern [24]. In [25] Antenna-on-Package concept is utilized where plastic and 

paper substrates serve as a package for electronics, sensing devices, and circuits, making 

the wireless sensor node more compact (Figure 2.5). 

           

Figure 2.5 Antennas-on-package 
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Chapter 3. Antenna: Theory, Design, Simulation and Fabrication 

Firstly, this chapter presents the ambient power measurements in the KAUST territory. 

Based on these results, the antenna requirements are identified in terms of operating 

frequencies. Secondly, the theory of fractals in general and fractal antennas are 

highlighted. The main section includes design steps and fabrication steps of the 

wideband 2D planar monopole and multiband 3D cube dipole Cantor fractal antenna. 

Finally, simulation and measurement results are compared and discussed. 

3.1. Ambient RF Power Measurement 

Prior to the antenna design process, RF power measurement has been conducted in the 

KAUST territory. These measurements provide two important pieces of information. The 

first one identifies the frequency bands that have the strongest power level. This is 

important because ambient power should be higher than the sensitivity of a rectifier to 

provide RF to DC conversion. The second data is antenna structure based on frequency 

bands of interest. This is also relevant because it determines whether the antenna 

operates in one band or several bands at the same time.  The RF power measurements 

have been conducted in seven places of the KAUST territory: Discovery Square, IT 

building, KAUST Inn, Al Marsa yacht club, Island recreational center, Garden housing 

area and Garden secondary school (Figure 3.1).  The measurements have been 

performed eight times a day with three hour time interval in order to see the 

dependence of available ambient power on time.  
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Figure 3.1 KAUST map 

 

Figure 3.2 Ambient RF power measurements (a) daytime (b) nighttime 

The equipment that have been used for measurements are the FieldFox Handheld 

Spectrum Analyzer from Keysight Technologies and the electric sleeve dipole antennas 

from Satimo (Figure 3.2). The highest power level is captured from the GSM 900 band (-

10.32 dBm) and the lowest is from WiFi (-56 dBm). The reason for such a big difference 

in numbers can be explained by the fact that the GSM band is sent by base stations, 

which operate at high power and cover large distances, whereas the network of WiFi 

routers operates at limited power and covers comparably small distance. This trend is 
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consistent in all seven locations at any period of the day or night. The summary of 

measurements near the Discovery Square is shown in Figure 3.3. 

 

Figure 3.3 RF power measurements near Discovery Square 

Power measurements in all the locations are presented in Appendix A. After an analysis 

of power measurement results, it has been decided that GSM 900, GSM 1800, and 3G at 

2100MHz would be the bands of interest for the RF energy harvester. 

3.2. Concept of Fractals: Cantor Fractal 

In the late 1950’-s, French mathematician Benoit B. Mandelbrot introduced the term 

“fractal” after he noticed that all things in nature have shapes, which consist of self-

similar, repetitive structures with different levels of scaling as regard the original piece 

(Figure 3.4).  
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Figure 3.4 Fractals in nature 

The term “fractal” originates from the Latin word “fractus”, which means “to break into 

pieces” [26]. Mandelbrot also brought together all the works of mathematicians, such as 

Koch, Sierpinski, Peano, Hilbert, and Cantor and their fractal curves are illustrated in 

Figure 3.5.  

 

Figure 3.5 Koch, Sierpinski and Hilbert fractals 

At that time, fractal curves were not popular in antenna design because advantages of 

the fractals were not yet discovered and simple structures, such as rectangles, squares, 

lines, and circles, were widely implemented. After 1988, however, when Nathan 

Cohen’s first paper about the properties of fractal antennas was published, the interest 
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on fractal antennas increased dramatically because of the benefits, including 

miniaturization, area reduction, and self-filling properties. Another unique property of 

fractal antennas is that they can introduce multiple resonances (i.e. multiband 

antennas), and when they are close to each other, they can collectively provide wide 

bandwidth in comparison to conventional antennas. 

