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Abstract 

This thesis discusses the impact of the supercapacitor size on the performance of the mobile 

battery-less RF energy harvesting system. The choice of supercapacitor is crucial in mobile 

systems. The small supercapacitor can charge quickly and activate the sensor in a few seconds in 

the low-energy area but cannot provide a significant amount of energy to the sensor to do heavy 

energy tasks such as programming or communication with the base station. On the other hand, 

large supercapacitors have a sensor node for heavy energy tasks in a high-energy zone but may not 

be able to activate in a low energy zone. The proposed hybrid energy-storage system contains two 

supercapacitors of different sizes and a switching circuit. An adaptive-learning switching algorithm 

controls the switching circuit. This algorithm predicts the available source energy and the period 

that the sensor node will remain in the high-energy area. The algorithm dynamically switches 

between the supercapacitors according to available ambient RF energy. Extensive simulation and 

experiments evaluated the proposed method. The proposed system showed 40% and 80% 

efficiency over single supercapacitor system in terms of the amount of harvested energy and sensor 

coverage. 

Keywords: RF energy harvesting, Wireless sensor network, battery-less sensor, 

Supercapacitor, Mobile computing. 
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1 Introduction  

1.1 Introduction 

Wireless sensor networks (WSNs) contain an autonomous wireless sensor distributed in a large area to 

monitor the environmental conditions. A sink gathers information from the sensor nodes. This sink transmits 

all the required data to the server. The wireless sensor node contains a sensor, radio transceiver, 

microcontroller, and energy-storage system (batteries and supercapacitors) that store the energy and provide 

power to the sensor node for operation [1]. Most wireless sensor nodes operate on batteries. When the 

batteries are fully discharged, the node becomes dead. In many applications, such as wildlife tracking [2], 

environment monitoring [3], structural health monitoring [4], it is difficult to recharge or replace the 

batteries. Even if the replacement of batteries is possible, it increases the cost of operation. Many techniques 

have been used to reduce the energy consumption of sensor nodes, such as energy-efficient MAC protocols, 

low duty cycle operations, and low energy hardware (transceiver, microcontrollers, sensors) [5]. However, 

they cannot meet the requirements of the applications that require a longer life. Therefore, recent research 

adopted a different approach and proposed energy harvesting systems for wireless sensors that promise the 

perpetual operations of sensor nodes [5].  

Energy harvesting is a process that captures the energy from the environment (solar, heat, vibration, wind, 

radio frequency) and converts it into electrical energy to power wireless sensor nodes [6]. Because of the 

advances in energy harvesting, the researcher introduced battery-less wireless sensor nodes, which have 

supercapacitors as energy storage rather than rechargeable batteries, as supercapacitors are nontoxic, have 

high charge/discharge cycles, and have higher power density than batteries do. 

There are many ambient sources in the environment from which energy can be harvested, such as sun, wind, 

heat, vibration, and RF (radio frequency). RF energy harvesting systems capture the RF energy from the 

environment and convert it into useable electrical energy [7]. The RF energy harvesting has the advantage 

over other energy harvesting systems as RF power sources can be produced by a dedicated transmitter where 
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ambient RF energy is not available. The selection of the supercapacitor size for a battery-less RF energy 

harvesting sensor node is crucial as the signal strength of the RF signal reduces by increasing the distance 

between the RF energy transmitter and the sensor node.  

1.2 Motivation 

Energy harvesting increases the energy autonomy of wireless sensors [8]. The energy harvesting system 

extracts available energy from the sources present in the environment. The sensors use this energy directly 

or save it in their energy-storage devices. The battery-free energy harvesting sensors contain supercapacitors 

to store energy. Unlike batteries, supercapacitors contain high-power density, are nontoxic, have a 

substantial life cycle, and require less charging time [9]. The rate of energy harvesting depends on the 

availability of the ambient source and environmental conditions [10]. Therefore, the sensors cannot be 

continuously operational but are operational whenever energy is available. Therefore, the selection of the 

supercapacitor is vital in mobile sensors. While small supercapacitors charge quickly and activate the sensor 

in a few seconds, they cannot store large amounts of energy to help the sensor carry out heavy-energy tasks 

such as the transmission of data to the base station. On the other hand, large supercapacitors can store more 

energy, which can help the sensor node to do its heavy-energy tasks [11]. However, if the sensor node leaves 

the energy area before the large supercapacitor is charged, it will be unable to activate the sensor node, and 

even the fraction of charge stored in the supercapacitor will be dissipated due to the high self-discharge rate 

[11]. 

The work in [12] describes a federated energy-storage concept, where each peripheral, such as radio, sensor, 

or microcontroller, is assigned a dedicated capacitor for increased reliability so that faulty or misconfigured 

peripherals do not affect the shared energy storage and, thus, the operation of the entire system. The platform 

contains a first-stage capacitor, which powers the microcontroller, an array of peripheral capacitors, and it 

allows for faster charging by setting capacitor sizes for specific peripherals and controlling the charging 

priority to individual capacitors. In subsequent work, the authors described a reconfigurable federated 
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energy storage, where an engineer can assign charging priorities, capacitor sizes, and voltage thresholds in 

both compile and run-times. The main limitation of federated energy storage is that it requires the first-stage 

capacitor to be charged to power the microcontroller and the peripheral capacitors. Once the first-stage 

capacitor is depleted, the microcontroller shuts down, and the energy stored in peripheral capacitors cannot 

be used and will slowly dissipate. 

The literature addresses the selection of supercapacitors for static RF energy harvesting systems where 

energy is available continuously, and it only focuses on the quick boost of the sensor node. However, if a 

node is mobile, it receives variable RF energy; when the node is near the transmitter, it receives high energy, 

and this extra energy is wasted as it cannot be stored due to the fixed size of the storage supercapacitor [11]. 

A battery-less RF sensor was designed in [13] to monitor the quality of packed vegetables by observing 

their temperature and humidity. Such sensors receive a stable flow of energy from a nearby RFID reader for 

the entire duration of measurement, which is sufficient to complete the sensing and communication task. 

The work in [14] [15] proposed an RF energy harvesting system that powers low-power devices from 

medium wave radio signals and that can operate continually within relatively large geographical areas, but 

only in the proximity of a powerful MW radio station. The work in [12] analysed the network connectivity 

problem in a wirelessly-powered battery-less sensor network, in which case the nodes are powered 

intermittently, leading to connectivity problems, and they proposed an approach based on dividing time into 

separate harvesting and communication periods. Similar to [13] [14], the approach relies on a stable and 

predictable energy flow from the source. 

1.3 Objectives and questions 

The main aim of this thesis is to develop a supercapacitor storage system that will prolong the lifetime of 

the mobile sensor node and increase the performance. Thus, the objectives of this study are the following: 

• Analyse the effect of mobility on the energy harvesting and energy storage 

• Develop and evaluate a variable-energy-storage device 

• Analyse the efficiency, reliability, and performance of the variable energy-storage system
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The main research question of this study is “what is the effect of a fixed and variable energy-storage 

system on the mobile sensor node life, performance, and efficiency?” To achieve the objective of this 

research, the main research question is divided into two sub questions as follows: 

• How will mobility affect the rate of energy harvesting?  

• Is an adaptive energy-storage system the best option for the mobile RF energy-harvesting sensor 

node? 

1.4 Thesis organization 

This thesis focuses on the design, evaluation, and performance of the supercapacitor-based storage system 

for an RF energy-harvesting mobile wireless sensor node. The thesis is divided into six chapters and 

organized as follows:  

Chapter 1: This chapter introduces energy harvesting, wireless sensors, and the storage system, and it 

presents the research motivation for designing a multi-supercapacitor storage system for RF energy-

harvesting based mobile sensor nodes. The aim and objective of this research and the organization of the 

thesis is described in this chapter. 

Chapter 2: This chapter presents a background to energy harvesting and a literature review of RF energy 

harvesting. The development of modern antennae, RF to DC converters, and storage devices are overviewed. 

Moreover, the chapter presents a detailed overview of the protocols for RF energy harvesting wireless 

sensors.  

Chapter 3:  This chapter discusses the effect of mobility on the charging of the different sizes of 

supercapacitors. The effect is observed by conducting a simulation with a 10 mF to 100 mF supercapacitor. 

The simulation result shows that motion affects the charging time of supercapacitors. 

Chapter 4: This chapter proposes a dual cap storage system for mobile sensor nodes to increase the sensor 

node life. The system shifts on large and small supercapacitors according to the energy zone. Simulation 
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results indicate that the proposed system is 97.3% energy efficient. The proposed system is also tested for 

human mobility traces.  

Chapter 5: This chapter discusses the trade-off between large and small capacitors. A hybrid energy-storage 

system and a novel prediction algorithm are proposed. This algorithm controls the switch. The system 

prototype is embedded with the PowerCast energy harvesting kit [16]. Extensive simulation and experiments 

evaluate the system performance. 

Chapter 6: This chapter concludes the thesis and discusses future research on this topic.  
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2 Literature review 

This chapter reviews the state of the art work of researchers in the literature and compares the different types 

of energy harvesting systems, focusing on RF energy harvesting. It discusses different parts of the RF energy 

harvesting system (antenna, rectifier, storage) and RF energy harvesting protocols.     

The advancement in wireless sensor networks (WSNs) technology meets the requirement of autonomous 

communication embedded in the environment. The WSNs consist of many sensor nodes deployed across a 

vast area. The limited energy of sensor nodes limits their communication range. The sensor node consists 

of three blocks, 1) sensing (obtains the data from the different sensors installed), 2) processing (processes 

the data acquired by the sensors), 3) communication (wirelessly communicates with other nodes). The 

sensor node also contains an energy source – the battery – that provides energy to run the sensor node. The 

energy cost of the node increases from the sensing block to the communication block. Sensing consumes 

little energy while communication consumes high energy. Wireless sensor nodes use a battery as their power 

source. Replacing or recharging of sensor nodes battery becomes difficult or impossible if sensors are 

embedded in hostile places or deployed in significant numbers in a vast area. Nowadays, supercapacitors 

are replacing batteries in sensors due to their high efficiency, and unlimited life cycle, especially as 

numerous applications require sensor nodes to be functional for extended periods (for months or even years) 

in WSNs. To fulfil this requirement, the lifetime of sensor nodes needs to be prolonged. This can be achieved 

in two ways: by employing techniques (MAC protocols, Routing protocols, energy-efficient devices) that 

minimize energy consumption or by providing an energy harvesting system to the node. 

2.1 Energy Harvesting    

Energy harvesting (EH) is a process that converts the available non-electrical energy (ambient energy 

source) to electrical energy. The concept of EH is very old and has various applications; some are as large 

as those found in satellite power systems [17] while others are as small as those in power wireless sensors 

[18]. The energy harvesting block diagram is shown in Figure 2-1.  
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The transducer converts the captured energy from the environment into an electrical signal. In some systems, 

the transducer and the energy-capturing device are the same. The output of the transducer is unpredictable, 

so a conditioning subsystem is required before an energy-storing device. The energy-storing device stores 

energy and supplies it to the load.  

 

Figure 2-1: Energy Harvesting System [19] 

 Energy sources 

Many energy sources are present in the environment, such as the sun, heat, EM waves, wind, sea tides, and 

vibration, which are known as ambient energy sources. The energy of these sources can be captured and 

converted into useable electrical energy. If these sources are not available in the environment or the desired 

level of energy is not available, then the installation of a dedicated source can produce the required energy. 

While solar energy is most commonly used for energy harvesting worldwide [20], it faces challenges such 

as the availability of utilizable sunlight and periods of low or unavailable sunlight. The power density of 

solar energy peaks during sunshine and is a good energy source in regions where solar energy is substantial 

enough for energy harvesting [21]. In addition, because of the low efficiency of solar cells, large solar cells 

are needed to capture sufficient energy from the sun [22]. 

Piezoelectric devices convert vibrational energy into electrical energy by deforming the piezoelectric 

materials. The piezoelectric energy harvesting devices are very small compared to other devices [22]. 

Piezoelectric devices produce an unstable output when connected to a vibrational energy source producing 

highly variable vibration. Moreover, piezoelectric devices have low efficiency [16].    

Thermal energy also can be used as an alternative energy source. The thermoelectrical device converts the 

temperature difference into electrical energy (seebeck effect) [23]. Thermoelectric devices can generate 

Energy storage 
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electrical power until there is a temperature difference. Moreover, these devices are very large, they are 

heavier than other energy harvesting devices, and they need a large area to generate the required energy.  

Now days radio frequency (RF) energy harvesting becoming more famous and attractive because of recent 

development in the wireless communication technologies and growth of abundance RF energy sources 

(WiFi, DTV, FM, GSM) [24][25].  The energy density of RF energy sources is lower than other energy 

sources and hence, suitable for low energy profile devices (sensor nodes). 

There are abundant of ambient RF energy sources available such as television broadcasting stations, WiFi 

routers, GSM and radio broadcasting stations. These RF energy sources are radiating continuously RF 

energy.  

The recent development in wireless communication technology and wireless power transfer technology 

permit battery-less operations of sensor nodes [26], small implant wireless electronic devices [27][28] and 

RFID [29], makes RF energy harvesting suitable as life-time power source.   

Rectenna convert the available RF power into DC power which is used to power small electronic devices 

like micro sensor nodes [27]. The RF energy harvesting system continuously capture the RF energy and 

convert it into DC power irrespective of time (day and night) and environment conditions (outdoor and 

indoor). This ability gives RF energy harvesting advantage over other energy harvesting systems. 

Furthermore,  RF energy harvesting systems reduce size compare to other energy harvesting systems which 

makes RF energy harvesting system more suitable for the applications where miniaturization require [28]. 

Additionally, RF energy harvesting can be used in conjunction with other energy harvesting systems (solar, 

vibrational) to increase the efficiency of the renewal energy system [30].   

2.2 Fundamental blocks of RF energy harvesting system 

RF energy harvesting promises a maintenance-free sensing operation. RF energy-harvesting systems extract 

energy from the RF wave and convert it into useable DC. The harvested energy is stored in the 

supercapacitor. The supercapacitor has an unlimited charging-discharging life cycle, unlike batteries with a 
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limited lifetime. The fundamental blocks of the RF energy harvesting system are the antenna, matching 

circuit, RF to DC converter (rectifier or voltage multiplier), and storage device. 

The Antenna receives the RF signals and delivers them to the voltage multiplier. The voltage multiplier 

rectifies the RF energy and changes it into DC energy, which is stored in the supercapacitor and used later 

by the sensor node. A typical RF energy-harvesting system is shown in Figure 2-2. 

 

 

Figure 2-2: Typical RF energy harvesting system [31]. 

 Antenna 

Antenna is first and most important unit of a RF energy harvesting system which convert RF signals into 

electrical signal [32]. The circular polarized antenna consider as good choice for RF energy harvesting 

because it can receive both circular and linear polarized signals compared to linear polarized 

antenna[33][34]. On the other hand linear polarized antenna can capture only half power of circular 

polarized signal and also associate with polarization loss [33]. It reduces the overall efficiency of the RF 

energy harvesting system. Moreover, RF energy harvesting system should have broadband antenna so it can 

capture energy from multiple RF energy sources with different frequencies [35][33]. The available ambient 

RF energy in the environment so the broadband antenna can capture more energy than single band antenna. 

The high gain antenna can receive high energy and enhance the efficiency of the rectifier. The antenna 

arrays increase the gain of antenna  [36] and capture high energy for rectifier input. On the other hand, 

antenna arrays are large in size and so it is not suitable for the applications where miniaturisation required 

Energy 
Storage 
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like, embedded sensor nodes and RFID. Whereas, omnidirectional antenna receive the RF power signals 

from all direction but have low gain compare to  directional antenna[37].  

