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ABSTRACT 

 

As Internet of Things (IoT) technology continues to become more common place, demand 

for self-sustainable and low power networking schemes has increased. Future IoT devices will 

require a ubiquitous energy source and will need to be capable of low power communication. RF 

energy can be harvested through ambient or dedicated RF sources to satisfy this energy demand. 

In addition, these RF signals can be modified to convey information. This thesis surveys a variety 

of RF energy harvesting methods. A new low complexity energy harvesting system (circuit and 

antenna) is proposed. Low power communication schemes are examined, and low complexity and 

efficient transmitter designs are developed that utilize RF backscattering, harmonics, and 

intermodulation products. These communication schemes operate with minimal power 

consumption and can be powered solely from harvested RF energy. The RF energy harvester and 

RF powered transmitters designs are validated through simulation, prototyping, and measurements. 

The results are compared to the performance of state-of-the-art devices described in the literature. 
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Ryan Reed  

 

GENERAL AUDIENCE ABSTRACT 

 

Future devices are expected to feature high levels of interconnectivity and have long 

lifetimes. RF energy from dedicated power beacons or ambient sources, such as Wi-Fi, cellular, 

DTV, or radio stations can be used to power these devices allowing them to be battery-less. These 

devices that harvest the RF energy can use that energy to transmit information. This thesis develops 

various methods to harvest RF energy and use this energy to transmit information as efficiently as 

possible. The designs are verified through simulation and experimental results.   
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Chapter 1: Introduction 

1.1 Motivation  

The development of Internet of Things (IoT) technology has resulted in large scale 

networks that are typically composed of numerous wireless sensor nodes (WSN). Many of these 

devices are intended to have long lifetimes, high portability, or be implemented in secluded areas. 

These constraints make conventional sources of energy, such as batteries, impractical. Furthermore, 

traditional RF circuits consume a significant amount of power making them ill-suited IoT 

networking schemes. Because of these challenges, new methods for simultaneous wireless 

information and power transfer (SWIPT) have become an emerging research topic.  

RF energy harvesting (RF EH) and wireless power transfer (WPT) technologies are key 

components in SWIPT systems. RF EH converts ambient RF energy from sources such as FM & 

AM radio stations [1]-[3], DTV [4]-[5], cellular networks [6]-[9], and 2.4 GHz ISM band 

transmissions [10]-[12] to usable DC.  In contrast, WPT systems feature a dedicated power 

transmitter called a power beacon. Both technologies allow for far field transfer of power and can 

power numerous devices in a wide area.  

Along with providing power, RF signals can also convey information to remote devices. 

These devices operate using only harvested RF power so they must be very power efficient.  Low 

power devices can leverage RF backscattering or harmonics generated by electronic circuitry for 

efficient communications. Each of these methods has its own advantages as well as disadvantages 

and will be discussed in this work. 

1.2 Scope of the Proposed Research  

The structure of a typical SWIPT system is shown in Figure 1.1. Each device or tag contains 

an energy harvester, which can receive energy from a dedicated power transmitter or an ambient 

source. It uses this energy to power a microcontroller which can read information from a sensor 

node and convey this information through a simple transmitter. The transmitted information is then 

received by a base station or another tag to form large networks.  
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Figure 1-1: SWIPT network structure. 

As the complete design of a SWIPT network can be very complicated, this work is primarily 

focused on the tag and power transmitter design. For the tag design, the goal is to develop an 

energy harvester with the ability to harvest as much energy as possible. To do this, the developed 

system needs to efficiently receive as much RF energy as possible and feature a high RF-to-DC 

power conversion efficiency (PCE). The tag must also be able to convey information with minimal 

power. To be practical, the power transmitter should consume minimal power while transmitting 

sufficient RF energy so that the tag can function property. Minimizing the power transmitter 

radiated energy can also reduce the probability of causing interference.  