German mathematician Georg Cantor created a relatively simple form of fractal, which 

is known as Cantor fractal. The line is copied and divided into three equal segments and 

central one is removed. The same procedure applies to newly generated segments; 

therefore, the basic structure of the Cantor fractal consists of rectangular shapes based 

on the Cantor pattern. The Cantor fractal is shown in Figure 3.6. 

 

Figure 3.6 Cantor fractal 

3.3. 2D Planar Cantor Fractal Antenna 

3.3.1 Design 

The Cantor antenna is designed using Ansys HFSS software. Figure 3.7 illustrates the 2D 

planar version of the Cantor fractal antenna. The antenna is fed by a 50 Ω microstrip line 

and has a semicircular ground plane. The largest rectangular segment of the Cantor 
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fractal is 111 mm which is the length of a wave at the center frequency of 1.5 GHz. The 

newly generated rectangular segments are connected to previous ones via separations, 

which start from the middle of the newly generated segments. The widths of the first 

separations are 1/20th of the length of the largest segment, while the following 

separations have 1/3rd of the width of the previous separations.  

 

Figure 3.7 Cantor Fractal: (a) top view (b) bottom view 

Optimization of the most sensitive parameters, such as width of the segments W and 

length of the separation S, has been performed. Analysis of the optimization process 

generates the best values of W and S, which provides enhanced impedance bandwidth. 

In the first step, widths of the rectangular segments have been swept from 5.5 mm to 

13.5 mm with the step of 2 mm, while other parameters are kept constant. As shown in 

Figure 3.8, the reflection coefficient of the antenna, when W equals 5.5 mm, is above -

10 dB at around 1.3 GHz frequency (blue line) and goes below -10 dB with the increase 
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of width. However, the reflection coefficient rises above -10 dB again when W equals 

13.5 mm at 1.15 GHz. As the aim for the 2D planar Cantor fractal antenna is to design a 

wideband antenna, these values of W are not acceptable. Therefore, the center value of 

9.5 mm has been selected because the reflection coefficient is optimized along the 

whole range of frequency. 

 

Figure 3.8 Dependence of bandwidth on the widths of Cantor segments  

In the second step of the optimization process, the lengths of separations S are swept 

from 1.5 mm to 5.5 mm with the step of 1 mm. Figure 3.9 shows the results of the 

simulation. The curves behave the same way as in the previous analysis; therefore, the 

middle value of S equals 3.5 mm are chosen as optimized value. 
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Figure 3.9 Dependence of bandwidth on the lengths of separations  

The effect of different iterations on impedance bandwidth has also been investigated. 

More number of iterations results in enhanced bandwidth as is expected. This can be 

easily explained by the fact that once a new iteration is added, the antenna obtains 

more segments with different lengths, which correspond to more resonant frequencies. 

The results of the analysis are disclosed in Figure 3.10.  
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Figure 3.10 Effect of different iterations on impedance bandwidth 

The summary of the graph is shown in Table 3.1.The Cantor fractal with five iterations is 

chosen for the antenna design. 

Table 3.1 Effect of different iterations on impedance bandwidth 

Number of Iterations Impedance Bandwidth (GHz) 

1st 1.2 – 2 

2nd 1 – 1.9 

3rd 0.95 – 1.8 & 2 – 2.3 

4th 0.9 – 1.3 & 1.4 – 2.1 

5th 0.8 – 2.2 

6th 0.75 – 2.15 
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3.3.2 Fabrication 

The fabrication process consists of two steps: the first is printing plastic substrate on a 

3D printer and the second is metalizing the surface of the substrate based on the 

antenna structure. The Stratasys Objet 260 Connex 3D printer (Figure 3.11a) is used for 

printing of the plastic substrate. The dielectric plastic material is called Vero. Vero has 

electrical properties, such as dielectric constant of 2.8 and loss tangent of 0.02. The 

dimensions of the substrate printed are 130x115x3 mm3. In the second step of the 

fabrication process, a Diamatix DMP-2831 inkjet printer with nanoparticle free silver ink 

is used (Figure 3.11b). Nanoparticle free silver ink can be cured with infra-red (IR) lamp 

at comparably low temperatures like 80˚C and offers conductivity of 1x107 S/m for more 

than six layers of printing. The dependence of silver conductivity on the number of 

layers shown in  Figure 3.12.   