Numerous receiving antenna types discussed in the literature for RF energy harvesting like, dipole antenna 

[38], monopole antenna [39], Yagi antenna [40], and strip antenna [41]. Among the all antennas, micro-strip 

antenna is more favourite for RF energy harvesting due to its low profile, higher efficiency, cheap, easy to 

manufacture and miniaturisation  [33]. In the literature mostly square, rectangular, circular micro-strip 

antennas are used for RF energy harvesting [42]. 

 

Table 2-1: Different type of antennas for RF energy harvesting 

Description  Gain(dBi) Dimension 

(mm) 

Sensitivity  

Singlaband Air-substrate patch antenna  operating 

@ 2.45 GHz [43] 

7 261 × 5 –  

Broadband Polarization patch antenna  operating @ 

5.1 GHz to 5.8 GHz and 5.8 GHz to 6.1 GHz [44] 

– 90 × 160 – 

Singla band Patch antenna operating @ 2.45 GHz 

[45] 

– 100 × 70 – 

Singla band Dual-linearly polarized patch antenna 

operating @ 2.45 GHz [46] 

7.45 to 7.63 70 × 47.5 – 

Singla band Microstrip antenna operating @ 160 

GHz [41] 

5.3 – – 
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Broadband Patch antenna operating @ 1.9 GHz to 

3.2 GHz [47] 

– 40 × 40 × 0.8 20 µW/cm2 

Single band Patch antenna operating @ 915 MHz 

[48] 

−20.20 11 × 6 × 1.584   

Singla band patch antenna operating @ 4.9 GHz 

[49] 

4.33   68 × 34 – 

Singla band stack differential antenna operating @ 

5.8 GHz [50] 

– 120 × 40 – 

Broadband cross dipole antenna operating @ 1.8 

GHz to 2.5 GHz [51] 

– 70 × 70 × 13.2 −35 dBm 

Singla band dual-polarized patch antenna operating 

@ 2.45 GHz [52] 

– 100 × 100 × 3.8 – 

Dual band 1 × 4 quasi-Yagi antenna operating @ 

1.8 GHz and 2.2 GHz [40] 

10.9 @ 1.8 GHz   

and 13.3 @ 2.2 

GHz 

300 × 300 × 1.6 – 

Dual band dipole antenna operating @ 915 MHz 

and 2.45 GHz [53] 

1.11 @ 915 MHz 

 and 1.15 @ 2.45 

GHz  

78 × 30 × 1.58 -10 dBm 

Singla band Microstrip antenna operating @ 2.45 

GHz [54] 

8.6 –   
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Singla band Patch antenna operating @ 2.45 GHz 

[55] 

4 – – 

Dual band Patch antenna operating @ 2.45 GHz 

and 5.8 GHz [56]  

2.19 @ 2.45 GHz  

and 3.6 @ 5.8 

GHz 

40 × 43 – 

Singla band metal strip antenna operating @ 5.9 

GHz  [49] 

6.64   

 

 RF to DC converter 

The device that converts RF signal into DC is known as a rectifier, which can be divided into two categories 

based on rectification elements: diode based, and transistor based. The diode is mostly used as a rectification 

device in different energy harvesting systems, including solar, wind, thermal, kinetic, and RF [57].  

The RF energy-harvesting system is predominantly based on the Schottky diode because of its low forward 

resistance, low PN junction capacitance, low forward voltage drop, high switching speed, and high current 

output [58] [59]. On the other hand, the Schottky diode is associated with limitations [59], such as the limited 

working temperature range from 125°C to 175°C, the limited reverse voltage up to 100 V, the high reverse 

current, and the very rapid changes in the impedance with regard to the changes in the input power and input 

frequency. These limitations should be taken into account when designing the rectifier.   

Rectifiers that have a transistor as their rectifier unit are very small due to advances in CMOS technology 

[22] that is used to construct the ICs. This technology helps to lower the leakage current while it increases 

the RF to DC conversion efficiency. This technology results in a very small rectifier at a low cost. These 

rectifiers can be used in RF energy-harvesting applications where low cost and small size are required. On 
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the other hand, high voltage drops (particularly when the input RF signal is very low) and the complex 

design present limitations for the transistor-based rectifier and should be taken into account in its design.  

The performance of the RF energy-harvesting system depends on the efficiency and sensitivity of the 

rectifier. Therefore, different types of topologies, such as the different stages and types of voltage multipliers 

[60] [61] are used to increase the efficiency of the RF to DC converter and to attain the required output 

voltage level to drive the load (sensors nodes).  These voltage multipliers employ transistors or diodes as 

rectification devices, but diode-based voltage multipliers are more commonly used [62]. The voltage 

multiplier converts the RF signal into DC and boosts the input voltage to the required level when the input 

voltage is very low and cannot operate the load [60] [61].  

 Voltage Multiplier 

The ambient RF energy density is low and the received signal strength can be lower than 20 dBm [63] and 

produce only tens of millivolts at a 50-ohm receiving antenna. This low voltage needs to be boosted to 

power the electronic devices. One solution for this problem is the voltage multiplier, which converts the RF 

power to a useable DC power and boosts the voltage. Three main voltage multipliers are used as RF to DC 

rectifiers: the Villard, the Dickson, and the Greinacher.  

The Villard voltage multiplier contains two capacitors and two diodes in each stage as shown in Figure 2-2 

[64]. When the input RF signal (VRF) is negative, the first diode (D1) becomes forward biased and starts 

charging the first capacitor (C1) to the peak value of VRF. On the positive cycle of VRF, the second diode 

(D2) becomes forward-biased and starts charging the second capacitor (C2) to twice the peak value of  VRF 

because C1 was already charged to the peak value during the negative cycle of VRF [64]. The output voltage 

of the n-stage Villard voltage multiplier Vout  can be calculated by (2-1) [65] 

𝑉!"# =	
$%!

$&!'&"
    (2-1) 

Where 𝑉!"# is the output voltage, 𝑛 is the number of stages, 𝑉( is the open-circuit voltage, 𝑅( is the internal 

resistance of one stage, and 𝑅) is the load.  
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Figure 2-2: Systematic circuit diagram of simple Villard voltage multiplier (a) single-stage (b) multistage. 

The Dickson voltage multiplier, similar to the Villard, consists of two diodes and two capacitors in each 

stage as shown in Figure 2-3 [66]. The main difference between Villard and Dickson voltage multipliers is 

the configuration of the capacitor. In the Dickson voltage multiplier, the capacitor is connected in parallel, 

while the Villard voltage multiplier lowers the circuit impedance and makes impedance matching easier, 

simpler, and more sensitive to input voltage [67] [68]. The output voltage of the Dickson voltage multiplier 

can be calculated by the equation (2-2) [69]. 

𝑉!"# = 𝑛(𝑉* − 𝑉+)  (2-2) 

Where 𝑉!"# is the output voltage of voltage multiplier, 𝑛 is the number of stages, 𝑉* is the peak input voltage, 

and 𝑉+ is the forward voltage drop at the diode junction.  

 

 

Figure 2-3: Multistage Dickson voltage multiplier. 
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The Greinacher voltage multiplier is a modified version of the Villard voltage multiplier and is a full-wave 

Villard voltage rectifier, as shown in Figure 2-4 [70]. The C1 capacitor passes input voltage to the D2 diode 

for rectification and charges the capacitor C2; the C3 capacitor passes input voltage to diode D4 for 

rectification and charges the C4 capacitor [69] [70]. The output voltage of the Greinacher voltage multiplier 

can be calculated by equation (2-3) [69] [71]. 

𝑉!"# = 2𝑛𝑉*  (2-3) 

Where 𝑉!"# is the output voltage of the voltage multiplier, 𝑛 is the number of stages and 𝑉* is the peak input 

voltage. 

 

Figure 2-4: Greinacher voltage multiplier 

The efficiency of the voltage multiplier depends on many factors: input voltage, input frequency, 

rectification component (diode, CMOS), and load. The all three voltage multipliers show the same 

efficiency and have significantly less impact on the performance of the system at a higher frequency [72] 

[66]. However, the Dickson voltage multiplier has an advantage over other voltage multipliers because it is 

more sensitive to the lower input voltage and has low circuit impedance, which simplifies impedance 

matching circuit [66] [73] [74] [67]. Therefore, the Dickson voltage multiplier is better suited to low power 

RF signals and the higher number of stages to acquire higher output voltage.  

The required output voltage can be achieved by increasing the number of stages of the voltage multiplier. 

On the other hand, a higher number of stages decreases the output power and decreases RF to DC conversion 

efficiency due to the power dissipation in the diodes and capacitors. When designing the voltage multiplier, 
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the number of stages should be chosen carefully according to the requirements of different applications [75]. 

Different types of topologies for voltages multiplier are discussed in [62]. 

 Different types RF energy harvesting systems 

RF energy harvesting system consist of receiving antenna connected to the rectifier and converts RF power 

to usable DC power which also known as rectenna. Different types of rectenna are designed to increase the 

conversion efficiency and sensitivity, as reported in [54] [76]–[83] [84]–[91] [92] [93] [94] [63] [95]. 

However, only a few rectennas have been practically designed to harvest the RF energy from ambient RF 

energy sources, and these are reported in [92] [93] [94] [63] [95].  

 Single Band RF energy harvesting  

The single band RF energy harvesting system consist of rectenna which can only harvest RF energy from a 

single ambient RF frequency band. In the real environment, the RF energy source may be shifted, relocate, 

or installed on different locations, which creates uncertainty in the receiving RF energy level, so the single 

band rectenna is not an optimal way to harvest RF energy [35], and it may require retuning [54] [76]. 

A rectenna with MPPT to harvest RF energy from ambient RF frequency 1960 MHz is proposed in [77]. 

The proposed system can capture seven times more RF energy than the system without the MPPT unit, and 

it shows a maximum efficiency of 60% at the distance of 50 meters away from the energy source on -15 

dBm input and a 10% efficiency when the input power is -20 dBm. In [78], the authors proposed rectenna 

to harvest RF energy from a DTV transmitter radiating 540 MHz signals. To increase the sensitivity of 

rectenna, they use an adaptive duty cycle scheme and achieved a maximum of -20 dBm sensitivity with 5% 

efficiency. The maximum efficiency of 30% is achieved by the rectenna when the input power is -10 dBm. 

However, the maximum sensitivity achieved by this rectenna is not enough to harvest ambient RF energy 

in a realistic scenario. 

In [90], a rectenna proposed to harvest RF energy from a digital audio broadcasting (DAB) transmitter, 

radiating a 150 kW power RF signal at 909 kHz. A maximum of 0.20 mW DC power was delivered to the 

load of 1kΩ at a distance of 20 km from the transmitter. However, the sensitivity of the rectenna was not 



 
 

17 

reported. Another single band rectenna with relatively high sensitivity was proposed in [93], which can 

harvest the energy from an AM radio transmitter radiating 50 kW RF signals at 1.27 MHz frequency. This 

demonstrates that rectenna can function at 10 km from the transmitter due to the energy-efficient energy 

processing unit, which can operate even at -39 dBm. The rectenna achieved an efficiency of 28% at 23 μW 

input and the efficiency became zero at the -27 dBm input power. 

The single band ultra-high frequency (UHF) rectenna was used to power passive UHF RFID tags. These 

tags required only the frication of milliwatt power for operation. The UHF rectenna capture this amount of 

energy from the UHF RFID reader very efficiently. Much research has been conducted in the field of RFID 

to increase efficiency and performance [79]–[81]. The CMOS technology has been used in many studies for 

designing rectenna for RF energy harvesting in passive RFID because the CMOS design is compact and 

very small; it is measured in µm. On the other hand, the optimization of CMOS-based rectenna is a difficult 

task for different RF frequencies and RF input power [22]. A CMOS-based rectenna was proposed in [79] 

to harvest RF energy from a 900 MHz RF energy source for RFID tags. It shows a 13 % conversion 

efficiency for a -14.7 dBm input signal. Another rectifier was designed in [81] for passive RFID tags to 

harvest RF energy from 900 MHz RF signals. The rectifier is integrated into a 0.35 μm chip using CMOS 

technology. The rectifier achieved 36.2% efficiency and -14.8 dBm sensitivity. Moreover, an RF energy 

harvesting system reported in [80] functions at 950 MHz for RFID. This system is based on compact planar 

antenna and a MOS transistor-based rectifier fabricated on a 0.18 μm and 0.5 μm chip by using CMOS 

technology. This system increased the operational range of RFID tags by achieving higher power up to the 

threshold of 6 μW and 8 μW at 1 μW and 2 μW respectively.  

An impedance matching circuit has been proposed in [83] [82], which can be re-tuned to harvest energy 

from several RF energy sources. A rectifier was introduced in [83], which captures RF energy from the 

DTV frequency band. This system contains static switches that switch the rectifier between two input DTV 

frequency bands, 520 MHz - 560 MHz and 470 MHz- 505 MHz. The proposed RF energy harvesting system 

showed 50% efficiency for the input -5 dBm signal. However, this system is a single band RF energy 

harvester because it can harvest from one frequency band at a time and is not suitable for the application in 
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which sensor nodes are far from the transmitter because the available RF power in the environment is low 

and unstable. 

 Multi-Band RF energy harvesting  

The ambient RF energy density in the environment is very low and, hence, to harvest this low RF, energy-

efficient RF harvesters are required. A solution is provided by proposing a multiband RF energy harvesting 

system that can harvest energy from several frequency bands and could increase the output power and help 

to reach a maximum conversion efficiency of the system at the frequencies with higher energy levels [35]. 

Numerous multiband RF energy harvesting systems have been proposed and designed in studies but only 

some of them provided a full analysis of the system when a range of energy levels of the input signal are 

applied.  

A dual-band impedance matching circuit and rectifier was designed in [96] but the impedance matching 

circuit can match with rectifier impedance at two frequencies, 881 MHz and 2400 MHz,  with input signals 

of 10 dBm power. Furthermore, the harvester showed a conversion efficiency of 73.76 % with an output 

voltage of 7.09 V and 69.05 % with an output voltage 6.86 V when fed a 22 dBm power signal at 881 MHz 

and 2400 MHz, respectively, to the harvester. A higher efficiency of 77.13% and an output of 7.25 V was 

observed when the frequency signal of 22 dBm power was applied to the harvester at the same time [96]. 

A CMOS dual-band RF energy rectifier fabricated on the 0.13 µm IBM process can harvest energy from 

two bands: 900 MHz and 2000 MHz [94]. The system achieved 9% efficiency and provides an output 

voltage of 1 V when the input signals of -19 dBm at 900 MHz and -19.3 dBm at 2000 MHz are fed to the 

system individually. The author did not provide any detailed analysis of the system regarding the input of 

different energy levels of signals [94].  A dual-band rectenna was proposed in [97] for 915 MHz and 2450 

MHz frequencies. The rectenna demonstrated an efficiency of 37 % at 915 MHz with an input power of -9 

dBm, 30% at -15 dBm 2450 MHz signal, and the efficiency falls under 1% following a signal input of -33 

dBm. The system shows a low efficiency (<1%) because, at this low input of -33 dBm, the diode cannot 

operate in its optimum zone. Furthermore, the efficiency of the system when two-tone signals are fed 
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simultaneously and the single tone signal at 915 MHz is almost the same; therefore, the dual-band rectenna 

demonstrates no advantage over the single band.  