1.3 Proposed Approach and Technical Contributions  

The proposed tag features an energy harvester that maximizes DC power at the output by 

incorporating multiple antennas and using an efficient RF-to-DC rectifier. The rectifier achieves a 

high PCE by using a differential topology and eliminating a power combiner at the input. The 

harvested energy is used to power a microcontroller that can be used to control a transmitter on 

the tag. Two transmission methods, one that uses RF backscattering and another that uses 

harmonics generated by the rectifier, are proposed. The advantages for each scheme and design 

trade-offs are also discussed. The designs are verified through simulation and experimental results.  

A multitone power transmitter is also designed to showcase WPT applications and 

advantages over ambient RF EH. The power transmitter uses a harmonic feedback oscillator with 

a diplexer to extract both the fundamental and second harmonic signals at a high-power level. A 

procedure for optimizing the transmitter and tag design is developed using simulation results. 
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The most significant contributions of this work are the developed high PCE RF energy 

harvester, high bit-rate backscattering communication system, and the proposed harmonic 

extraction SWIPT system.  

1.4 Organization of this Thesis  

The organization of this thesis is as follows. Chapter 2 describes the necessary background 

information needed to understand wireless power and information transfer. This chapter discusses 

the principles behind RF fundamentals such as S-parameters, antenna characteristics, signal 

propagation, and link budgets. The basic principles of RF EH, transmitter architecture, 

backscattering, and harmonic extraction are also discussed. Chapter 3 presents the design and 

experimental validation for a RF energy harvesting system. Chapter 4 extends wireless energy 

transfer to the design of a RF powered backscatter modulator. The experimental and simulation 

results for a backscatter tag are provided. Chapter 5 presents a dedicated RF power transmitter that 

utilizes two tones to enhance energy harvesting at the tag and relay information. Chapter 6 

concludes the work and discusses the impact of the research and future directions.  
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Chapter 2: Preliminaries 

This chapter introduces the key background knowledge needed to understand the 

contributions of this thesis. Section 2.1 provides a brief overview of concepts and definitions 

relevant to wireless power and information transfer. Section 2.2 explains the general operation of 

a RF energy harvester and examines previous works. Section 2.3 discusses the implementation of 

a dedicated RF wireless power transmitter. Section 2.4 deals with low power communication 

methods that can be utilized by wireless sensor nodes for IoT applications. Lastly, section 2.5 

summarizes the chapter. 

2.1  RF Definitions and Concepts 

 

2.1.1  S parameters, Impedance Matching, and Transmission Lines   

 

Because of their ease to measure at high frequencies, S parameters are commonly used to 

measure circuit networks at high frequencies. A typical N port network is shown in figure 2.1 and 

the matrix representation is given in equation 1 [15].  

N port 

network

 

Figure 2-1: N port network. 

                                                 [

𝑉1
−

𝑉2
−

⋮
𝑉𝑁

−

] = [

𝑆11 𝑆12 … 𝑆1𝑁

⋮ ⋮ ⋮ ⋮
⋮ ⋮ ⋮ ⋮

𝑆𝑁1 𝑆𝑁2 … 𝑆𝑁𝑁

] [

𝑉1
+

𝑉2
+

⋮
𝑉𝑁

+

]                                  (1)                    
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 A specific S parameter can be determined as  

                               𝑆𝑖𝑗 =
𝑉𝑖

−

𝑉𝑗
+|

𝑉𝑘
+=0 𝑓𝑜𝑟 𝑘≠𝑗

(2) 

where i represents a specific row and j represents a specific column. For a simple two port network 

the S matrix can be expressed as  

                                                                              𝑆 =

[
 
 
 
 
𝑉1

−

𝑉1
+

𝑉1
−

𝑉2
+

𝑉2
−

𝑉1
+

𝑉2
−

𝑉2
+]
 
 
 
 

                                                              (3)   

𝑆11 =
𝑉1

−

𝑉1
+  𝑆12 =

𝑉1
−

𝑉2
+ 𝑆21 =

𝑉2
−

𝑉1
+  𝑆22 = 

𝑉2
−

𝑉2
+ 

S – parameters are also useful in RF design as they have physical interpretation [16]. An example 

for a two-port network is given in the table 2-1 below. 