    

Figure 3.11 (a) Stratasys Objet 260 Connex 3D printer (b) Diamatix DMP-2831 inkjet printer 
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Figure 3.12 Dependence of silver conductivity on number of layers 

The smallest dimension of the antenna should be taken into account during the design 

process so that it matches the capability of the printer. For the Cantor fractal antenna, 

the width of the last separation is 205 um, and the printer is able to generate the 

smallest print of 100 um. After the antenna fabrication process, an SMA connector is 

mounted using silver conductive epoxy for the impedance and radiation pattern 

characterization. The fabricated Cantor fractal antenna is shown in Figure 3.13. 

 

Figure 3.13 Fabricated 2D planar Cantor fractal antenna 
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3.3.3 Simulation and Measurement Results 

After the fabrication, the reflection coefficient of the antenna is measured by using the 

Agilent PNA-L Network Analyzer N5232A. The simulated and measured reflection 

coefficients of the antenna are shown in Figure 3.14. As it can be observed, the antenna 

operates well within the range of 0.8 GHz to 2.2 GHz as is expected.  

 

Figure 3.14 Reflection coefficient of 2D planar Cantor fractal antenna 

The gain and the radiation pattern of the antenna are measured using the Satimo 

StarLab Anechoic chamber (Figure 3.15). 

 

Figure 3.15 2D planar Cantor fractal antenna in Satimo StarLab chamber 
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The E- and H-planes of the radiation patterns are shown in Figure 3.16. A good match 

can be seen between the two results for principal frequency points. The E-plane of the 

antenna has nulls at theta=-90˚ and theta=90˚ while the H-plane demonstrates an 

omnidirectional pattern at 0.9 GHz. At higher frequencies, the E-plane has side lobes, 

and H-plane becomes less omnidirectional as compared to low frequencies.  

       

(a)                                                                           (b)                                                         

         

                                       (c)                                                                                  (d)                      
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(e)                                                                                  (f)               

 

Figure 3.16 Radiation pattern (a) E-plane at 0.9 GHz (b) H-plane at 0.9 GHz (c) E-plane at 1.8 GHz 
(d) H-plane at 1.8 GHz (e) E-plane at 2.1 GHz (f) H-plane at 2.1 GHz 

The comparison of the simulated and measured gains is illustrated in Table 3.2, which 

reveals that measured gains at 1.8 GHz and 2.1 GHz are smaller than the simulated gains 

by around 1 dB. This might be due to the surface roughness of the plastic substrate and 

comparably small conductivity of the printed silver. However, at 0.9 GHz frequency, the 

skin effect also decreases the gain because the difference between measured and 

simulated results diverge at 2.62 dB. It can be concluded that 10 layers of printing is not 

enough for this antenna and more layers should be printed in order to avoid skin effect 

and achieve higher gains. 
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Table 3.2 Simulated and Measured Gains 

Frequency (GHz) 

Gain (dB) 

Simulation Measurement 

0.9 2.62 0 

1.8 3.95 3.11 

2.1 3.68 2.76 

3.4. 3D Cube Cantor Fractal Antenna 

3.4.1Design 

As the RF energy harvester consists of several components, such as antenna, rectifier, 

impedance matching network, and storage element, it is a useful approach to design the 

antenna on a package so that all components are enclosed inside and the harvesting 

unit is compact. Hence, in order to solve the packaging issue, it is decided to have the 