A hybrid rectenna proposed in [92] can harvest solar and RF energy simultaneously. In this study, two dual-

band rectifiers were developed for RF energy harvesting: one operates on 850 MHz and 2450 MHZ while 

the other operates on 850 MHZ and 1900 MHz. The first rectifier (operating at 850 MHz and 2450 MHz) 

showed a 10-12% efficiency at a -20 dBm input signal while the second rectifier (operating at 850 MHz and 

1900 MHz) achieved an efficiency of around 15% on the same input of -20 dBm. The rectifier demonstrated 

a 40% RF to DC conversion efficiency at 1850 MHz with high input energy (> -3 dBm) and low efficiency 

of less than 9% at a low input energy signal [92]. This work did not show the performance of the rectifier 

with a two-tone fed simultaneously, hence it cannot be determined whether the proposed dual-band rectifier 

has any advantage over a single band rectifier.  

A multiband rectenna is demonstrated in [85]. This rectenna can harvest RF energy from three frequency 

bands: 900 MHz, 1900 MHz, and 2400 MHz. This system contains a tri-band antenna and a four-stage 

rectifier, and the efficiency of the system is determined by feeding an RF signal of power that ranges from 

-14 dBm to 20 dBm. The rectifier showed a maximum efficiency of 80%, 47%, and 43% at 940 MHz with 

10 dBm input, 1950 MHz with 8 dBm input, and 2440 MHz with 16 dBm input respectively. Moreover, this 

rectenna demonstrated an output power of 1.06 µW, 0.55 µW, 0.45 µW at 940 MHz, 1950 MHz, and 2440 

MHz. However, it showed a higher output power of 7.06 µW when all bands were employed simultaneously, 

which is 3.3 times more than the collective output power of all three bands when fed to the system 

individually. Hence, the system showed the significant advantage of a triple band rectenna over a single 

band rectenna. 

 In [86], a four-band rectenna was introduced that can harvest RF energy from cellar frequency bands (GSM 

900, GSM 1800, and UMTS) and Wi-Fi bands. The measured conversion efficiency of the system is around 

50% at 900 MHz with an input signal power of 0.8 mW and around 20% at 2.45 GHz when the input signal 

power is 0.17 mW. Moreover, it is demonstrated that the performance of rectenna reduces by the fading 

conditions. However, the efficiency of the system was determined by feeding only two band signals 
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individually and, therefore, it cannot be established that the four-band energy harvesting system has any 

advantage over the single band harvester. 

Another four-band rectenna array proposed in [63] is capable of harvesting RF energy from DTV, GSM 

900, GSM 1800, and 3Gv2 bands when the input signal power is -25 dBm or greater and a DC combining 

method is used to combine the DC output of all four rectenna.  This system achieved an efficiency of 15% 

and 13% at -12 dBm input for all bands with a combined power management module and an individual 

power management module (PMM), respectively. The lower efficiency for the individual PMM is because 

the harvested DC power of a cold start harvester provided to the other harvester for the hot start. However, 

this work did not demonstrate the analysis of the system for a wide input range. Moreover, it uses individual 

rectenna and PMM for each band, which increases the cost and size of the harvester. 

 

Table 2-2: RF energy harvesting systems 

Work Operating frequency Efficiency 

(%) 

Sensitivity Received RF 

power 

[54] Singla band system based on Schottky diode 

rectifier technology operating @ 2.4GHz 

50 to 83 -30 dBm -30 dBm to 15 

dBm 

[98] Singla band system based on Schottky diode 

rectifier technology operating @ 945 MHz 

52 to 32 -20 dBm/ 

cm2 

-20 dBm/ cm2 

to -7.45 dBm/ 

cm2 

[76] Singla band system based on Schottky diode 

rectifier technology operating @ 830 MHz 

44 -10 dBm  

[77] Singla band system based on Schottky diode 

rectifier technology operating @ 1.96 GHz 

10 to 60 -20 dBm 0.01 mW to 1 

mW 

[80] Singla band system based on CMOS rectifier 

technology operating @ 950 MHz 

- -22 dBm -22 dBm  
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[78] Singla band system based on Schottky diode 

rectifier technology operating @ 540 MHz 

5 to 30 -20 dBm -20 dBm to -5 

dBm 

[93] Singla band system based on Schottky diode 

rectifier technology operating @ 1.27 MHz 

28 -27 dBm 0.0025 mW to 

0.023 mW 

[99] Singla band system based on CMOS rectifier 

technology operating @ 953 MHz 

67.5 @ -

12.5 dBm 

-20 dBm -20 dBm to 0 

dBm 

[100] Broadband system based on Schottky diode 

rectifier technology operating @ 470 MHz to 

505MHz and 520 MHz to 560 MHz 

50 -25 dBm -25 dBm to 0 

dBm 

[96] Broadband system based on Schottky diode 

rectifier technology operating @ 881 MHz to 2.4 

GHz 

77.13  0 mW to 160 

mW 

[94] Broadband system based on CMOS rectifier 

technology operating @ 870 MHz to 940 MHz and 

1.92 GHz to 2.03 GHz 

9.1 to 8.9 -19.3 dBm -19.3 dBm to -

19 dBm 

[97] Dual band system based on Schottky diode 

rectifier technology operating @ 915 MHz and  

2.45 GHz 

37 @ 915 

MHz 

20 @ 2.45 

GHz 

-33 dBm -40 dBm to 0 

dBm 

[92] Broadband system based on Schottky diode 

rectifier technology operating @ 850 MHz to 900 

MHz 

15 to 2.5 -30 dBm -30 dBm to 5 

dBm 

[101] Broadband system based on Schottky diode 

rectifier technology operating @ 900 MHz to 2450 

MHz 

78 @ 23 

dBm 

-30 dBm -30 dBm to 30 

dBm 
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[85] Multi band system based on Schottky diode 

rectifier technology operating @ 940 MHz, 1.95 

GHz and 2.44 GHz 

80 @ 940 

MHz 

47 @ 1.95 

GHz 

43 @ 2.44 

GHz 

-14 dBm -14 dBm to 20 

dBm 

[63]  Multi band system based on Schottky diode 

rectifier technology operating @ 560 MHz, 900 

MHz ,1800 MHz and 2100 MHz 

40 -25 dBm  

[95]  Broadband system based on Schottky diode 

rectifier technology operating @ 2 GHz to 18 GHz 

0.1 to 20   

[102] Broadband system based on Schottky diode 

rectifier technology operating @ 2 GHz to 2.7 GHz 

14 to 72.5 -3 dBm -3 dBm to 13 

dBm 

[103] Broadband system based on Schottky diode 

rectifier technology operating @ 1.7 GHz to 3GHz 

75 0.7 mW 0.7 mW to 9.7 

mW 

[104] Broadband system based on Schottky diode 

rectifier technology operating @ 700 MHz to 1500 

MHz 

81 14 dBm  

[105] Multi band system based on Schottky diode 

rectifier technology operating @ 550 MHz, 750 

MHz, 900 MHz, 1850 MHz, 2150 MHZ and 2450 

MHz 

67 -30 dBm -30 dBm to -5 

dBm 
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 Broadband RF energy harvesting  

The broadband rectenna harvests RF energy from ultra-wide broadband. Broadband rectenna can increase 

the output, more than the signal band rectenna can, by harvesting RF ambient energy from a high number 

of RF signals, but the efficiency of the system decreases. Therefore, there is a trade-off between output 

power and efficiency [106]. 

In [95], a 16-element array broadband rectenna was proposed that can harvest RF power from the 2 GHz to 

18 GHz frequency band. The efficiency of the system is characterized by the function of the load, circuit 

topology, input frequency, polarization, and the incident angle of the input signal with a power density range 

from 100 µW/cm2 to 0.1 mW/cm2. The system achieved a conversion efficiency of 1% and 20% at the input 

RF power of 0.25 µW and 0.025 W respectively. Furthermore, the system showed higher efficiency with a 

multitone signal input than with a single tone input. 

Another broadband rectenna proposed in [88] harvested RF energy from the frequency band ranging from 

6 GHz to 15 GHz.  This rectenna array was based on right-hand and left-hand polarised self-similar spirals 

that were resonant at the centre frequency 10 GHz [88]. A two-rectenna array based on different diodes 

achieved an efficiency of 5% to 45% when an RF signal of 1 mW/cm2 to 1.6 mW/cm2 was applied as an 

input to the system. However, the system did not test for a large wide-input signal range and the sensitivity 

of the system was not discussed.  

In [89], a rectenna array was introduced that can harvest RF energy from two broadbands of 8.5 – 15 GHz 

and 4.5 – 8 GHz. The efficiency of the system improved when a high power RF signal was fed to the system.    

In [102], a broadband rectenna was proposed to harvest RF energy from the frequency band of 2.0 GHz to 

2.7 GHz. The system achieved 72.5% efficiency at an input signal of 2.4 GHz with 13 dBm power. 

Moreover, the efficiency of 16.3% of bandwidth is higher than 50% [102]. However, the multitone input 

analysis was not discussed.  

A UHF broadband rectenna was proposed in [91], which can harvest energy from 700 MHz to 1000 MHz, 

and the output DC voltage of the rectifier was measured at a distance (0 m to 1.5 m) from a 5 dBm RF power 

transmitter and RF frequency. The efficiency of the system was not clearly mentioned.  
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Another broadband rectenna was developed in [104], which can harvest RF energy from a wide frequency 

band range from 700 MHz to 1500 MHz. The efficiency of the rectenna was measured by feeding a 25 mW 

signal at 700 MHz to 1500 MHz. The system achieved the highest efficiency of 81% at 1.04 GHz; moreover, 

the system showed an efficiency higher than 50% for a wide frequency band ranging from 780 MHz to 148 

MHz. However, the system was only tested for a constant input power level of 25 mW, which can only be 

achieved if the rectenna is placed near the transmitter. However, in the real application scenarios, RF power 

density is, in microwatts, very low [107] so the rectenna is not suitable for applications where the system is 

not near the transmitter.  

Most of the research on the rectenna has been done to achieve higher conversion efficiency at relative high 

RF input energy (> -20 dBm). While the typical ambient RF energy level in free space is lower than -40 

dBm [107] [21], state-of-the-art RF energy harvesting that achieved a sensitivity higher than -35 dBm was 

reported in [97] [108] [109]. Furthermore, only a few studies analyze the effect of a variable input RF signal 

power on the efficiency of the harvester. The variation in input signals creates variation in matching circuits, 

which reduces the overall efficiency of the harvester.   

 Energy-storage devices 

Energy-storage devices store electrical energy that can be used when needed. The energy-storage devices 

differ from each other due to their properties. The choice of these devices depends on the application 

requirement and environmental conditions. The life and size of the sensor node depend on the storage 

device. There are three main types of energy-storage systems: 1) batteries, 2) supercapacitors/ultra-

capacitors, and 3) hybrids (a combination of batteries and supercapacitors). 

The selection of batteries depends on the application requirement, environmental conditions, and 

characteristics such as charging-discharging cycles, energy density, dimension, and weight. Batteries can 

store harvested energy for a long time and can deliver energy to the sensor node when the energy source is 

unavailable. Two types of batteries are available on the market: rechargeable and non-rechargeable. 

Rechargeable batteries are suitable for energy harvesting systems. However, these batteries are associated 
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with high maintenance costs, toxic materials, and limited charging-recharging cycles (lifetime). The 

temperature and charging-discharging cycle affect the life and capacity of batteries [110]. The efficiency of 

batteries is 60%-70% [111]. 

Li-ion batteries are efficient and have high energy density. While these characteristics make this battery a 

good candidate for wireless sensor network applications, these batteries have a complicated charging 

system. Systems using the Li-ion battery need either a dedicated charging management chip or a software 

package to control the battery correctly. 

The NiCd battery is similar to the NiMH battery, but the NiCd battery has less capacity than the NiMH 

battery [111]. Therefore, the NiMH battery is preferred over the NiCd battery for wireless sensor network 

applications. In high-power applications, lead-acid batteries are used because they have a high capacity. 

This type of battery is not suitable for wireless sensor nodes due to its low energy density and large size. 

A high-capacity capacitor that can be used as a power storage device in wireless sensor nodes is called a 

supercapacitor or ultracapacitor. The life of a supercapacitor can be a million charge-discharge cycle, it is 

highly efficient in charging-discharging, requires less charging time, and has a high operational temperature 

range [112]. On the other hand, supercapacitors have a high leakage current and low capacity when 

compared to batteries. However, they are not associated with high maintenance costs and toxic materials.  

Supercapacitors can be divided into two categories depending on storage mechanism: the electric double-

layer capacitor (EDLC) and the pseudocapacitor [113]. The pseudocapacitor uses metal oxide as an 

electrode and the EDLC supercapacitor uses porous carbon as an electrode. The pseudocapacitor has a lower 

power density than the EDLC supercapacitor because of the faradaic reaction. On the other hand, the 

pseudocapacitor offers higher capacitance and energy density than the EDLC does [114]. The selection of 

a supercapacitor depends on the application.  

The wireless sensor nodes required a high current for a very short interval to perform the tasks (data 

transmission, sensing data, and analysing data) [115]. The EDLC supercapacitor can provide a higher 
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current in short intervals (pulse operation) for sensor node operation than other supercapacitors and 

conventional capacitors, due to high power density and low ESR  [114].  

The conventional EDLC supercapacitor loses high capacitance during the small pulses [116]. However, the 

AVX BestCap ultra-low ESR pulsed supercapacitor [117] loses significantly smaller amounts of capacitance 

during short-pulsed operations than the other supercapacitors do, due to its unique patented aqueous 

chemistry, low ESR, and innovative design [119].  

The BestCap is available in 6.8 mF to 1 F with an operational temperature of -20 to 70 °C. The low ESR, 

ability to control a large current and small size make the BestCap suitable for high pulsed applications such 

as GSM and GPRS.  

 Protocols 

The battery-operated sensor nodes have a defined duty cycle because they have finite energy. The duty cycle 

for the RF energy harvesting nodes is not as simple as energy is not available evenly due to surrounding 

conditions. The RF energy-harvesting system provides energy to the nodes for the lifetime for their 

operations, but it is difficult for the nodes, as they do not all receive equal amounts of energy. For instance, 

a node near the transmitter receives more energy than a node that is much further away. The battery-operated 

nodes operational until the battery is fully discharged. RF energy harvesting consumes more energy than it 

harvests in a certain period. Many MAC protocols for the battery-operated systems aim to increase the life 

span of WSNs. These protocols are not suitable for energy harvesting WSN because of the ambiguous 

energy state. In [118] authors carried a study on MAC and routing protocols for the RF energy harvesting 

sensor networks and found that to improve the efficiency and performance of the network, it is important to 

consider three things: MAC, routing, and power management. Some MAC protocols are discussed in the 

following section, and they are designed especially for RF energy harvesting WSNs. All the MAC protocols 

are designed to improve the performance (prolong the lifetime and quality of service) of the WNS. 
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Two cross-layer protocols, Device agnostic and device-specific are proposed in [119]. Both protocols 

regulate the routing path and harvesting transmission duty cycle. The device agnostic (DA) is for single 

flow networks and it depends on the measurement of the energy-harvesting ability of sensor nodes installed 

in the local area. On the other hand, device-specific (DS) protocols create a single network-wide schedule 

network, and nodes can communicate and harvest with synchronization. The authors conducted experiments 

to determine the relationship between the charging time and the distance (location) of the sensor node from 

the energy transmitter. In the DA, the energy transmitter first transmits energy for a pre-defined interval, 

which allows the sensor node to compute the charging time. To find an optimal route source node transmit 

route request (RREQ) packet. This packet contains the maximum charging time information for the path. 