Table 2-1: Physical interprertation of S parameters for a two-port. 

Parameter Physical meaning 

𝑆11 Input voltage reflection coefficient, 𝛤𝑖 

𝑆21 Voltage transfer coefficient from port 2 to port 1 

𝑆12 Voltage transfer coefficient from port 1 to port 2 

𝑆22 Output voltage reflection coefficient, 𝛤𝑜 

 

In this work S parameters will be used to validate the design of impedance matching 

networks. Impedance matching is a vital concept in RF circuit design and can be used for stability, 

gain, and maximining power transfer [16]. Maximum power is delivered when the load impedance 

is conjugately matched to the source impedance. For matching between real-to-real passive 

impedances, this occurs when reflection, 𝑆11, is minimal and the forward voltage gain, 𝑆21, is equal 

to zero. At high frequencies it is useful to use transmission lines, connections that are comparative 

in length to the wavelength of the signal, as impedance matching networks. This is because lumped 

elements such as discrete capacitors and inductors are difficult to realize at high frequencies. 

Transmission lines must also be considered when routing the traces to avoid unwanted reflections. 
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2.1.2 Antenna Directivity and Gain 

 

Antennas are used in SWIPT systems to transmit energy and information. In RF energy 

harvesting systems, they act as the transducer, converting received electromagnetic energy into 

electrical energy.  

Directivity is an important parameter used to characterize an antenna. It describes the 

maximum radiation intensity in the main beam to the average radiation intensity in all directions 

[17]. It can be determined using the equation below where  𝑈(𝜃, 𝜙)  represents the radiation 

intensity of the radiated electromagnetic field as a function of the elevation angle, 𝜃, and azimuth 

angle, 𝜙 [17]. 

𝐷 =
4𝜋𝑈𝑚𝑎𝑥

∫ ∫ 𝑈(𝜃, 𝜙) sin(𝜃)𝑑𝜃𝑑𝜙
2𝜋

𝜙 =0

𝜋

𝜃= 0

 (4) 

A theoretical antenna that radiates equally in all directions is called an isotropic antenna 

and has a radiation intensity 𝑈(𝜃, 𝜙) = 1 and the directivity is computed to be 1 or 0 dB using the 

equation above. Because the directivity of an isotropic radiator represents the absolute minimum, 

directivity is often expressed relative to an isotropic source with units dBi [17].  

Antenna gain considers the directivity and losses in an antenna. It is computed using the 

equation below where 𝜖𝑎𝑛𝑡𝑒𝑛𝑛𝑎 represents the radiation efficiency. The antenna gain is always less 

than the directivity. This work uses patch antennas for their ease of implementation on a printed 

circuit board (PCB); these antennas typically exhibit a radiation efficiency of ~70%. 

𝐺𝑎𝑖𝑛 =  𝜖𝑎𝑛𝑡𝑒𝑛𝑛𝑎 𝐷 (5) 

2.1.3 RF Links and Propagation Fundamentals   

A transmitted RF signal can be greatly modified depending on its characteristics or the 

surrounding environment. Free space propagation is one of the simplest situations in which there 

is a line-of-sight (LOS) link between the transmitter and receiver and there is negligible 

reflection, scattering, or diffraction [17]. The Friis equation shown in (6) describes the power 

received by a receiver for free space propagation [16]. In this equation, 𝑃𝑅 and 𝑃𝑇 represent the 

received power and transmitted power, 𝐺𝑅 and 𝐺𝑇 represent the receive and transmit antenna 
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gains, 𝑅 represents the distance between the transmitter and receiver and 𝜆 represents the 

wavelength of the signal. 

𝑃𝑅 = 𝑃𝑇𝐺𝑇𝐺𝑅 (
𝑐

4𝜋𝑅𝑓
)

2

(6) 

The Friis equation is more commonly written in decibel form [17]. 