Cantor fractal antenna wrapped around the sides of a cube. The use of 3D printed 

plastic substrate for the antenna design affords flexibility in terms of size, thickness, and 

structure of the cube. One important point is that the Cantor fractal antenna should be 

redesigned from monopole to dipole since a monopole antenna is sensitive to metal 

objects in its vicinity. This is done by placing one monopole Cantor fractal antenna as 

one arm of the dipole antenna. The dipole antenna is matched to 20 Ω because of the 
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initial CMOS rectifier, which was planned to be used for this project, has real part of its 

impedance equal to 20 Ω [37]. It is decided to have the antenna on five faces of the 

cube (top face and four side faces) and to have the rectifier and other circuit 

components on the bottom face so that it is inside the cube box. Some structural 

changes on the Cantor structure have been made in order to accommodate the Cantor 

fractal dipole on the cube sides. For example, as it can be seen in Figure 3.17b, the first 

iteration segments of both arms and feed line are placed on the top face and the first 

segments are decreased in length to fit the top face. Segments starting from the second 

iteration are placed on side faces of the cube. The antenna is fed by a coplanar stripline 

with a width of 2 mm.  

 

Figure 3.17 (a) Monopole Cantor fractal antenna (b) Dipole Cantor fractal antenna 

The same type of analysis on the number of iterations has been conducted in order to 

determine the bandwidth dependence on the number of iterations. Figure 3.18 presents 

pictures of the cube antenna with one, two, three, and four iterations. 
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Figure 3.18 Cube antenna with (a) one iteration (b) two iterations (c) three iterations (d) four 
iterations 

Meanwhile, Figure 3.19 shows how different numbers of iterations change the 

impedance bandwidth of the antenna. This analysis indicates that 3D cube Cantor fractal 

antenna is multiband and it will be designed such that it focuses on three frequencies: 

0.9 GHz, 1.8 GHz and 2.1 GHz. Figure 3.19 confirms that four iterations provide three 

resonances, hence further optimization is done on sensitive parts of the antenna 

structure to tune the antenna impedance at frequencies earlier identified.  

 

Figure 3.19 Effect of Different Iterations on Bandwidth 
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As the width of rectangular segments W and the separation S between them are 

sensitive parts of the 2D Cantor fractal antenna, optimization of these two parameters 

have also been performed for the cube antenna. In this case, however, the total length 

of the antenna is restricted by the dimensions of the cube, which is chosen to be 5x5x5 

cm3. As the thickness of the bottom side of the cube is 2 mm, the second, third, and 

fourth segments should be placed on a side of 48 mm. As W and S are dependent on 

each other and their total sum 3xW+3xS should be equal to 48 mm, different 

combinations of W and S were simulated in order to find the optimal values. Three 

combinations were chosen such that W = 8 mm, S = 8 mm; W = 10 mm, S = 6 mm; W = 

12 mm, S = 4 mm. Figure 3.20 shows how each combination affects the impedance 

bandwidth of the antenna.  

 

Figure 3.20 Dependence of reflection coefficient on different combinations of W and S 
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Optimization of W and S does not result in acceptable matching of the antenna, 

therefore more sensitive parts of the antenna should be identified and tuned. Another 

method to find these parts is to analyze the current distribution on the antenna. By 

plotting the current distribution on the antenna surface in HFSS, parts of the antenna 

that have relatively high current can be identified. These are the regions, which are 

more sensitive for impedance tuning. Figure 3.21 illustrates the current distribution of 

the antenna at principal frequencies. 

   

Figure 3.21 Current distribution at (a) 900 MHz (b) 1800 MHz (c) 2100 MHz 

Figure 3.21 shows that the transition regions from the rectangular segments to the 

separations relatively have the highest currents for all three frequencies. Therefore, 

widths of the separations tend to be the best parameters to optimize.  

After the optimization process has been performed for each separation, it is established 

that the widths of the first, second, and third separations are 5.5 mm, 0.33 mm, and 

0.86 mm respectively. 



43 
 

Another sensitive part of the antenna surface presented in Figure 3.21 is the transition 

region from the feedline to the dipole antenna arms. To avoid feedline radiation and 

achieve smooth transition of the current from the feedline to the antenna arms, fillets 

with different radii are inserted and tested. Figure 3.22 demonstrates three different 

types of fillets with radii of 2 mm, 6 mm, and 10 mm.  