When this packet passes through the sensor nodes, they update the charging time of the packet if their 

charging time is greater than the charging time defined in the packet. The destination sends a route reply 

(RREP) packet on receiving the RREQ packet. The RREP packet contains charging and transmission time. 

The destination node may receive many RREQ packets that represent different routes. The destination node 

chooses the route with lower charging time, updates its RREP packet, and sends it, which results in high 

throughput. When the source node receives the RREP through the return path, all the nodes become active 

and the network starts transmitting the data through the selected path. 

The DS requires the information about the charging rate of the node, energy consumed during transmission 

and reception, the amount of energy received at the node, and the rate of discharging capacitor voltage 

during charging and operational time. The authors experimented to determine the optimal capacitor size and 

the charging voltage. They found that 20 mF and 3.0 V are the optimal capacitor size and charging voltage. 

The source node transmits an RREQ while finding the optimal route. Only that sensor node sends RREQ 

forward which can remain active long enough to send data with a pre-determined rate. The RREQ has two 

additional pieces of information. The first is the time taken by the data to transmit in a frame (frame is the 

sum of charging time and transmission time of data), and the second is the number of frames to deliver the 

data to the node. The destination node selects the route with the least frames. 
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The RF-AASP MAC protocol was proposed in [120]. The authors considered a single-hop wireless sensor 

network with sensor nodes that consist of two antennas – one for data communication and the other for 

energy harvesting – and a power management unit that selects the antenna for energy harvesting or data 

communication. This protocol addresses the issue of energy efficiency and quality of service far better than 

other protocols do. The RF-AASP adapts to an active sleeping period; this period depends on many factors, 

such as the remaining energy of the sensor node, traffic load, and available RF energy from an ambient LTE 

downlink source. The sink node estimates the traffic load by comparing the number of data packets received 

from the application in the current beacon interval to the number of data packets received during the last 

beacon interval. If there is no change in the traffic and the residual energy of the sensor node reaches the 

threshold, the sensor node enters the sleeping mode and harvests more energy. If the traffic load is more 

than the sensor node, it remains active for a long time to achieve high-quality service and to consume high 

energy. The energy-harvesting time is equal to the sleeping time of the node. The RE-AASP increases the 

throughput and the energy efficiency of the network. 

A cross-layer MAC protocol, the CL_EHSN, was proposed in [121]. The authors designed a sensor node 

that contains three units: the first unit contains the sensor, microcontroller, and transceiver; the second unit 

is the RF energy harvester, and the third is a switch that connects the unit 1 and unit 2 to the antenna for 

data transmission and energy harvesting. Mainly MAC has two modes of operation energy harvesting mode 

and communication mode. The node transmits its data to the sink through a routing path. The path of the 

data transmission decides on the route discovery phase of MAC. The node delivers the data and path to the 

next node in the routing path. For example, node A wants to deliver data to the sink, and node B is the next 

node in the routing path. Node A sends the RTS packet to the node B; in response, node B sends the CTS 

packet to node A. Node A starts transmitting the data to node B. The other nodes near node B enter 

harvesting mode during this transmission. The time of the harvesting mode is equal to the length of data 

transmission. Node A (during transmission) is initially in the harvesting mode. When the data is ready for 

transmission, it checks the battery level. If the battery level is higher than the pre-set threshold, it sends an 

RTS, starts its RTS timer, and waits for CTS. If the CTS is received during the RTS timer, the node starts 
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sending the data. However, if the CTS is not received in this time, it adjusts the counter of RTS timer, 

resends the RTS, and waits for the CTS until the counter reaches its maximum value. After transmission, if 

the energy level is below the threshold, it switches from active mode to harvesting mode and if, after two 

frame periods, the energy level is still lower than the threshold, it sends an energy request and enters 

harvesting mode again. If node B (while receiving a packet) is in the active mode, it searches for data. If it 

has data, it will transmit data as described earlier for node A. However, if during active mode when node B 

is searching for data it receives RTS, it will send the CTS and put the transceiver in the receiving mode: 

thereafter, when the transmission is over, it will go into harvesting mode. If the received packet is CTS, the 

node will begin to transmit the data. Moreover, if the received packet is an energy request, then it transmits 

an energy packet and goes into harvesting mode. The sensor node changes its mode from active to harvesting 

when its energy becomes lower than the threshold. If any nearby node of this low energy node starts 

transmitting data, then it can harvest the energy. Moreover, if no neighbouring node is in active mode, it 

transmits an energy request and the node that has a higher energy level transmits an energy packet to the 

requested node. If the node does not receive any response to its energy request, it indicates that all the nearby 

nodes have low energy or there is no neighbouring node. The experiments show that node life increased by 

40%. 

The RF-EH network contains many charging stations that can charge the sensor node. The mutual charging 

is only useful when the waves received at the node should be in phase. Therefore, the only transmitters that 

can transmit waves should employ constructive interference while the others should not transmit as they 

may give destructive interference at the node. 

An RF-MAC was proposed in [122] [123], which ensures the transmission of optimum energy to the 

requesting sensor node in this type of scenario. The request for energy is sent to the energy transmitters, 

which includes the sensor ID, and it then awaits a response from the transmitters. The transmitters transmit 

an energy pulse called ‘cleared for energy’ to the sensor node. More than one transmitter can transmit these 

pulses. The sensor receives high energy due to simultaneous pulse transmission from transmitters. This 

indicates that a significant number of transmitters can transmit energy to the requesting sensor node. When 
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the energy pulse is received by the sensor node, it sends an ACK packet to the transmitters that contains 

charging time and optimal frequency. The charging time is calculated by the remaining residual energy of 

the sensor node. The responded transmitters are divided into two groups on the basis of their estimated 

distance from the sensor node to reduce the effect of destructive inference. Each group of transmitters is 

allocated a slightly different transmitting frequency so a constructive interference can be achieved, and the 

sensor node receives high energy. The energy transfer has priority over data communication in this MAC. 

During the charging time, the data communication is forcibly stopped because the channel is not available 

for communication. During charging, the sensor nodes wait for data transfer, and the access priority ensures 

their back-off windows function on residual energy. The sensor node with higher residual energy has data-

transfer priority over others. The RF-MAC demonstrates better performance in throughput and harvesting 

energy than the modified CSMA in simulation does.

 

In [124], the authors proposed a REACH protocol for an RF-EH wireless sensor network that contains 

sensor nodes at the base station and charging stations. The sensor nodes communicate with each other 

through CSMA/CA. The sensor node sends data to the base station. The energy transmitters and sensor 

nodes have omnidirectional antennas and share the same frequency. In other words, communication and 

energy harvesting cannot take place simultaneously. To prolong the life and stability of the network, energy 

requests have priority over data transmission. The REACH protocol uses RF-MAC charging scheme. In 

REACH, the sensor node sends several contention windows of energy stations and short charging time to 

energy stations. The energy station sets back-off periods and auto-charging time based on received 

information from the sensor node. The energy station decides when to acquire the channel and transmit 

energy to the nearby sensor node for a short charging time. After that, the charging energy stations compute 

the back-off period. The back-off period should be the same for all energy stations so that all stations can 

transmit energy at the same time to enhance the constructive interference. REACH showed a 150% increase 

in charging and an 8% decrease in throughput compared to RF-MAC. 
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In [125], the authors proposed an RF-HSN protocol, which is a heterogeneous network that contains two 

types of sensor nodes: type 1 node can harvest RF energy from ambient-source DTV while the second type 

harvests from a 915 MHz dedicated source. The type 1 sensor node also can harvest energy from the 

dedicated source when the DTV signals are weak or not available. Firstly, the transmitter sends a request to 

charge packet to sensor nodes when the channel is free, which indicates that communication and charging 

are not taking place, and the channel is in an idle state for DIFS time. This packet can be received by both 

type 1 and type 2 sensor nodes. After receiving the request packet, an acknowledge packet is sent by the 

sensor node to the transmitter. When the transmitter receives a knowledge packet, it estimates the charging 

time according to the residual energy of the sensor node. The transmitter then starts transmitting the energy 

to the sensor node for charging time. Thereafter, the transmitter starts observing the energy of the sensor 

nodes by monitoring the discharging of the sensor nodes during different actions. The transmitter resends 

the request after the node energy reaches the pre-set threshold. 

The RF power on a receiving antenna of a sensor node is given by the Friis equation [157]: 

𝑃, = 𝜂𝑃#𝐺#𝐺, -
-

./&
.
0
   (2-4) 

Where 𝑃# is the transmit power,	𝐺# and 𝐺, are antenna gains for the transmitter and receiving antenna, 

respectively, 𝜆  is the wavelength, 𝑅 is the distance between a transmitter and a sensor node and 𝜂 is the 

charging efficiency, which depends on the frequency band and the RF signal strength. The rate of energy 

harvesting depends on the distance between transmitter and sensor node [157]. Mobile sensor node receives 

high power near the transmitter and less power at far distance. The amount of energy store by a sensor node 

depends on its supercapacitor size. A fixed supercapacitor can store only a fix amount of energy. If a sensor 

node is near transmitter it receives high energy, but it can store creatine amount of energy due to its fixed 

supercapacitor size and the remaining RF energy present in environment is wasted (sensor node cannot 

harvest and store all the available RF energy due to fixed supercapacitor size). According to best of my 

knowledge no one have addressed this issue. Most of research is done to increase the efficiency and 

sensitivity of the rectenna by developing new efficient rectifier [54] [76]–[83] [84]–[91] [92] [93] [94]  [95] 



 
 

32 

and antennas [40]-[55]. Furthermore, energy-efficient protocols [119]–[125] have been developed for RF 

energy harvesting sensor nodes. This thesis addresses the issue by developing dual cap energy storage 

system. This system allows sensor node to store more energy when it receives high RF energy. This will 

prolong the life of sensor node.
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3 Effect of storage capacitor on the performance of a mobile system 

As discussed, supercapacitors are suitable energy-storage devices for RF energy harvesting. The life and 

performance of the sensor node depend on the supercapacitor. The large supercapacitor takes a long time to 

charge, while a small supercapacitor takes less time to charge. The large supercapacitor stores larger 

amounts of energy than a small supercapacitor does. Therefore, a small supercapacitor can activate the 

sensor node more quickly than a large supercapacitor can. The selection of the supercapacitor is crucial in 

RF energy harvesting sensor nodes. This chapter discusses the impact of supercapacitor size on the life and 

performance of the RF energy-harvesting sensor nodes with the help of simulation. The LtSpice (version 

XVII) simulator is used for this purpose. An RF rectifier is needed to complete this simulation. Instead of 

designing a new RF rectifier, an existing RF rectifier model is used.  

3.1 Rectifier 

The available RF ambient power in the environment is very low (-40 dBm - -10 dBm) [126]. A rectifier 

with high sensitivity can harvest energy from an ambient source. The performance and sensitivity of the 

rectifier depend on the rectifier unit selected (diode)[127]. A diode with a low threshold voltage, low 

junction capacitance (as higher junction capacitance affects the efficiency of the diode), low resistance, low 

forward voltage, and is efficient on higher frequencies can help to increase the sensitivity and performance 

of the rectifier. The microwave detector Schottky diode HSMS 2852 is best for this purpose, as it has a low 

forward voltage of 150 mV and low junction capacitance [127]. Hence, it is suitable for low power detection. 

Figure 3-1 presents the linear model of the Schottky diode. 
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Figure 3-1: Equivalent linear model of Schottky diode, Rs is the series resistance, Rj is junction 

resistance, and Cj is junction capacitance [128]. 

The Dickson-based voltage multiplier rectifier contains HSMS 2852 diodes and a stage capacitor of 35 pF 

designed for a low-power (-20 dBm) RF energy-harvesting system [127]. We have simulated this rectifier 

in the LtSpice to examine the performance and the effect of supercapacitor size on the sensor node life and 

activation. The reason behind selecting Dickson voltage multiplier is that it has advantage over other 

multiplier in sensitivity and matching circuit  [66] [73] [74] [67], as explained in chapter 2. Figure 3-2 

describes the design of the rectifier. 

 

Figure 3-2: The Dickson voltage multiplier 
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3.2 Simulation result 

The output power of the rectifier is determined by a 100 kΩ load [127]. The efficiency of the rectifier is the 

ratio of output power at 100 kΩ to the input power. Figure 3-3 shows the output of the rectifier at 100 kΩ 

load when 306 mV at 866 MHz is used as an input voltage. The rectifier shows an efficiency of 72%. 

 

Figure 3-3: Output voltage of the rectifier across 100 kΩ load at an input voltage of 306 mV 

 Effect of storage capacitor size on sensor node life 

The supercapacitor is an attractive energy-storage device due to its high-power density, small charging time, 

and almost unlimited charging-discharging cycles. They are constrained by their high self-discharge current 

and low-energy density compared to batteries. As the classical conventional supercapacitor circuit model 

mostly fails to explain its behaviour, [129] proposed an equivalent model that consists of multiple nonlinear 

RC branches and explains self-discharge current as an electric charge redistribution between slow and fast 

RC branches. The model shows that the charging period has to be long enough to charge the capacitor in 

the slowest RC branch; otherwise, even though the supercapacitor appears to be charged, the electric charge 

from the fastest branch will flow into other branches, which will appear as leakage current from outside. 

The work in [130] proposed the ladder, three-branch, and four-branch models. The work in [131] [132] 

proposed an energy iteration model, which explains self-discharge as the only reason for the terminal voltage 

drops but ignores the effect of charge-redistribution. The resulting models have been used by researchers 

for optimizing task scheduling. The work in [132] adapted the duty cycle for sensor nodes to equivocate the 

working of the supercapacitor in high current-leakage regions. The work in [133] investigated the effect of 

charge redistribution on power management and established that knowledge of the supercapacitor state helps 

to select a task scheduling policy that makes full use of stored energy. Although the capacitor models can
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 be quite accurate in estimating the behaviour of supercapacitors, they are difficult to parameterize due to 

the need for extensive measuring and model fitting using numerical optimization techniques. The choice of 

supercapacitor not only depends on its parameters but also on the energy requirement of the system. The 

selection of the supercapacitor for a static node, which receives a constant amount of energy can be made 

according to the application requirement[119]. On the one hand, the selection of the supercapacitor is very 

critical in mobile nodes, and it should be large enough to hold the energy to operate the node when it moves 

away from the charging station. On the other hand, it should be small enough to charge quickly, even if the 

available energy is very low. The available RF power and size of the supercapacitor affects the node 

operation. This area has not been explored extensively (explained in chapter 5). 

To determine the effect of the size of the storage capacitor on the node life, different sizes of capacitors 

were attached to different rectifiers (10 mF to 100 mF) and a 100 kΩ load was connected in parallel. The 

load acts as a sensor node. The real supercapacitor-based RF energy-harvesting system contains a DC boost 

converter, which provides a constant voltage to the sensor node. When a sufficient amount of energy is 

stored in the supercapacitor, it then activates the DC-DC converter, which starts powering the sensor node. 

When the capacitor reaches 800 mV (upper threshold), the load is connected to the capacitor and when the 

voltage of the capacitor drops below 750 mV (lower threshold), the switch cuts off the connection of the 

load to the capacitor. The storage capacitor model follows the specifications provided in the AVX BestCap 

datasheet [134].  