𝑃𝑅(𝑑𝐵) = 𝐺𝑅(𝑑𝐵) + 𝐺𝑡(𝑑𝐵) + 𝑃𝑡(𝑑𝐵) − 10 log (
4𝜋𝑅𝑐

𝑓
)
2

(7) 

While LOS propagation is not applicable to numerous wireless power transfer and RF EH 

scenarios, the Friis equation can be useful to extract general trends that will be explained in later 

sections. 

2.2 RF Energy Harvesting Overview  

The general structure of a wireless energy harvester is shown in figure 2-2. It consists of 

an antenna to receive the ambient or dedicated RF power source, an impedance matching network 

to maximize power transfer, a rectifier to convert the RF signal into a DC signal, and a DC load or 

storage device. The complete energy harvesting receiver is commonly called a rectenna and its 

design is heavily dependent on the received RF source and its power level. This section examines 

how these two parameters influence the rectenna design. 

Impedance 

matching 

network

Rectifier
Load/Storage 

device

RF energy

 

Figure 2-2: Typical RF energy harvester. 

2.2.1 RF EH Sources   

 There are numerous frequency bands RF energy harvesters can use as an energy source. 

Each RF source has a unique transmit power, frequency, and availability. Table 2-2 shows typical 

RF energy harvesting sources and their associated characteristics. The 2.4 GHz ISM band in the 

table encompasses commonly used signals such as WiFi and Bluetooth. It is important to note that 
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the power density for each RF source is heavily dependent on location and can change significantly 

if the rectenna operates indoors or outdoors. 

Table 2-2 RF EH sources 

 

 

For some RF EH applications the received power can be increased is by increasing the gain 

of the antenna. This allows the antenna to concentrate more of its radiation power in a particular 

direction at the expense of narrowing the antennas beamwidth. Increasing the antenna gain is 

useful in applications where the RF source is known.  

The size of the rectenna system also depends on the RF source. As low frequencies result 

in a large wavelength, the antenna size must increase. For example, a half wave dipole (HWD) 

antenna for harvesting energy at the 2.4 GHz ISM band would be ~6.25 cm long while the length 

for a FM station antenna would be ~150 cm. The compactness and availability of the 2.4 GHZ 

ISM band makes it attractive for IoT applications despite its relatively low power density. 

2.2.2 RF EH Voltage Doubler  

Because of the low received power levels, it is vital that the rectification circuit provide a 

high RF-to-DC power conversion efficiency. There have been numerous RF-to-DC rectifier 

topologies proposed in literature. One of the most effective and common topologies used is the 

voltage doubler which is shown in figure 2-3 [20].  

Source Works  Frequency 

(MHz) [4] 

Transmit Power 

(W) [18] [19] 

Typical Power Density 

(
𝑛𝑊

𝑐𝑚2) [4] [18] 

FM stations [1] – [3] 88 – 108 ≥10kW  5.59 

DTV [4]-[5] 470-512 ≥10kW  10.6 

GSM 900 [6]-[9] 925 – 960 ≈ 8 W  36 

GSM 1800 [6] – [9] 1710-1880 ≈ 4 W .5  

2.4 GHz ISM devices [10] – [12] 2400-2500 < 1 W .18  
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D2

D1 C2

RF in C1 Vout

 

Figure 2-3: Voltage doubler. 

The voltage doubler operation is simple and allows for a high DC output voltage. Assuming 

ideal diodes the capacitor 𝐶1 is charged to the peak amplitude 𝑉𝑖 during the negative clock voltage 

cycle. Then, during the positive, the capacitator 𝐶2 is charged to 2𝑉𝑖. The negative and positive 

voltage cycles are given in figure 2-4 and 2-5 respectively.  

The threshold voltage of the diodes along with the diodes conduction resistance and 

saturation current are critical components that determine the performance of the rectifier [21]. 

D2

D1 C2

Vi

C1

+

-

- Vi +

Vout

 

Figure 2-4: Operation of voltage doubler during negative voltage cycle. 