 

Figure 3.22 Dipole antenna with different fillets of radii (a) 2 mm (b) 6 mm (c)10 mm 

The results of the simulation are disclosed in Figure 3.23. As the bandwidth at 900 MHz 

is narrow, it is important to choose a fillet with a radius of 10 mm to cover the downlink 

frequency band of 925 MHz to 960 MHz. The close views of the graph at 900 MHz and 

1800 MHz are shown in Figure 3.24.   
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Figure 3.23 Dependence of reflection coefficients on different fillet radii 

 

Figure 3.24 Dependence of reflection coefficients on different fillets at (a) 900 MHz (b) 1800 
MHz 

3.4.2 Fabrication 

Fabrication of the 3D cube antenna also consists of two steps as regards the 2D planar 

antenna. The thickness of the antenna substrates is 1 mm. The metallizing technique 

has been changed from inkjet printing to screen printing due to the three reasons: skin 

depth, fabrication time, and conductivity of silver paste. Firstly, it has been observed 
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that the 2D planar antenna obtained a large loss at 900 MHz compared to the loss at 

higher frequencies due to the skin depth issues; hence skin depth issues has to be 

avoided. Secondly, fabrication process of five cube faces takes a long time as inkjet 

printing is implemented layer by layer, followed by curing procedures. Thirdly, 

conductivity of the silver paste (2x107 S/m), which is used in screen printing, is higher 

than the inkjet-printed silver (4x106 S/m) and therefore conductor loss is reduced.  

The comparison of radiation efficiencies of inkjet-printed and screen-printed antennas is 

demonstrated and discussed in Section 3.4.3. For screen printing, masks made of kapton 

tape are used. These masks are prepared using laser cutter and shown in Figure 3.25. 

   

Figure 3.25 Masks made of kapton tape 

After inserting conductive silver paste (from Dupont company) on Vero substrates, the 

samples are put inside the oven for 10 minutes at 120˚C. Once silver is conductive and 

hardened, the masks can be carefully removed from the surface of the substrates.  
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Equally important, each face of the cube has pins and holes designed beforehand so 

that when the cube is constructed, all faces support each other and hold the cube shape 

(Figure 3.26).  

 

Figure 3.26 Pins and holes on substrates 

Once each face of the cube is fabricated, the antenna can be built (Figure 3.27 - 3.28).  

 

Figure 3.27 Fabricated cube sides  
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Conductive epoxy is applied on the edges of the cube to make sure that transition from 

one face to another has robust electrical contacts. Finally, an SMA connector is attached 

to the antenna for measurement purposes (Figure 3.29).  

   

Figure 3.28 Cube construction 

 

Figure 3.29 Fabricated 3D cube Cantor fractal antenna 

3.4.3 Simulation and Measurement Results 

The measured and simulated reflection coefficients of the 3D cube Cantor fractal 

antenna is presented in Figure 3.30. As it can be observed, the simulated and measured 
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results are well matched. The measurement results of the antenna show -13 dB at 945 

MHz, -37 dB at 1850 MHz, and -24 dB at 2140 MHz. The measured bandwidth of the 

antenna covers the whole range of downlink bands, which are 925-960 MHz, 1830-1860 

MHz, and 2110-2170 MHz for GSM900, GSM1800, and 3G respectively.   

 

Figure 3.30 Reflection coefficient 

Similarly, radiation pattern and gain of the antenna are measured inside the Satimo 

Starlab chamber. Figure 3.31 shows that the antenna is connected through Bazooka 

balun (1:1) in order to convert single ended mode into differential mode.  
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Figure 3.31 3D Cube antenna in Satimo chamber 

The loss of the balun is measured using a back-to-back technique and is illustrated in 

Figure 3.32. The losses of the balun are -0.2 dB at 900 MHz and -0.3 dB at 1800 MHz and 

2100 MHz. 

     

Figure 3.32 Bazooka Balun Back-to-Back Measurement 

Figure 3.33 conveys measured and simulated gain values of the antenna with respect to 

frequency. It can be seen that the gain of the antenna is around -2 dB at 900 MHz, 3.5 

dB at 1800 MHz, and 1 dB at 2100 MHz.  
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Figure 3.33 Gain vs Frequency (Measured) 

These gain values, however, are measured by taking into account mismatch/reflection 

loss between the antenna and the bazooka balun. The chamber system provides a 

single-ended signal, which has an impedance of 50 Ω; the bazooka balun (1:1) then 

transforms it into differential 50 Ω, which is connected to differential 20 Ω antenna. 