For this simulation, some considerations were made. First, three 866 MHz RF transmitters provided an RF 

energy source for the RF energy harvester. The first two transmitters emit 1 W power separated by 71 m 

from each other and the third transmitter radiates 3 W power at 155 m from the second transmitter. Second, 

the harvester-receiving antenna’s gain is 6 dBi. Third, the harvester moves continuously at 5 km/hr. The 

harvester covered a distance of 500 m. All the RF transmitters are in line and the harvester moves straight 

from the first transmitter to the third transmitter and stops at a point 500 m from the initial point. The starting 

point of the harvester is 1 m from the first transmitter.
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The power received by the antenna of the harvester is calculated by Friis equation and this received power 

is converted into voltage by (3-2)[135]. 

𝑉 = 0𝑃,𝑅     (3-2) 

Where 𝑉 is the voltage at the receiver antenna,	𝑃, is the received power and 𝑅 is the antenna impedance, 

which is 50 Ω. 

 

Figure 3-4: The activation time of a mobile sensor with different supercapacitor sizes. 

 

Table 3-1: Activation time of a mobile sensor with different supercapacitor sizes. 

Capacitor 

(mF) 

10 20 30 40 50 60 70 80 90 100 

Activation 

time (Sec) 

20 21.67 73 74.58 254 255 255.5 256.1 257.67 300 

 

Figure 3-4 shows the activation time of the moving sensor node with supercapacitor sizes from 10 mF to 

100 mF and Table 3-1 shows the values. The sensor is activated when the supercapacitor voltage reaches 
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800 mV. Figure 3-4 demonstrates that the difference between the activation time (when the supercapacitor 

voltage reaches 800 mV) of sensor node is very small when it is on 10 mF and 20 mF, which results in a 

substantial difference between activation time when the sensor node is on 30 mF and a small time difference 

when it shifts to 40 mF. Moreover, when it shifts onto 50 mF, the difference is significant. Then from 50 

mF to 90 mF, the difference is very small, and when the sensor shifts again to 100 mF, the time difference 

becomes large. The reason behind this behaviour is the motion of the sensor node. As described earlier, the 

sensor moves at the constant speed of 5 Km/hr, and it moves from the first transmitter, which is transmitting 

1 W power, and passes the second transmitter with the transmission power of 1 W and 71 m away from the 

first transmitter and also passes the third transmitter, which is transmitting power 3 W. Therefore, as the 

sensor travelled from the first transmitter to the third transmitter, it passed through the high- and low-energy 

areas. The small size of the 10 mF SC and the 20 mF SC are charged while the sensor node is in the high-

energy area of the first transmitter. On the other hand, the 30 mF and 40 mF supercapacitors are unable to 

charge to 800 mV while the sensor is in the high-energy area of the first transmitter. Then it enters the low-

energy area where the charging rate of supercapacitor becomes very low as the sensor moves with constant 

speed as it moves from the low-energy area to the very low-energy area where the charging of capacitor 

becomes almost zero. It then enters the low-energy area of the second transmitter, and when it enters the 

high-energy area of the second transmitter, it receives charge to 800 mV. From the 50 mF to 90 mF 

supercapacitor, they are charged at 800 mV when the sensor enters from within the third transmitter’s high-

energy area and 100 mF is charged when the sensor is about to leave the high-energy area of the third 

transmitter. 

The variation in the speed of the sensor node affects the charging time of the supercapacitor. If the speed is 

high, the sensor node leaves the high-energy area soon and the supercapacitor will not have adequate time 

to charge. However, if the sensor node is moving slowly, it will remain in the high-energy zone for a long 

time and the supercapacitor will have enough time to charge. The variation in speed affects the charging 

time of the supercapacitor, and even the mobile sensor node does not come out of the high energy zone. 

According to the Friis equation, received RF power is inversely proportional to the square of the distance 
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between the sensor node and the energy transmitter. Therefore, even if the mobile sensor node does not 

leave the high-energy zone, the distance between the sensor node and the energy transmitter decreases and 

increases due to its motion, which affects the amount of received power. The amount of received power 

affects the charging rate. Therefore, the speed of the sensor node affects the charging rate of the 

supercapacitor. The Doppler shift have not any effect as the energy source is stationary.    

The following simulation demonstrates the effect on the energy storage of a mobile sensor node when it 

moves away from an energy transmitter. All the parameters in this simulation are the same as described in 

the first simulation, except one: the sensor node remains near the 3 W RF energy transmitter for 25 s and 

then starts moving away from the transmitter. The supercapacitor range is from 10 mF to 100 mF and the 

total distance covered by the sensor node is 150 m from the transmitter. The speed of the sensor node is 5 

Km/hr.  

 

Figure 3-5: Voltage drop across the different size of supercapacitors when the sensor node moves away 

from the transmitter. 
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Table 3-2: Voltage across the terminals of different size of supercapacitors when sensor node remains 

near the transmitter for 25 s. 

Capacitor 

(mF) 

10 20 40 60 80 90 100 

Voltage(V) 2.2 2.144 1.9838 1.735 1.562 1.477 1.403 

 

Figure 3-5 describes the voltage drop across the supercapacitor of the mobile sensor node as it moves away 

from the transmitter. Table 3-2 shows the voltage across the supercapacitors after they remain near the 

transmitter for 25 s. Table 3-2 shows that the 10 mF supercapacitor is charged to 2.2 V whereas 100 mF 

only charges to 1.403 V, which indicates that a small supercapacitor charges quickly whereas a large 

supercapacitor takes more time. On the other hand, Figure 3-5 demonstrates that while moving away from 

the transmitter, the small supercapacitor discharges more quickly than the large supercapacitor. The voltage 

drop across the terminal of 10 mF supercapacitor is 0.514 V while it is 0.038 V across the 100 mF 

supercapacitor. In other words, small supercapacitors charge and discharge quickly and store only small 

amounts of energy compared to large supercapacitors. The voltage drops across the 10 mF supercapacitor 

is 92.6% more than the 100 mF supercapacitor. 

This means the small supercapacitor cannot hold the charge for long time and discharge quickly compared 

to large supercapacitor. The energy of the supercapacitor is proportional to the square of voltage. The 

voltage drop across the small supercapacitor is 92.6% more than large supercapacitor means it has lost the 

99% energy compared to large supercapacitor. Hence the large supercapacitor can power the sensor node 

for a period of 99% more than small supercapacitor. The experimental explanation provided in section 5.4.2 

“sensor node lifetime”, where 50 mF supercapacitor only keep sensor alive for 3 s while 200 mF 

supercapacitor did for 7 s.  

The large supercapacitor can store more energy and prolong the life of the sensor node. On the other hand, 

the small capacitor charges quickly and activates the sensor in a very short time. In wireless sensor networks, 
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the sensor node requires both conditions: quick activation and long life. The single supercapacitor-based 

energy-storage device is suitable for static sensor nodes, and the choice of supercapacitor size depends on 

the application. On the other hand, if a sensor node is mobile, the sensor moves in and out of the high-energy 

area so the requirement of both a long life and quick activation can only be achieved by combining a large 

and a small supercapacitor. The size of the supercapacitor can be determined by the application 

requirements. The small supercapacitor can activate the sensor node quickly when it is in a low-energy area 

because small supercapacitors charge more quickly than large supercapacitors do, and they help the sensor 

node to perform low-energy tasks, such as sensing and storing data into flash. On the other hand, large 

supercapacitors prolong the life of sensor nodes because they can store more energy while the sensor node 

is in a high-energy area and help the sensor node to perform high-energy tasks such as the transmission of 

large amounts of data to the base station.   
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4 Dual-Cap energy-storage system  

Wireless sensor networks have many applications that play a major role in our life, such as building smart 

cities [136], environmental monitoring [137], structural monitoring [138], and health [139]. Because sensor 

nodes do not depend on energy, they can be deployed on a large scale in these applications. Energy 

harvesting can help the sensors maintain energy independence. Energy harvesting systems harvest energy 

from the environment and store it in a storage device for use by the sensor. The storage devices are batteries 

or supercapacitors. Supercapacitors are more efficient, require less charging time, have high power density 

and unlimited charging-discharging cycles, are inexpensive and environmentally friendly, and can be 

operated in harsh environmental conditions. On the other hand, batteries have a limited life cycle, they are 

toxic, expensive and need greater care in harsh environmental conditions. Researchers have produces ultra-

low power and very small MCUs to reduce the power consumption of the sensor nodes so that they have a 

longer lifetime. Batteries are not the ideal power supply as their replacement is costly and sometimes it is 

impossible to change them when the node is installed in awkward locations, such as on a bridge. The 

supercapacitor is a preferable choice. 

While using the supercapacitor for energy storage, two things need to be considered: it should charge quickly 

and store high energy. The quick charging can activate the sensor node quickly while large amounts of 

energy can prolong the life of the sensor node. The small supercapacitor can charge quickly but cannot store 

large amounts of energy. On the other hand, while a large supercapacitor can store large amounts of energy,  

it requires a prolonged period to charge. 

To overcome these challenges, a new adaptive method, Dual-Cap, is proposed in this thesis, the system 

switched on the large or small supercapacitor according to energy availability. 

4.1 Design and principle of operation 

The system consists of two supercapacitors with a switch and control circuit, as described in the figure 4-1. 

It is a self-powered system that runs on harvested energy. The system aims to provide a quick start-up to 

the sensor node using a small supercapacitor and provide a large amount of energy by using a large 
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supercapacitor (SC) to prolong the life of the sensor node. The control circuit showed in figure 4-2 is 

responsible for switching between large and small SC. The energy stored in a Supercapacitor is determined 

from (5-1) 

𝐸 = 1%#

0
    (4-1) 

Where E is energy stored in capacitor C is the capacitance of the supercapacitor and V is the voltage. Because 

the strode energy depends on the capacitance, a small supercapacitor charges more quickly than large ones 

do, which is why the system initially uses small SC. 

 Circuit design 

The figure 4-1 describes the circuit diagram of the switching system. The switching system is very simple. 

First, the system allows the small SC to become charged, the control circuit monitors the voltage across 

small SC when voltage reaches to threshold, the control circuit activates the switch and system shifts on the 

large SC. Now the control circuit starts observing the voltage across the large SC, and when the voltage 

falls below the threshold, the control circuit activates the switch and the system connects to the small SC. 

The proposed system is to connect only one SC at a time to the system. The requirement cannot be fulfilled 

by using a MOS-transistor as a switch. Therefore, a latching relay is used. The MOS-transistor switch can 

only maintain condition until the voltage is present on its gate. However, when the system switches from 

one SC to the other, the output of the system is switched off until the other SC reaches enough voltage to 

power up the system. 

 

Figure 4-1: Proposed system diagram 
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 Operation of control logic circuit 

To control the proposed system, a control logic circuit proposed in this thesis, as shown in Figure 4-2, 

which controls the switching circuit to switches between the large SC and the small SC. The controller logic 

circuit observed the voltage and switch according to the condition as shown in Table 4-1. The logic circuit 

only activates when system is on large circuit. On the other hand, small SC do not require a logic circuit to 

operate the switch. The switch activates when the small SC reaches the upper threshold voltage. Another 

switch connected to the system which connects the load with system. This load switch controls by the SC 

connected with system.  

Table 4-1: Truth table for activation of the switch when the system is on large supercapacitor 

 
Large SC 

threshold  

(VLC) 

Large SC control 

voltage 

(VLT) 

Switch  

1 1 0 

0 1 1 

 

 

Figure 4-2: Control logic circuit of the proposed system 

Initially, the system is on a small SC and the sensor node is in low energy zone (the available source energy 

is low). When the small SC voltage reaches the upper threshold voltage (load), the load connects to the 
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system and remains connected until the voltage of the small SC reaches the low threshold voltage (load). If 

the sensor node moves in high energy zone (the available source energy is high), the rate of charging of 

small SC increases, and when the voltage reach at upper threshold voltage (switch) it activates the switch 

and system shift on large SC and stay connected on large SC. When large SC reaches the upper threshold 

voltage, it connects to the load and delivers energy to the load and when large SC voltage reaches till VLT it 

activates the logic circuit. When the sensor node leaves the high-energy zone and returns to the low energy 

zone, the charging rate of the large SC decreases and it starts discharging under load. When the voltage of 

the large SC reaches the lower threshold voltage, the switch activates, and the system shifts again on the 

small SC and remains on until the sensor node moves back into the high-energy area.  

Two voltages, small SC voltage (Vs) and large SC voltage (VL), need to be observed with defined upper and 

lower thresholds for effective operation. The operation also depends on the two scenarios: when the sensor 

node is in the high-energy zone and when the sensor node is in the low energy zone. To switch between the 

SC’s, two conditions are required, which are stated as follows: 

Vs ≥ VHT  (4-2) 

VL ≤ VLC  (4-3) 

The system switches from a small SC to a large SC when condition (4-2) is fulfilled, and when (4-3) 

condition becomes true, the system switches back to a small SC. In the first scenario, when the sensor node 

enters a higher-energy zone, the small SC starts charging. When small SC voltage (Vs) reaches the VHT 

(upper threshold (switch) of the small SC), the switch is activated and the system switches on the large SC 

and remains on the large SC until the sensor node is in a high-energy zone. In the second scenario, the sensor 

node is in a low-energy zone, and the switching depends on the SC connected with the system. If a small 

SC is connected to the system, it remains connected to the system, as its voltage cannot reach the VHT 

because the source energy is low. However, if the system is connected to a large SC and it enters the low-

energy zone, the discharging rate of the large SC will be more than the charging rate, and the SC voltage 

level will fall because of the low available energy. As soon as large SC voltage (VL) reaches VLC (the lower 
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threshold voltage of the large SC) or below, it activates switch and the system connects to the small SC. The 

system then remains connected to the small SC until the source energy is higher than the energy consumed. 

4.2 Simulation 

The proposed system simulates in LtSpice to check the performance of the system. Three comparators are 

used. The first is for the upper and lower threshold voltage for small SCs to connect the load. The second is 

for the upper and lower threshold voltage of the small SC to activate the switch. The third is for threshold 

voltages of the large SC to control the switch control and to connect to the load. 

For the input signal, a variable voltage source of 866 MHz frequency is created to provide an RF signal to 

the rectenna. The threshold voltages set for the large SC, the small SC, load and logic circuit  are 0.75 V 

and 0.8 V, 1.2 V and 1.23 V, and 0.75 V and 0.8 V [140] respectively as described in Table 4-2. The 

threshold value of small SC (load) is to connect the load with a small SC when it reaches the upper threshold 

value of 0.8 V and remains connected until the lower threshold value reaches 0.75 V; the threshold (switch) 

value of the small SC is for activating the switch. The threshold value for a large SC is 0.8 V and 0.75 V for 

connecting the load and controlling the switch. The reason for selecting these parameters is that the output 

voltage of the RF converter depends on the input RF voltage, rectify topology, and load, and the parameter 

should be selected according to the conditions [141] [140] [142] [143]. In our case, the input RF power 

varies from -6 dBm to 2 dBm and the output voltage varies from 0.8 V to 2 V [143].  

A bi-stable relay is used as a switch for switching between large and small SC and a MOSFET is used as a 

switch to connect and disconnect the load from the system. 
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Table 4-2: Simulation parameters 

parameters Values 

Large SC threshold values 0.8V to 0.75V 

Small SC threshold values  1.2V to 1.23V 

Load threshold hold values 
Logic circuit threshold values  

0.8V to 0.75V 
0.82Vto 0.73V 

Large SC 100 mF 

Small SC 10 mF 

Load 1kΩ 

Input  866 MHz 

 

 

Figure 4-3: Simulated voltages of small SC (V(csmall)) and large SC (V(clarg)) dual cap energy-storage 

systems during charging and discharging in both scenarios (sensor node in the high-energy zone and the 

low-energy zone). 