D2

D1 C2

Vi

C1

+

-

- Vi +

Vout

 2Vi 
 +

- 
 

Figure 2-5: Operation of voltage doubler during positive cycle. 

2.3 Wireless Power and Information Transfer  

The low power density provided by ambient sources is not sufficient for some IoT 

applications. To address this, dedicated base stations have been developed to wirelessly supply 

energy to IoT devices. These IoT devices are often called a tag and can rely on information which 

can be received by the base station or another tag. A block diagram of a SWIPT system is shown 
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in figure 2-6.  This section examines the transmitter and tag architectures and criteria to measure 

their performance.  

Oscillator 

PA

Rectenna 

and TX

Receiver

RF power

Information 

signal

Base station Tag

 

Figure 2-6: Block diagram of a SWIPT system. 

 

2.3.1 Base station Architecture    

 As shown in figure 2-7 the base station transmitter consists of an oscillator and an amplifier. 

The schematic for these components is shown in figure 2-7, with the input matching network (IMN) 

intended to maximize power transfer from the oscillator to the amplifier. In the schematic C1, C2 

and C3 are used as DC blocks while L4 and L5 are used as RF chokes and DC feeds. As inductors 

can be difficult to implement at frequencies greater than 1 GHz, these inductors can be substituted 

for quarter wavelength transmission lines. Resistor R1 and R2 block RF from the DC biasing and 

limit the current for the high electron mobility transistors (HEMT) M1 and M2. Components C1, 

L1, C2, L2, and L3 construct the feedback network for the oscillator. The complete design and 

optimization for this structure is explained in chapter 5.  



 

11 

 

Vdd

Vgg

M1

R1

C1

L1
L2

C2 L3

L4

C2
IMN

Vgg

R2

C3

Vdd

M2

Amplifier

Oscillator

L5

 

Figure 2-7: Base station transmitter. 

2.3.2 Barkhausen Criteria     

 The general structure of a feedback oscillator is shown in figure 2-8. The transfer 

function can be described using the equation (8) below. 
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Figure 2-8: Oscillator generation structure. 

𝑇𝐹(𝜔) =
𝑉𝑜(𝜔)

𝑉𝐼(𝜔)
=

𝐴

1 − 𝐴𝐻(𝜔)
(8) 

An oscillator is designed so that the denominator is equal to zero at a particular frequency [17]. 

This condition is known as the Barkhausen criteria and can be summarized from equations (9) and 

(10) below. The lumped components in the feedback network for the circuit shown in figure 2-7 

are used to achieve the required loop gain and phase for stable oscillation.  
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𝐿𝑜𝑜𝑝 𝐺𝑎𝑖𝑛|𝐴𝐻(𝜔)|  = 1 (9) 

∠𝐴𝐻(𝜔)  = 0 (10) 

In additional to following the Barkhausen criteria, there must be a startup condition to 

achieve stable oscillation [16]. The transients in the power supply or thermal noise from the 

components is often sufficient to meet this start up condition. 

2.3.3 Phase Noise and Figure of Merit  

Phase noise represents the fluctuations in the frequency of an oscillator signal and is a vital 

metric in oscillator design. Figure 2-9 compares an ideal power spectrum density (PSD) of an 

oscillator to one that exhibits phase noise. The non-ideal oscillator produces an output over a range 

of frequencies while the ideal one produces a signal tone. The multiple frequency components 

evident in the non-ideal PSD are in part a result of the feedback network, 𝐻(𝑤), having a non-zero 

bandwidth [16]. This results in the loop gain being nonzero for a range of frequencies, enabling 

the output waveform to contain multiple frequency components.  
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Figure 2-9: PSD of an ideal oscillator compared to realistic.  