Therefore, the gain values are reduced by the mismatch between the 50 Ω and 20 Ω 

interface of the balun and the antenna, because 18.4% of the injected power is reflected 

back into the system. Assuming that the system has 20 Ω impedance and 100% of power 

is transferred to the antenna directly without any loss and considering the balun loss, 

then the gain values will increase to -0.8 dB, 4.7 dB, and 2.3 dB for 900 MHz, 1800 MHz 

and 2100 MHz respectively (Figure 3.34).    
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Figure 3.34 Gain vs Frequency (Calculated for 20 Ω system) 

Notably, Figure 3.34 shows that at 850 MHz, measured gain is higher than the simulated 

gain. This can be explained by the variation of measured conductivity of silver paste with 

regard to thickness. As the thickness of screen-printed silver paste was not uniform, 

conductivity showed values between 1x107 S/m and 3x107 S/m and average value 2x107 

was used in the simulations. However, there is a possibility that the conductivity of the 

silver paste is higher than the average 2x107 S/m.  

Figure 3.35 shows the radiation pattern of the antenna at principal frequencies. 
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(a)                                                                                  (b)                                                           

   

(c)                                                                                  (d)                                                           
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(e)                                                                                  (f) 

 

Figure 3.35 Radiation Pattern (a) E-plane at 0.9 GHz (b) H-plane at 0.9 GHz (c) E-plane at 1.8 GHz 
(d) H-plane at 1.8 GHz (e) E-plane at 2.1 GHz (f) H-plane at 2.1 GHz 

As the gain of the antenna at 900 MHz frequency is negative, a number of investigations 

have been conducted to find out possible reasons and make decent improvements. As 

the loss of the antenna is caused by dielectric loss and conductor loss, simulations with 

lossless dielectric and high conductivity (6.1e7 S/m) have been performed in order to 

identify which loss is dominant.  
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Figure 3.36 Gain vs Frequency 

As Figure 3.36 reveals, change of conductivity from 2e7 S/m to 6.1e7 S/m does not have 

significant effect (green line), while lossless dielectric improves the gain considerably 

(blue line). Furthermore, loss of the antenna for higher frequencies than 1.1 GHz is 

negligible, whereas at lower frequencies than 1.1 GHz, it becomes relatively high. 

This phenomenon can be explained by the fact that at lower frequencies than 1.1 GHz, 

the real part of the antenna impedance goes low to 3 Ω (except the range of 0.92-0.98 

GHz) where most likely loss resistance dominates radiation resistance (Figure 3.37). 
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Figure 3.37 Impedance of the antenna 

Figure 3.38 shows consistent results that the radiation efficiency of the antenna drops 

sharply from 75% to 15% for lower frequencies than 1.1 GHz. At 0.95 GHz, the antenna 

has an efficiency of 38%.   

 

Figure 3.38 Radiation efficiency of the antenna 
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Correspondingly, the development of the Cantor fractal antenna in terms of fabrication 

techniques is discussed to improve radiation qualities of the antenna. Table 3.3 shows 

the details of three different antennas: two of them have been already fabricated and 

tested and one will be fabricated in the future. 