Figure 4-3 shows the simulated voltage of the small (V(csmall)) and the large (V(clarg)) SC voltage when 

the system is in the low-energy area, then moves into the high-energy area and returns to the low-energy 

area. First, the system was in a low-energy area and the system was on a small SC. After 5.8 s, the small SC 

charged to 0.8 V and then discharged to 0.75 V. It started charging again from 0.75 V to 0.8 V, then 
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discharged to 0.75 V, and then it repeated the cycle. This occurs because the energy-harvesting rate is lower 

than the energy-consumption rate due to low available RF energy. At 20 s, the system moves towards the 

high-energy zone and the available RF energy increases, which increases the rate of energy harvesting to 

more than the energy consumption, and the small SC continues charging until it reaches 1.23 V at 25.10 s, 

when it activates the switch and the system shifts to the large SC at 25.11 s. Now the large SC starts charging 

and continues charging because the sensor node is in the high-energy area, and after 37.72 s, the large SC 

voltage starts discharging because the system enters the low-energy area and the rate of charging decreases 

to less than the rate of energy consumption. When the large SC voltage reaches 0.75 V at 139.68 s, it 

activates the switch, and the system shifts again to the small SC at 139.69 s as the system is connected to 

the small SC. The small SC starts discharging because the system is in the low-energy area and it starts 

repeating the charging-discharging cycle as at the beginning.  

Figure 4-4 shows the simulated voltage of the small SC (V(csmall)), the large SC (V(clarg)), and across the 

load (V(output)). The load is connected to the system when the voltage of the connected SC reaches 0.8 V 

and disconnect when it reaches 0.75 V. At the beginning, the system is in a low-energy area and the small 

SC is connected, and the load connects to the system when the voltage of the small SC reaches 0.8 V and 

disconnects when it reaches 0.75 V. At 18.13 s, the small SC voltage reaches a 0.8 V load connected to the 

system and the SC starts discharging. However, at 20 s, when the SC voltage is 0.77 V, the system starts 

moving towards the high-energy zone and the available RF power starts increasing, which increases the 

charging rate of the SC. It continues to charge instead of discharging, so the load remains connected to the 

system until 25.1 s when the SC voltage reaches 1.23 V, when the system disconnects from the small SC 

and connects to the large SC and the load is also disconnected. Now the system is on the large SC at 2 s, 

and the SC charges to 0.8 V and connects to the load. The system is still in a high-energy area, and the 

available RF power source is higher than its consumption power, so the SC keeps charging, and its voltage 

increases until the system is in a high-energy area. At 37.72 s, the system emerges from the high-energy 

area and moves towards the low-energy area, the RF source power start decreasing, and the consuming 

power becomes higher; thus, the SC discharging rate increases to more than the charging rate. On 139.68 s, 
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the SC voltage reaches the low threshold voltage 0.75 V, the switch is activated, and the system is 

disconnected from the large SC and load. At 139.69 s, the system connects to the small SC, and, at this time, 

the small SC voltage was 1.19 s higher than the upper threshold (load) value, so the load connects to the 

system and remains connected until the voltage reached 0.75 V. The system now remains in a low-energy 

zone, so it remains on a small SC.      

 

 

Figure 4-4: Simulated voltages of small (V(csmall)) and large (V(clarg))SC and across the load 

(V(output) during charging and discharging in both scenarios (when the sensor node is in a high-energy 

zone and a low-energy zone). 

Figure 4-5 shows the simulated voltages and the motion of the system from a low to high and a high to a 

low-energy area. The V (input) in Figure 4-5 shows the motion of the system. The system motion is divided 

into three stages. First, it is static and remains in low-energy area (0 s to 20 s). In the second stage, it starts 

moving from the low to the high-energy area (20 s to 30 s) and remains there for 5 s. In the third stage, it 

starts moving toward the low-energy zone (35.1 s to 40 s), becomes static again, and remains there. The 

speed of the system while moving from a high-energy zone to lower-energy zone is twice as fast as the 

speed when it is moving from a low-energy zone to a high-energy zone.   
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The energy consumed by the components is 0.96 mJ. The energy consumption of the switches (bi-stable 

relay and MOSFET) depends on their switching frequency. The residual energy of the SC (<0.75 V) cannot 

be used by the system, which is 30 mJ for both SCs. The total energy delivered to the system is 67.4 mJ. 

The energy delivered the load is 36.44 mJ. Our system is 97.5% energy efficient.   

 

 

Figure 4-5: Simulated voltages of small(V(csmall)) and large (V(clarg))SC and load(V(output) during 

charging and discharging and the motion(V(input)) of the system to and from low and high energy zones. 

The proposed system is energy efficient and working properly. A new simulation was designed to determine 

whether it would work in a real scenario. For this simulation, mobility traces of humans with RSSI of Wi-

Fi collected by the LifeMap mobility monitoring system at Yonsei University [144] were used.  
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4.3 Test of the proposed Dual-Cap system 

 Mobility traces and available RF power  

In [144], the authors collected the mobility data of the user by installing the Smart application on user 

mobiles at Yonsei University [144]. This application runs in the background and collects the data. This data 

contains Wi-Fi fingerprints (signal strength) and the connection duration of the user to a Wi-Fi signal at 

different places. The proposed system functions on the 866 MHz frequency and not on Wi-Fi. The 866 MHz 

frequency is for RFID and allowed to transmit maximum 3-W EIRP in the UK [145] and Wi-Fi 2.4 GHz 

transmit maximum power of 100 mW [38], which is very low. The received power on the 6 dbi antenna 

placed 1 meter away from the Wi-Fi transmitter is -14.05 dBm, which is very low and cannot be harvested 

through the system if the system is further away from the transmitter. The proposed system is designed for 

a mobile sensor node that will be moving in a large area, so the Wi-Fi transmitters are not suitable for this 

application.  

The mobility data collected by the Yonsei University [144] was converted into 866 MHz to use in this 

simulation. In this data, the received signal strength was determined from the distance between the Wi-Fi 

transmitter and the user by calculating the distance path loss model [146]. The data was collected in Japan, 

and the maximum transmission power for a Wi-Fi transmitter is 200 mW in Japan [147]. Moreover, the data 

was collected by a mobile phone so the antenna gain of a mobile phone is -2dBi [148]. 

The distance path loss model equation is the following, as taken from [146].  

𝑃)(𝑑) = 𝑃)(𝑑2) + 10nlog 𝑑 𝑑2:   (4-4) 

Where 𝑃)(𝑑) is the power at distance 𝑑, 𝑑2 is the reference distance, which is 1 meter from the transmitter, 

n is the path loss exponent and its value depends on the nature of the environment, 𝑃)(𝑑2) is the reference 

power at the reference distance  𝑑2 (1 meter away from the transmitter), and 𝑑 is the distance between the 

transmitter and the receiver.  

The RSSI value can be measured by using the following equation taken from [146]. 

𝑅𝑆𝑆𝐼 = 𝐴 − 10nlog 𝑑  (4-5) 
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Where 𝐴 is the power received at the distance of 1 meter away from the transmitter, it can be calculated 

experimentally by placing the receiver at 1-meter distance from the transmitter. By rearranging equation (4-

5),  𝑑 can be determined by the following: 

𝑑 = 10
$%&''(
)*×,   (4-6) 

By using equation (4-6), the distance can be determined, and after finding the distance of the user from the 

Wi-Fi transmitter, the received signal strength at that distance from a transmitter of 866 MHz 3W can be 

calculated by equation (4-5). 

As described earlier, the transmission power of the Wi-Fi is 200 mW (23.010 dBm) in Japan and the power 

received at 1 meter is -19.04 dBm calculated experimentally so  

A = -19.04 dBm 

If the RSSI is -60 dBm and the value of n = 4 (for the building) [149], then the distance will be calculated 

by (4-6) 

𝑑 = 10.56 m 

Now calculating RSSI by using equation (4-5) on distance 10.56 m from a 866 MHz transmitter transmitting 

3W (34.77 dBm) output power, the power received at a 1-meter distance from an 866 MHz transmitter is A 

= 9.57 dBm. 

RSSI = -31.37 dBm 

Errors are always possible when calculating distance with this method, which results in the actual distance 

differing from the calculated distance. The signal strength is not constant, so the error can be reduced by 

taking the average of the calculated distance by the different RSSI received at the same distance [150].  

The data collected by Yonsei University [144] from user 1 and user 2 is the RSSI of a Wi-Fi transmitter and 

the time duration of the connection to the transmitter. From this data, the distance between user and 

transmitter is calculated by equation (4-6). After calculating the distance, the transmitter is changed from 

Wi-Fi to 866 MHz with 3 W output power, as described earlier. Now calculate the RSSI value at the 

calculated distance for the 866 MHz transmitter by equation (4-5). The converted data for user1 and user2 
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is shown in Figure 4-6 and Figure 4-7, respectively. This received power is used as the input for the 

simulation. The calculated received signal power range for user 1 is from 0 mW to 35 mW, and for user 2 

it is from 0 mW to 18 mW. The received signal power is higher when it is close to the transmitter and less 

when it is far. 

 

Figure 4-6:  Calculated RSSI value for user 1 at different calculated distances from 3 W 866 MHz 

transmitter and duration of stay. 
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Figure 4-7: Calculated RSSI value for user 2 at a different calculated distance from 3 W 866 MHz 

transmitter and duration of stay 

4.4 Simulation results 

The main aim of this simulation is to see that proposed system can work for real mobile sensor application. 

For this purpose, mobility data of user 1 and user 2 used as input. The voltage requires to give as input to 

the proposed system. So, the converted power data of user 1 and user 2 converted into the voltage by 

equation (4-7) taken from [135]. 

𝑉 = 0𝑃,𝑅    (4-7) 

where 𝑉 is voltage, 𝑃, is received voltage, and 𝑅 is the resistance of the antenna. The resistance of the 

antenna is 50Ω. This voltage signal is used as the input voltage to the proposed system.  

For this simulation, we have changed the threshold voltage value (switch) for small SC from 1.2 V and 1.23 

V to 1.97 V and 2 V. All the other parameters of the simulation are the same as described in the early 

simulation in this chapter. The reason for changing the threshold voltage (switch) of the small SC can be 

found in the data of user 1 and user 2. At certain points, the system remains in the high-energy zone for a 

short while. As soon as the system switches from the small SC to the large SC, it exits the high-energy zone 

and cannot charge the large SC to 0.8 V. Therefore, the system remains inactive until it enters a high-energy 
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zone and remains there long enough. This problem is solved by proposing a new intelligent switching 

algorithm, which is discussed in chapter 5.    

 

Figure 4-8: Simulated voltages of large SC (V(clarg)) and small SC (V(csmall)) when calculated voltage 

for user 1 applied as input to the proposed system. 
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Figure 4-9: Simulated voltages of small SC (V(csmall)) and large SC (V(clarg)) for user 1 input data (it is 

zoom view of a part of Figure 4-8 to show the working of the proposed system). 

 

 

Figure 4-10:  Simulated voltages of large SC (V(clarg)) and small SC (V(csmall)) when calculated voltage 

for user 2 applied as input to the proposed system. 
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Figure 4-11: Simulated voltages of small SC (V(csmall)) and large SC (V(clarg)) for user 2 input data (it 

is a zoom view of a part of Figure 4-10 to show the working of the proposed system). 

 

The simulated voltages of large SC (V(clarg)) and small SC (V(csmall)) when the voltage data of user 1 and 

user 2 applied as input to the system shown in Figure 4-8 and Figure 4-10 respectively. Figure 4-9 and 

Figure 4-11 show the zoom caption of Figure 4-8 and Figure 4-10 respectively. When the system enters the 

high-energy area and the small SC has charged to 2 V, it activates the switch and the system turns on the 

large SC. When the system moves from the high-energy area and the large SC voltage drops to 0.75 V, it 

switches back to the small SC and remains on it until the system again enters the high energy zone and the 

voltage of SC reaches 2 V. This simulation shows that proposed system can work for real application where 

a mobile RF energy-harvesting sensor are placed in a vast area.
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5 The impact of variation of distance from RF transmitter on Battery-Less RF 

Energy Harvesting System Performance 

Battery-free sensors gradually realize the vision of perpetual and maintenance-free sensing applications 

[152]. The energy harvesting sensors extract energy from the environment and store it in supercapacitors, 

which can operate forever without maintenance due to unlimited charge-discharge cycles [129]. As the 

amount of harvested energy depends on the environment, the sensor node can no longer be expected to 

operate continuously, but instead, will operate intermittently whenever energy becomes available, for 

example, when the node moves into a high-energy area. Small supercapacitors are attractive for mobile 

systems because they charge and boot the battery-less sensor node in a matter of seconds whenever energy 

becomes available. This choice, however, prevents the sensor node from performing energy-intensive 

operations, such as communicating with a remote base station. Large capacitors, on the other hand, may 

take such a long time to charge that the node may leave a high-energy area long before the capacitor has 

sufficient charge to start-up the node, let alone perform any useful task. Furthermore, as the node leaves the 

high-energy area, the partial charge in the large supercapacitor dissipates rapidly without being used.  

The supercapacitors differ from traditional batteries by low energy density and high self-discharge current: 

Once fully charged, the supercapacitors discharge at a much higher rate than a traditional battery does. Prior 

work focused on supercapacitor characterization [153], modelling, and supercapacitor-aware task 

scheduling [154]. The benefits of small capacitors for mobile applications and the capacitor-based energy-

harvesting sensor platform were addressed in [155]. Recently, Hester et al. [152] developed a federated 

energy-storage concept, where each peripheral, such as a radio, sensor, or microcontroller, is assigned a 

dedicated capacitor for increased reliability so that faulty or misconfigured peripherals do not affect the

shared energy storage and, thus, the operation of the entire system. However, they do not address the impact 

of mobility on charging and the application performance of battery-less sensors.

In this thesis I proposed novel dual capacitor energy-storage platform that dynamically selects an 

appropriate energy storage based on the amount of ambient energy. The dynamic switching is not trivial 
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since it requires tracking and predicting the amount of available energy in the environment. This hybrid 

approach allows meeting the otherwise contradictory requirements by avoiding the design trade-offs present 

in traditional single-capacitor designs. A new performance metric is defined in this thesis, called usable 

harvested energy, as the amount of energy directly available to applications and show that it can be a fraction 

of total energy harvested by the node due to supercapacitor self-discharge current and residual charge. At 

the end of this chapter the proposed system evaluated through extensive simulations and a hardware 

prototype based on the PowerCast RF energy harvesting development kit [156].  

5.1 Energy Trade-Offs for Mobile Systems 

My proposed system consists of mobile Radio Frequency (RF) energy harvesting sensor nodes deployed 

over a large geographical area and powered by dedicated RF power transmitters deployed at strategic 

locations. As the maximum transmit power of RF transmitters is limited by regulations, the charging range 

is small relative to the distance between RF power transmitters, and the resulting charging network is 

assumed to be sparse. Whenever a sensor node approaches an RF power transmitter, it starts charging and 

boots if a sufficient amount of energy is harvested. As the node leaves an area with an RF power transmitter, 

it keeps operating until it uses up the available energy stored in the capacitor. Each RF charging station 

modulates a charging signal to embed additional information, such as station ID, which enables the mobile 

nodes to distinguish between different stations and therefore locations. 