The units for phase noise are dBc/Hz and it is measured relative to the carrier signal. At a given 

offset frequency  𝛥𝜔 phase noise of an oscillator can be expressed as [22]  

𝐿(𝛥𝜔) = 10 log (
∑𝐹

𝑃𝑅𝐹
(
𝜔𝑜

𝛥𝜔
)
2

) (11) 

In this equation ∑𝐹 is a function of the total effective noise generated by the circuit elements, 𝜔𝑜 

is the oscillator frequency and 𝑃𝑅𝐹 is the output RF power. 
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 An oscillator figure of merit (FoM) summarizes its performance and allows for 

straightforward comparison between different designs. FoM is calculated using equation (12) 

below, where 𝐿(𝛥𝜔) is the phase noise for at a given frequency offset, 𝛥𝜔, from the fundamental 

frequency, 𝜔𝑂, and 𝑃𝐷𝐶,𝑚𝑊 is the DC power consumption in milliwatts [23].  

𝐹𝑜𝑀 =  10 log(𝐿(𝛥𝜔) ∗ (
𝜔𝑜

𝛥𝜔
)
2

𝑃𝐷𝐶,𝑚𝑊) (12) 

2.3.4 Low Power Communication Methods for Tag 

While a WPT oscillator can be powered off conventional energy sources, the tag must be 

self-sufficient and rely on the energy received by the antenna. This makes the generation of RF 

signals at the tag very challenging since very little power is available. To address this issue, 

communication methods have been developed that convey information by reflecting or absorbing 

the received signal or use the nonlinearities generated by a rectenna as a carrier signal.  

 RF backscattering is the process in which information is conveyed by reflecting or 

absorbing the incident RF signal [24] [25]. Backscattering is already featured in numerous 

commercial and industrial applications, one of the most common examples is RFID. Figure 2-10 

shows a conventional backscattering system. It consists of an antenna, a switch, and various loads.  

Power

Information

 

Figure 2-10: Conventional backscattering systyem. 

The carrier TRX transmits a signal and the tag switches between two impedance states. A load 

impedance match to the antennas impedance results in an absorbed signal, while a load impedance 

much smaller than or larger than the antennas impedance, results in a complete reflection (𝛤𝑠 = 1) 

of the incident signal. The reflected signal can then be received by the carrier emitter or another 

tag. A ‘1’ bit corresponds to a receiving a signal while no received signal conveys a ‘0’ bit. The 
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reflection and absorption can be explained by equation (13) where 𝑍𝑠  represents the antenna 

impedance and 𝑍𝑜 represents the impedance state. 

𝛤𝑠 =
𝑍𝑠 − 𝑍𝑜

𝑍𝑠 + 𝑍𝑜

(13) 

 The carrier TRX in many applications is a dedicated transmitter that supplies power and a 

carrier signal to the tag. Recent research however has worked to remove the dedicated transmitter 

and uses ambient RF signals as a carrier signal [24-29]. These systems are called ambient 

backscattering communication systems (ABCs) and do not require dedicated frequency spectrum, 

which is scarce and expensive [24]. ABCs devices can also combine to form large sensor networks 

and will be a major component in future IoT applications [24]. 

While backscattering has shown its merits in low power communications, it has limited 

applicability due to self-jamming when used in full duplex communication where information is 

being transmitted and received at the same time [30]. Figure 2-11 demonstrates this concept for a 

bistatic backscattering architecture, a communications structure where the transmitter and receiver 

are separated and do not share the same antenna [24]. The WPT transmitter supplies RF energy to 

the tag which modulates the signal and backscatters it to a receiver. However, the signal emitted 

by the WPT transmitter is also received by the receiver. This undesired signal is often received at 

a much stronger power level than the tag’s signal and as a result, the information transmitted from 

the tag is often indecipherable.  
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Figure 2-11: Self jamming in a bistatic architecture. 

 The self-jamming issue is mitigated by using a monostatic architecture, a communication 

structure where the transmitter and receiver are collocated and use the same antenna. A circulator 

is used to isolate the received signals from the transmit signals, however there is still an 

interference issue as the ports are not fully isolated from each other [30] [31]. This issue is 

illustrated in figure 2-12.  A monostatic structure is useful when the tag is close to the transmitter, 

as the low propagation loss allows for the received signal to be stronger than the interfering signal 

from the TX leakage. The range can be expanded using self-interference cancellation methods, but 

these often add a great amount of complexity to the system [30] [31]. 