Table 3.3 Comparison of three antennas 

 1st Antenna 2nd Antenna New Antenna 

Dielectric                

(loss tangent) 
Vero (0.02)                       Vero (0.02) 

Voxel 3D printer 

dielectric (0.006) 

Dielectric thickness 2 mm 1 mm 1 mm 

Metallizing technique 
Inkjet printing of 

silver ink 

Screen printing of 

silver paste 

Screen printing of 

silver paste 

Conductivity of metal 4e6 S/m 2e7 S/m 2e7 S/m 

 

Figure 3.39 clearly details the improvement in the antenna gain by decreasing conductor 

and dielectric losses.  
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Figure 3.39 Gain comparison of three antennas 
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Chapter 4. System Level Integration 

This chapter describes the rectifier and multiband matching network. Integration of the 

multiband, low-cost and on-package 3D cube Cantor fractal antenna with rectifier circuit 

is realized through bazooka balun. The results of indoor and outdoor measurements are 

presented and analyzed. 

4.1. Rectifier and Multiband Impedance Matching Network 

The half-wave series single diode is chosen as a rectifier for the project. Theoretically, 

the power conversion efficiency (PCE) of the half-wave rectifier is 50% whereas a full-

wave rectifier achieves 100%. However, there is a tradeoff among PCE, sensitivity, and 

complexity of the circuit (number of components). Therefore, in order to make the 

circuit simple, a single diode, which has a sensitivity of -35dBm, is chosen. Moreover, 

proper selection of diode should be conducted. Based on [27], the Schottky diode SMS 

7630-079 from Skyworks is selected due to its nonlinear model parameters (see Table 

4.1.). 
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Table 4.1 SMS 7630-079 diode nonlinear model 

 

Meanwhile, matching network is designed using transmission lines and stubs. The layout 

of the multiband matching network is presented in Figure 4.1.  

 

Figure 4.1 Layout of multiband matching network 

Accordingly, the primary reason for choosing distributed components instead of lumped 

components is that distributed components can be accurately designed using EM 
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simulation in Advanced Design System (ADS), while values of lumped components have 

a range of discrepancies. Designed triple band matching network consists of three stubs: 

one short stub for 900 MHz and two radial stubs for 1800 MHz and 2100 MHz 

frequencies. 

In order to select the load resistance value, PCE and output voltage versus frequency are 

plotted for different values of load resistance starting from 2 kΩ to 20 kΩ. As Figure 4.2 

illustrates, maximum PCE can be achieved for 2 kΩ, while maximum output voltage is 

obtained for the highest value of load resistance.  

 

Figure 4.2 (a) PCE and (b)Vout graphs for different load resistances 

Therefore, in order to achieve acceptable PCE and output voltage at the same time, it is 

decided to pick 10 kΩ as a load resistance. Moreover, based on [36] 10 kΩ can be 

considered as a realistic and typical equivalent impedance of sensors.  

The simulation and measurement results of the rectifier with multiband matching 

network can be compared in Figure 4.3. 
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Figure 4.3. Reflection coefficient of the rectifier with multiband matching network 

As presented in  Figure 4.3, reflection coefficients for simulated and measured results 

match well with each other. The reason for small discrepancy might be due to the 

inaccurate diode model used in simulation, which may particularly have significant 

impact at high frequencies. Measurement results show that at 900 MHz, the reflection 

coefficient is -10 dB which provides 90% power transfer. Meanwhile, at 1800 MHz and 

2100 MHz, the values of S11 are -12 dB and -6 dB that afford 94% and 75% power 

transfer at the interface respectively.  

4.2. Indoor and Outdoor Measurement Results 

Indoor measurement of the RF energy harvester is performed inside the lab using the 

experimental setup shown in Figure 4.4. 
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Figure 4.4 Setup for indoor testing 

The RF signal generator is connected to the reference SH-800-277 horn antenna with 

the gain values of 7 dB, 9.75 dB, and 9.69 dB at 900 MHz, 1800 MHz, and 2100 MHz 

frequencies respectively. The rectenna is placed at a distance of 0.9 m, which is in the 

Fraunhofer region, to ensure far-field performance. The 10 kΩ resistance is connected 

as a load to the RF energy harvester, and voltage across this load is measured by 

multimeter. The output power of the signal generator was swept from -8 dBm to 16 

dBm for each frequency. Ambient power is measured by the spectrum analyzer at the 

distance of 0.9 m. Measured power levels are verified by calculation using Frii’s 

equation, which generates almost similar numbers.  Measured output voltage values 

with respect to input power level are presented in Figure 4.5. 
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Figure 4.5 Output DC voltage vs frequency (for different output power from signal generator) 

One more indoor testing was conducted by simulating realistic scenario where the RF 

energy harvester is placed near a smartphone, making a call in the first case and 

receiving a call for the second scenario. As shown in Figure 4.6, output voltages of 420 

mV and 102 mV are achieved when the rectenna is placed near when making and 

receiving phone calls respectively. 