The amount of harvested energy depends on the distance to the charging station, transmit power, and the 

amount of time the sensor spends near the charging station. The available wireless RF power on a receiving 

antenna of a sensor node is given by the Friis equation [157]: 

𝑃, = 𝜂𝑃#𝐺#𝐺, -
-

./&
.
0
   (5-1) 

Where 𝑃# is the transmit power,	𝐺# and 𝐺, are antenna gains for the transmitter and receiving antenna, 

respectively, 𝜆  is the wavelength, 𝑅 is the distance between a charging station and a sensor node and 𝜂 is 

the charging efficiency, which depends on the frequency band and the RF power level. The amount of 
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harvested energy depends on the time the sensor node spends near the RF charging station; our experiments 

show that a 50-mF capacitor located at a distance of 3 m from a 3-W transmitter charges within 29 s. 

 

Figure 5-1 shows a block diagram of a battery-less RF energy harvesting system, which consists of an RF 

to DC converter, a boost converter, and a supercapacitor. As the capacitor voltage varies with the amount 

of stored energy, a boost converter is used to supply a stable voltage necessary to the sensor node. The 

amount of energy stored by a supercapacitor is given as [158]: 

E = CV2/2    (5-2) 

 

Figure 5-1 Block diagram of RF energy harvesting sensor node. 

 

It is important to note that not all of the stored energy is usable because the boost converter requires a 

minimum voltage, 𝑉3($, to start up. Modern energy harvesting systems are designed such that the voltage 

booster activates when the capacitor voltage reaches  𝑉345and keeps operating until the voltage drops to  

𝑉3($, as shown in Figure 5-2. The hysteresis behaviour ensures that there is sufficient energy to reliably 

boot the node [159], in other words, 16%-./
# 	8	%-!,

# 9
0

	> 	𝐸:!!#. At the same time, it leads to loss of energy in 

mobile scenarios as explained in the section below. 
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Figure 5-2 The timing diagram of capacitor charging. The sensor activates when the capacitor voltage 

reaches Vmax and keeps operating until the voltage drops to Vmin [6]. 

 Charging Problem 

As the amount of harvested energy depends on the environment, there is no guarantee that the capacitor 

voltage will be charged to Vmax within one charging session. Due to mobility, a sensor node may leave the 

charging station before a Vmax is reached, so any partial charge will gradually dissipate before the node 

finds another energy source due to the relatively high self-discharge currents of capacitors, leading to energy 

wastage and inefficient operation. At 𝑉345 = 1.25 and 𝑉3($ = 1.02, which is the standard operating range 

for PowerCast RF, the partial energy loss 𝐸;!<< = 𝐶𝑉,=<(>"4;0 /2 represents 67%–100% of energy harvested 

by the capacitor. The exact figure depends on the node mobility pattern with the worst-case scenario in 

which all harvested energy is lost between the individual charging sessions due to leakage current of 

supecapacitor. While the loss is also linearly proportional to the capacitor value with larger capacitors 

leading to more loss, the relationship is more complex, as the node may never boot when operating on a 

large capacitor. 
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 Keeping the Charge 

As the node boots, the most energy-efficient way to utilise the energy is to consume it straight away to avoid 

energy loss due to capacitor leak current 𝐸;=4? and the minimum energy needed to operate the sensor node 

in the sleep mode 𝐸<;==*. The supercapacitor energy level at time t is modelled as: 

𝐸(𝑡 + 1) = 𝐸(𝑡) + 𝐸@4,A=<#=>(𝑡) − 𝐸;=4?(𝑡) − 𝐸;!4>(𝑡)  (5-3) 

where 𝐸;!4> denotes energy consumed by the sensor node and depends on the sensor operating mode, e.g., 

in case a sensor node is sleeping 𝐸;!4> = 𝐸<;==*. However, using energy immediately is not necessarily 

useful, as many sensor tasks require spreading the energy in time to maximise the utility, e.g., sensor 

coverage or operating time. Reducing the duty cycle in an attempt to spread the energy will lead to higher 

energy loss, 𝐸;=4?, and consequently, lower energy utilisation. Thus, the tasks that require long operating 

time or sensor coverage would benefit from a larger capacitor, which conflicts with the fast boot time 

requirement. 

 Task Size 

Finally yet importantly, the task size is an important factor in the design of the energy harvesting system. 

Even the most basic applications require the ability to combine light tasks, such as sensing or computation, 

with large tasks, such as communicating with other nodes or the base station. These tasks are often separated 

in time with light tasks dominating most of the time and larger tasks executed occasionally to upload sensed 

data or reprogram the node firmware. The light tasks may benefit from a small storage to quickly start up 

the node and execute a task. On the other hand, energy-intensive tasks require larger storage, which again 

comes into conflict with the ability to boot quickly and charging efficiency.  

To summarise, the design of a battery-less energy harvesting systems is driven by several trade-offs and 

sometimes contradicting requirements. The energy-storage size is the key design parameter, which has 

implications for the charging problem, retaining the charge, and maximum task size.  
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5.2 Approach 

The proposed RF energy harvesting sensor platform contains hybrid storage with two supercapacitors of 

various sizes, a novel switching circuit and a novel switching algorithm, describe in following sections.  

 Hardware Platform 

The novel proposed platform in this thesis consists of an energy harvesting sensor node, two capacitors, and 

a switching circuit. The switching circuit consists of one bi-stable relay, two bipolar junction transistors 

(BJT), and two resistors, as shown in Figure 5-3. The P1 relay is a bi-stable single pole double throw relay, 

which operates at 3 V and consumes 69 mW. The set and reset takes 2 ms, which indicates that it consumes 

138 µJ energy per switch. The advantage of using a relay is that once it is set, it does not consume energy 

and maintains its state across the reboots. This is particularly suitable for sparse charging networks where 

the mobile node roams between high and low-energy areas, as the circuit does not consume energy once it 

moves into a certain area. The circuit is controlled by the sensor node’s General-Purpose Input Output 

(GPIO) ports using a switching algorithm as described in the following subsection. 

 

Figure 5-3 Smart switching circuit for supercapacitors. 

 Switching Algorithm 

The amount of energy harvested by the node near an RF charging station largely depends on collocation 

time 𝜏, in other words, the time the node spends near the station [158]: 

𝐸,5 = ∫ 𝑃,𝑑𝑡
B
2      (5-4) 
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where 𝑃, is an instantaneous RF received power level. In human- and animal-centric applications, the 

collocation time and the node mobility, in general, are well known to exhibit strong statistical patterns [160] 

[161], which have been widely studied and exploited in the context of opportunistic routing protocols [162] 

[163], mobility pattern [164] and social network analysis [161] [165]. Delay-tolerant routing protocols 

exploit network statistical patterns to identify the next hop towards the destination, which is more likely to 

deliver the message. The work in social network analysis uses patterns in collocation time to gauge the 

strength of the social links and analyse users’ geographical preferences. This property of human- and 

animal-centric networks is also exploited in this work. 

The main idea of the proposed switching algorithm is to learn the amount of harvestable energy in each 

location based on the average time the node spends near a charging station. This is based on the observation 

that human mobility is not random and exhibits strong statistical patterns. Consider for example a wearable 

application, where a mobile node charges from RF charging stations located throughout the university 

campus. When a person enters his or her office, there is a high probability that he or she will stay in that 

location for a longer period, 𝜏C. However, when a user is passing by a building entrance, it is more likely to 

be just a short encounter, that is,	𝜏C > 𝜏0. The proposed algorithm works as follows. When a sensor node 

approaches a charging station, it starts sampling an RF signal strength at fixed time intervals 𝑇< and counts 

the total duration of time when the signal is above a threshold 𝑃&D > 𝑃#@,=<@ to estimate the node collocation 

time 𝑥E(𝑡) near the RF charging station A. The 𝑃&D is assumed to be constant during a timeslot 𝑇<, which is 

reasonable for sufficiently small values of 𝑇<. The node then predicts the amount of available energy as 

𝐸E = 𝑃#@,=<@ ×	𝑥E(𝑡). Since the energy is tracked only when the node is active and when the signal strength 

is above the threshold 𝑃#@,=<@, the predicted 𝐸E will slightly underestimate the amount of available energy. 

This is not critical, as the priority is not to overestimate the available energy, which would cause the node 

to switch to a larger capacitor and remain inoperable until it moves to an area with high energy. 

Since collocation time is random and may change every time an user visits a certain location we use the 

Kalman filter to predict the future collocation time. The Kalman filter is computationally lightweight and 

requires minimal processing power and storage [166], which makes it very suitable for resource-constrained 
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platforms. One of the main advantages of using the Kalman filter is that it does not require storing the entire 

history of past collocation times and instead uses a set of recursive equations to make a prediction. The 

collocation time near a charging station is modelled as a linear process. 

𝑥(𝑡) = 𝑎𝑥(𝑡 − 1) + 𝜔(𝑡)  (5-5) 

𝑧(𝑡) = ℎ𝑥(𝑡) + 𝜐(𝑡)   (5-6) 

where 𝑥(𝑡) is a state estimate at time t, 𝑧(𝑡) is the current measurement of the collocation time at time t, 𝑎 

is a state transition model, ℎ is a measurement matrix and 𝜔(𝑡) and 𝜐(𝑡) are a process and measurement 

noise, respectively. For clarity, we dropped the subindex identifying the station ID from 𝑥(𝑡) with all future 

references of 𝑥(𝑡) referring to the collocation time of a particular charging station. As mentioned in the 

previous section, the node recognises a location by demodulating and extracting a station ID embedded into 

a charging signal, a functionality supported by energy harvesting development kits such as PowerCast [156]. 

The goal of the Kalman filter is to estimate a state 𝑥(𝑡) from noisy observations 𝑧(𝑡). 

The Kalman filter operates recursively in two steps. The first step predicts the future value of collocation 

time 𝑥L(𝑡)8 based on past collocation history : 

𝑥L(𝑡)8 = 𝑎𝑥L(𝑡 − 1) + 𝜔(𝑡)   (5-7) 

𝑝(𝑡) = 𝑎0𝑝(𝑡 − 1) + 𝒬   (5-8) 

After observing the actual measurement 𝑧(𝑡), the filter corrects the prediction and updates the 

model in an update step: 

𝑘(𝑡) = @*(#)%

@#*(#)%'&
    (5-9) 

𝑥L(𝑡) = 𝑎𝑥L(𝑡)8 + 𝑘(𝑡)(𝑧(𝑡) − ℎ𝑥L(𝑡)8)  (5-10) 

𝑝(𝑡) = 𝑝(𝑡)8(1 − ℎ𝑘(𝑡))   (5-11) 

where 𝑝(𝑡),  𝒬 and 𝑅 are a posteriori error covariance, process, and measurement noise covariance 

matrices, respectively; 𝑘(𝑡) is a Kalman gain, which is the relative weight given to recent measurement and 

the current state estimate. For the scalar Kalman filter, 	𝒬 and 𝑅 correspond to a variance of the process and 

the variance of the measurement noise, respectively. The equation (5-6) to (5-11) taken from [166] and 
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modified according to the requirement of this work. The detailed steps of the algorithm are shown in 

Algorithm 1. Initially, the node boots on a small capacitor that enables it to operate in all environments and 

switches to a larger capacitor only if sufficient energy is available. The predicted amount of available energy 

is based on the expected collocation time 𝑥(𝑡), and if it is sufficient to charge a larger capacitor, i.e., if 

𝑃#@,=<@ × 𝑥((𝑡) ≥ 𝐶𝑉0	/2, it initiates a switch. The sensor node keeps operating on a large capacitor after 

it moves away from the charging station until the voltage drops below the threshold 𝑉;!H, when it switches 

back to a small capacitor. As the capacitor voltage drops below 𝑉3($, the sensor node shuts down, and the 

residual energy in the capacitor is gradually dissipated. 

Algorithm 1: Switching algorithm. 

Function switch_cap() 
if current cap == SMALL_CAP then 

if PRF > Pthresh and Pthresh _ xi(t) _ Clarge then 
switch_large_cap(); 

end 
else 

if (Vc < Vswitch) then 
switch_small_cap(); 

end 
end 

Function KF_predict() 
xapriori=a*xaposteriori 
papriori=a*a*paposteriori + Q 
return (self.xapriori) 

Function KF_update(z) 
residual=z-h*xapriori 
k=h*papriori/(h*h*papriori+R) 
paposteriori=papriori*(1-h*k) 
xaposteriori=xapriori+k*residual 

while true do 
if PRF > Pthresh then 

xi(t) = KF_predict(); 
tracking = TRUE; 

else 
if (tracking == TRUE) then 

KF_update(coloc_time); 
end 

end 
switch_cap(); 
sleep(interval); 

end 
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5.3 Simulations 

The goal of the simulation is to evaluate the performance of the proposed approach for a typical sensing 

application, where a mobile node roams within a large area from one charging station to another and 

opportunistically senses data. To mimic practical scenarios, where RF charging stations are placed along 

motion paths or its sojourn locations, the charging network is assumed to be sparse, in other words, the 

charging range is far smaller than the distance between charging stations, and at any moment in time, the 

node can harvest energy from one RF station only. Whenever a node reaches a charging station, it rests for 

a fixed amount of time and then moves towards a randomly selected charging station with a fixed velocity. 

A fraction of charging stations is selected as home stations where a node sojourns for a longer period. The 

sensor duty cycle is set to be equal to the amount of harvested energy, in other words, the sensor operates 

in an energy-neutral mode [167]. The proposed method has been evaluated using a custom simulator written 

in Python. The sensor node is implemented as an object with the following core methods: charge (), leak (), 

runTask (), setCapLarge (), setCapSmall (), getVoltage (), monitorColoc (), switchCap (). At every time 

step, the node moves towards a random point and then charges, leaks, detects and tracks collocation, and 

performs a task with the available energy. The simulation parameters such as charging power, leakage, and 

capacitor sizes have been initialized based on prototype measurements described in the following section. 

The performance is evaluated through measuring the total amount of usable harvested energy, sensing 

coverage measured by successful sensor activations, and the number of served locations. The performance 

is compared with a baseline approach, where a fixed capacitor of either a small or a large value is used. The 

simulation parameters are given in Table 5-1. 
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Table 5-1: Simulation parameters 

Parameter Value 
area  3000 m × 3000 m 
avg speed  1.38 m/s ± 0.28 m/s 
rest time, home station  600 s 
rest time, charging station  5 s 
leak current  4 µA 
sleep current  4 µA 
RF power output  3 W 
RF min distance  1.5 m 
Vmax  1.25 V 
Vmin   1.02 V 

 

 Usable Harvested Energy 

In mobile scenarios, the node may leave the RF charging station before the capacitor voltage reaches Vmax 

required to boot the node, and any residual charge will start to gradually dissipate until the node visits 

another RF station. In the most extreme scenario, when the node always leaves the RF station before the 

capacitor is fully charged, all harvested energy will be dissipated between successive partial charges. 

We define usable harvested energy as the total amount of harvested energy less the amount of energy spent 

on charging a capacitor before node start-ups, ignoring the energy harvested while 𝑉I4* < 𝑉345Vcap < 

Vmax. In other words, usable harvested energy is the total amount of harvested energy that is available at 

an application layer, when the device is already active and ready to operate and until the capacitor voltage 

stays above 𝑉I4* > 𝑉345. In the experiment below, we show that usable harvested energy may constitute 

only a fraction of total harvested energy due to losses, which increase with the capacitor size. 

The first experiment demonstrates the impact of capacitor size on the total usable harvested energy. The 

hybrid configuration combined a small 10-mF capacitor with a larger capacitor in the 10–100 mF range. 

Figure 5-4 demonstrates that increasing the capacitor size from 10 mF to 100 mF reduces the amount of 

usable harvested energy by 40%. The hybrid approach, in contrast, shows consistent performance for 
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various capacitor sizes. The usable harvested energy reduces slightly due to the time needed for an initial 

capacitor charge when the node switches to a large capacitor near a home station. 

 Sensor Coverage 

In this experiment, we measure sensor coverage, in other words, a proportion of unique locations where a 

sensor was able to boot and execute a task, that is, represents a geographical coverage. The task run by a 

sensor node can be supported by a small 10-mF capacitor. For a fixed capacitor configuration, the coverage 

depends on the duty cycle, as shown in Figure 5-5, with maximum coverage achieved by the lowest duty 

cycle. The lowest duty cycle practically achieved in typical wireless sensor network is 0.1%. Increasing the 

fixed capacitor size from 10 mF to 100 mF reduces the coverage by 42% at a 0.1% duty cycle. Stepping up 

the duty cycle to 1% further reduces coverage by up to 80% compared to the 10-mF configuration. However, 

increasing the duty cycle beyond 1% does not have a significant effect on the coverage. The hybrid 

configuration provides a consistent near 100% coverage at all capacitor sizes. In a hybrid configuration, the 

node boots on a small capacitor, which enables it to boot at all locations. The performance of the hybrid 

configuration does not depend on the larger capacitor size, as it performs the switch only when the available 

energy is sufficient to charge the larger capacitor. 

 Sensor Activations 

Finally, Figure 5-6 shows sensor activations defined as the proportion of all (non-unique) locations where 

a node was able to boot and execute a task. In other words, multiple visits to the same location are counted 

as separate activations. This represents sensing applications, where the node needs to maximise the total 

amount of collected data irrespective of locations. It can be seen that a capacitor size has a drastic effect on 

sensor activations, reducing it by up to 90%. The hybrid configuration is not affected by a capacitor size 

and consistently achieves 100% activations. On the other hand duty cycle have no significant effect on the 

results. The number of sensor activations for hybrid configuration does not depend on the larger capacitor 

size, as it performs the switch only when the available energy is sufficient to charge the larger capacitor. 
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Figure 5-4 The amount of usable harvested energy in the fixed capacitor configuration decreases with 

capacitor size due to self-discharge losses between intermittent charges. The hybrid configuration 

minimizes the losses by using a small capacitor in low-energy areas. 
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Figure 5-5 The number of unique locations served by a sensor in the fixed capacitor configuration 

decreases with capacitor size as the node is less likely to boot on a larger capacitor. The hybrid 

configuration provides nearly full coverage. 
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Figure 5-6 The number of sensor activations near charging stations in the fixed capacitor configuration 

drops rapidly with capacitor size as the node is less likely to boot on a larger capacitor. 

  

 Available Energy 

Table 5-2 shows the peak usable energy for hybrid mode within a high energy zone. Combined with the 

results in Sections 5.3.1 - 5.3.3, it demonstrates that the sensor node can achieve efficient energy harvesting 

with high coverage and activations while supporting large energy storage, which allows a sensor to execute 

an energy-intensive task whenever required.  



 
 

73 

 

 

Table 5-2: Peak usable energy in energy storage near home stations. 

Hybrid Capacitor, 

F 
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 

Energy, mJ 12.84 25.6 38.44 51.28 64.12 76.95 89.79 102.63 115.47 128.31 

 

5.4 Prototype 

To validate the proposed design experimentally, a hybrid RF node design has been implemented based on 

the PowerCast P21XXCSR-EVB RF Energy Harvesting development kit (Powercast, Pittsburgh, PA, USA), 

which can harvest energy from six frequency bands and store energy in a built-in 50-mF capacitor or an 

external capacitor, connected through an extension port; see Figure 5-7. The 868-MHz ISM band has been 

selected as it has 865.6–867.6 MHz sub-band, which allows 3-W EIRP transmission in the UK [145]. The 

868-MHz RF charging signal has been generated by a Rohde&Schwarz SMC 100 (Rohde & Schwarz, 

Munich, Germany) A signal generator with an AML 32210 Amp and a 6-dBi transmitting antenna. The 

board harvests energy from -15 to 15 dBm, provides three output voltage levels of 3.3 V, 4.1 V, and 4.2 V, 

and delivers up to 50 mA. With this setup, the board can harvest the energy from a 3-W 866-MHz source at 

a distance of 11 m. This section aims to demonstrate that the concept is practical and can be implemented 

using off-the-shelf hardware with minimum costs rather than reproducing and comparing it with large-scale 

simulation experiments. This is because deployment and measurements within an RF energy-harvesting 

environment over a large geographical area would be extremely challenging in terms of resources and 

logistics. Developing a case study, where the RF energy-harvesting platform is used for a real application, 

and reporting the results is potential future work. 
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The XLP 16-bit development kit (Microchip Technology, Chandler, AZ, USA) used as the sensor node 

consists of a PIC24F16K102 microcontroller, the temperature sensor MCP9700 and a MiWi MRF24J40MA 

short-range low power transceiver. The MCP9700 is a low power thermistor operating at 6 µA. The sensor 

node is powered by an RF energy-harvesting P21XXCSR-EVB board and can change its energy storage 

through a low power switching circuit that we have designed, which is based on the P1 bi-stable V23026 

relay and operates on 3 V. The algorithm has been implemented in MPLAB X IDE using the C 30 compiler, 

which produces a 51-kB HEX file with 81% of programming memory allocated for code and 24% of data 

memory for data. The impact of RF energy prediction on the overall energy consumption has been evaluated 

by measuring the energy consumption of the basic sensing application and then measuring the energy 

consumption of the same sensing application, but with the algorithm implemented. The energy consumption 

was measured by connecting an oscilloscope to jumper 9 of the XLP development kit and the connecting 

22-Ohm shunt resistor in the socket. The energy consumed for the basic sensing task in which the sensor 

was programmed to sense periodically, save data to flash and sleep, was measured as7.93 × 108J𝐽; whereas 

when the sensor node executed the RF sensing with energy prediction, the task energy cost increased to 

9.2 × 108J𝐽, which represents only a 16% increase due to the need to sense Received Signal Strength 

(RSSI). Table 5-3 shows the measured power consumption in different modes. Figure 5-8 and Figure 5-9 

show the energy profiles of a simple sensing application and a sensing application with an implemented RF 

prediction algorithm respectively.  

 

Figure 5-7 Measurement setup. 
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Figure 5-8 Energy profile of a simple application 

 

 

Figure 5-9 Energy profile of the prototype 

 Charging Time 

The goal of the first experiment was to demonstrate the performance of a simple RF energy harvesting 

application, the impact of capacitor size, and the distance on the charging time of a sensor node running a 



 
 

76 

simple application, where a sensor node simply boots and transmits a packet to a base station. The interval 

between packets is taken as the charging time of the supercapacitor. The upper and lower threshold voltages 

were set to 1.23 V and 1.02 V, respectively. Figure 5-10 compares the charging time as a function of distance 

for 50-mF and 200-mF capacitors. As expected, the amount of time to charge a large capacitor was 

significantly longer. It took 110 s to fully charge a large capacitor at a 3-m distance, whereas it took only 

29 s for a small capacitor. The figures also compare the experimental results with the theoretical values 

obtained in the following model [168].  

 

Figure 5-10 The charging time duration for 50-mF and 200-mF supercapacitors increases exponentially 

with charging distance. Practical applications that require a longer charging range would thus require a 

very small capacitor. 
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 Sensor Node Lifetime 

The goal of the second experiment was to demonstrate the lifetime of a node running a simple application, 

which wakes up to sense temperature and then sleeps every 5 s. In this experiment, the harvester board with 

a 50-mF capacitor is first charged to 1.25 V by a 33-dBm 866-MHz source and then connected to a sensor 

node with the lower threshold voltage set to 1.02 V. The experiment was repeated with a 200-mF capacitor. 

The voltages across the Vout and GND terminals of the board were measured with a multimeter. When the 

sensor node is connected to the harvester, it enters powerup mode and consumes more energy rather than in 

sensing mode because it activates the entire module and detects the base station. After powerup mode, it 

enters activation mode during which it starts sensing. Thereafter, it goes into sleeping mode and wakes up 

after 5 s and re-enters sleep mode. When the sensor node is on 50 mF, it activates for one time when 

connected to the harvester while the sensor node is on 200 mF it activated twice first, when connected to 

harvester and second time after 5 s. The power consumption of the sensor node during the different modes 

is given in Table 5-3. The measurement of the current consumption during different modes was taken by 

connecting the oscilloscope, as the activation and transmission time of the sensor node is very small, 10 ms. 

When the sensor node was connected to the harvester for the first time, it was activated and consumed high 

energy (0.721 mJ) due to the power-up mode in the first second and then was deactivated, and again woke 

up on the fifth second and consumed 0.36 mJ and again went into sleep mode, as can be seen in Figure 5-

11. The maximum sensor lifetime was measured as 3 s and 7 s with 50-mF and 200-mF capacitors, 

respectively. The experiment was conducted for a single capacitor configuration. 
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Figure 5-11 Node lifetime. 

 

 

Table 5-3 Sensor node power consumption in different modes. 

Mode Current, mA Voltage, V Power, mW 

sleeping 1×10-3 3.3 3.3×10-3 

active 3.34 3.3 11.022 

transmitting  35.587 3.3   117.44 
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 Dynamic Capacitor Switching 

In the final experiment, we demonstrate the practical feasibility of the hybrid dual-capacitor configuration 

for a simple sensing and data collection application, which senses a temperature reading, saves it to a flash 

storage, and transmits wirelessly to the base station. To evaluate the dynamic switching storage, a sensor 

node was periodically moved from a distance of 3 to 1 m from the RF charging station to emulate low and 

high-energy areas, respectively. The RSSI threshold was set to 2 dBm representing a distance of 

approximately 2 m, while the sojourn time near the charging station has been set to 40 s. In practice, these 

parameters are application dependent and can be tuned depending on the mobility of the node and transmit 

power of charging stations. The sensor node was configured to use the small capacitor at the initial boot. 

Whenever the node sensed that the RSSI was higher than the threshold value, it estimated the collocation 

time and saved it into a flash memory after each visit. After the third visit, the node was able to accurately 

predict that the collocation time within the high-energy area would be sufficient to switch to a large 

capacitor, and after completing the switch, the node successfully sent the collected data to the base station. 

When it was out of the high-energy area, the node waited until the large capacitor voltage dropped below 

1.045 V to switch back to the small capacitor and resume the sensing task. The experiment has been repeated 

in a single fixed capacitor configuration of either 50 mF and 200 mF by varying the sojourn time between 

40 s and 10 s. With a 40-s sojourn time, both small and large capacitors were able to boot the node; however, 

only the large one was able to support the transmit operation. When the sojourn time was reduced to 10 s to 

mimic environments with lower energy, the node has never been able to boot on a large capacitor but booted 

successfully on a small one.

 

 



6 Conclusion and future work 

This chapter concludes the thesis. 

6.1 Conclusion 

Battery-less RF Energy harvesting sensor nodes use supercapacitors (SC) as their energy-storage device. 

The RF power decreases proportionally to the square of the distance from the transmitter. The available 

energy changes continuously due to the motion of the sensor node. Therefore, the selection of a 

supercapacitor is crucial for mobile battery-less sensor nodes. The small SC can charge rapidly and activate 

the sensor node quickly, but it can store only a small amount of energy, which only allows the sensor node 

to perform small tasks. On the other hand, a large SC takes longer to charge but stores large amounts of 

energy and helps the sensor node to perform large energy tasks. A small SC enables the sensor node to 

activate quickly when it is far from the transmitter in a low-energy zone and it can perform small energy 

tasks such as sensing. On the other hand, a large SC enables the sensor node to activate quickly when it is 

in a high-energy area, near the transmitter, and it can perform high-energy tasks such as communicating 

with the base station.  

The main aim of the thesis is to develop a novel dual capacitor-based energy-storage device for mobile 

battery-less RF energy-harvesting sensor nodes to overcome the challenges of time of activation of the 

sensor node and to prolong the lifetime of the sensor node and its ability to perform all the tasks. The 

proposed dual capacitor energy-storage device shows improvement over a single capacitor energy-storage 

system in terms of harvested energy use and sensor coverage. 

Chapter 2 presented a literature overview of the RF energy harvesting system. The different technologies 

and techniques to increase the efficiency of the basic units of RF energy harvesting system (antenna, RF to 

DC converter, storage device) were introduced. The different type developed MAC and routing protocols 

discussed which increase the life of RF energy harvesting powered sensor node. The literature review of 

prior work will help the researcher to understand the design and the challenges in the field of RF energy 



harvesting and the challenges in designing protocols to prolong the life of RF energy harvesting powered 

sensor nodes.  

Chapter 3 addressed the effect of charging and discharging different sized supercapacitors in a mobile RF 

energy harvesting system through simulation. The charging of the supercapacitor depends on the energy 

harvester speed and the energy zone in which it is moving. The 10 mF capacitor took 20 s to charge, whereas 

the 100 mF capacitor charged in 300 s while the RF energy harvester was moving at a constant speed. It is 

observed that a small supercapacitor can charge faster than a large supercapacitor, it can retain only a small 

amount of energy, and it can activate the sensor node quickly. However, the large supercapacitor can hold 

high energy and help the sensor node to remain activated for a long time.    

A dual capacitor energy-storage device is demonstrated for mobile sensor nodes in chapter 4. The main 

feature of the design is the switch, which allows the system to connect with a large capacitor or a small 

capacitor when the system moves between the high and low energy zones, instead of connecting both 

capacitors in parallel as in conventional systems. The performance of the system was checked by the 

performing simulation in LTspice software. The system shows 97.3% energy efficiency. Human mobility 

traces are used in the simulation for checking the ability of the system to work in a real scenario. The system 

works well and shows high performance.           

A novel dual capacitor energy-storage device is proposed, which can switch between the large and small 

capacitor, depending on the available energy. This device contains two parts: the novel switching algorithm 

for predicting the sensor stay time in high-energy area and switching hardware circuit that switches between 

the capacitors. The performance of the proposed method evaluated through simulation and implementation 

on the Powercast RF energy harvesting platform. The experiments show that our proposed method works 

very well where a fixed-size capacitor fails. The system shows a 40% improvement on a fixed capacitor in 

terms of harvested energy use and shows an 80% improvement in sensor coverage. It is demonstrated that 

a fixed capacitor solution is not suitable for mobile RF energy harvesting sensors applications.  



6.2 Future work 

Based on the limitation of the proposed system, the research can be continued in the following areas.  

The proposed work is designed for two energy zones, high and low; the future research for this topic could 

investigate how to divide the energy zone into more than two categories. This will use the energy area more 

efficiently.  

The proposed work is only addressing two capacitors; future research can be carried out to investigate the 

way to increase the number of capacitors to increase the life of the sensor node and storage capacity. In a 

different energy zone, a different size capacitor can be used. To select the right size for every energy zone 

will be challenging. It will create complexity in the system.  

Future research can design a new energy-efficient switch to reduce the switching energy cost. The MOSFET 

are energy-efficient switches but they are non-latching, while this system required a latching switch so a 

latching relay with more than two through will be suitable. Designing these types of relay will be a 

challenging task, as they require more coils to latch and unlatch, which will increase the complexity.  

To operate such type of switch, the sensor node required additional GPIO pins and a complex algorithm. 

The sensor nodes have a limited number of GPIO pins, so a switch with more connections will be difficult 

to operate. Designing a new and complex prediction algorithm to control the switch with limited GPIO pins 

of the sensor node is a possible future research area.  
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