     

Figure 4.6 Ambient RF energy harvesting from (a) making a phone call (b) receiving a phone call 
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Outdoor measurements have been conducted next to IT Building 14 at 9 a.m. and at 9 

p.m. in order to compare the results. Figure 4.7 demonstrates harvested output voltages 

for morning and evening times, which are 154.5 mV and 178.4 mV respectively.   

     

Figure 4.7 Outdoor ambient power harvesting near IT Building (a) morning (b) evening 

Two more outdoor measurements have been conducted near the Discovery Square in 

the morning (9 a.m.) and the evening (9 p.m.). As shown in Figure 4.8, output voltage of 

252.4 mV and 231 mV are recorded on the multimeter in the morning and in the 

evening respectively. 
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Figure 4.8 Outdoor ambient power harvesting near the Discovery Square (a) morning (b) evening  
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Chapter 5. Conclusion and Future Work 

5.1. Conclusion  

 
Internet of Things is a new futuristic concept, which can make fundamental changes in 

public services such as education, healthcare, transportation, entertainment, making 

them efficient and comfortable for people. The realization of this concept is difficult 

because of the demand for a large number of sensor nodes distributed in the city 

environment, which practically must be self-powered devices. Clearly, there is a need 

for the implementation of ambient RF energy harvesters for IoT devices. This thesis, 

therefore, presents 3D cube Cantor fractal rectenna for ambient RF energy harvesting 

application for the first time. The uniqueness of this RF energy harvester is that it is 

multiband and low-cost and it utilizes Antenna-on-Package concept. Low cost is 

achieved by utilizing additive manufacturing techniques, such as 3D inkjet printing and 

screen printing. In order to achieve diverse reception of power, the rectenna harvests 

RF energy from three different bands at the same time (900 MHz, 1800 MHz, and 2100 

MHz) and this is possible due to the fractal shape of the antenna. Implementation of the 

antenna-on-package concept makes it possible to integrate a rectifier, matching circuit, 

and even sensors into the antenna substrate which serves as a practical package.  
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5.2. Future Work  

 
Performance of the RF energy harvester can be improved in two domains: first is the 

antenna, and second is the rectifier with matching network. As previously mentioned in 

Chapter 3, antenna performance, especially gain values at 900MHz, can be boosted 

from -1 dB to 1 dB by replacing the Vero dielectric (tanD = 0.02) with Voxel dielectric 

(tanD=0.006). Additionally, the antenna can be redesigned to match 50 Ω instead of 20 

Ω as it was decided not to use the previously planned CMOS-based rectifier. This change 

can eliminate mismatch losses at the interface of the antenna and the rectifier and can 

also facilitate antenna measurement processes with Satimo StarLab chamber and VNA.  

As the rectifier and matching network should be integrated with the cube antenna, 

bazooka balun should definitely be replaced by small chip baluns. However, it is hard to 

find a balun, which operates in the whole range of frequencies (900 MHz-2200 MHz) 

and has low insertion loss. For purposes of integration, the rectifier and matching 

network should be optimized to fit 5x5 cm2 square so that it can serve as the bottom 

face of the cube. Meanwhile, in order to reduce the loss of the rectifier, FR4 substrate 

(tanD = 0.018) should be replaced with Roger 5880/duroid substrate (tanD = 0.0004). In 

addition, capacitors from Murata and inductors from Coilcraft should be used to avoid 

lossyness and parasitics of the components. 
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