Oscillator Tag

Receiver

Desired power signal

Desired Tag signal

Desired power signalWPT 

Transmitter
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leakage

Port 1
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Port 3

 

Figure 2-12: Self jamming in a monostatic architecture. 

 

 One of the most effective and simplest methods to mitigate the self-jamming issue is by 

separating the transmit and receive frequencies, known as frequency duplexing. This allows for 

the undesired signal from a collocated or separate transmitter to be filtered out. The tag can 

synthesize a carrier signal at a separate frequency by utilizing the harmonics generated by the 
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rectennas rectifier. This avoids the use of power hungry, conventional, frequency synthesis 

methods. The ability of a rectifier, such as the voltage doubler shown in figure 2-3, to synthesize 

a carrier signal can be explained using a mathematical model for a nonlinear memoryless system. 

[17] [32 – 34] 

𝑦(𝑡) =  𝛼0 + 𝛼1𝑥(𝑡) + 𝛼2𝑥
2(𝑡) + 𝛼3𝑥

3(𝑡) (14) 

Here 𝑦(𝑡)  represents the output, x(𝑡)  represents the input, and the 𝛼  terms represent Taylor 

expansion coefficients. For a sinusoidal input of  

𝑥(𝑡) =  𝐴𝑐𝑜𝑠(2𝜋𝑓𝑡) (15) 

The first four terms of the output can be expressed as  

𝑦(𝑡) =  𝛼0 + 𝛼1𝐴𝑐𝑜𝑠(2𝜋𝑓𝑡) + 𝛼2𝐴
2𝑐𝑜𝑠2(2𝜋𝑓𝑡) + 𝛼3𝐴

3𝑐𝑜𝑠(2𝜋𝑓𝑡)3 (16) 

Using trigonometric identities this can be expressed as 

𝑦(𝑡) = 𝛼0 +
𝛼2𝐴

2

2
+ (𝛼1𝐴 +

3𝛼3

4
𝐴3) cos(2𝜋𝑓𝑡) +

𝛼2𝐴
2

2
cos(4𝜋𝑓𝑡) +

𝛼3A
3

4
cos (6𝜋𝑓𝑡) (17) 

The DC terms, the terms with no frequency component, are used for energy harvesting while the 

harmonics generated, that are multiples of the input frequency, can be used as a carrier signal. The 

spectrum of a typical rectifier output for a single tone input is shown in figure 2-13, while a small 

portion of the input frequency 𝑓1 bleeds through, the second and third harmonics are typically the 

highest produced tones. Figure 2-14 shows a block diagram of a tag that can synthesize its own 

signal. The DC and harmonic frequency can be separated at the output using a low and high pass 

filter. The harmonic signal is then modulated to convey information and transmitted to a receiver. 

The DC load can be a sensor or microcontroller.  
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Figure 2-13: Spectrum of rectifier. 
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Figure 2-14: Block diagram of harmonic feedback tag. 

 Both backscattering and utilizing the harmonics generated by a rectifier are useful low 

power communication methods. While frequency duplexing can improve the signal to noise ratio 

at a receiver, the harmonic signals generated are only a fraction of the received signal power and 

have limited transmission range. Backscattering, on the other hand, does not require any frequency 

conversion and can transmit a higher power signal towards the receiver. The concepts of 

backscattering and harmonic extraction will be further investigated in chapters 4 and 5. 

2.4  Chapter Summary    

 This chapter explains the key concepts for understanding simultaneous wireless 

information and power systems. Ambient RF energy sources are discussed along with the design 

of dedicated WPT transmitters. Two low power communication schemes that can be utilized by 

wireless sensor nodes for IoT applications are also examined.  
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Chapter 3: Design of an Efficient 2.4 GHz RF Energy Harvester 

This chapter presents the design and measurement valuation of a RF energy harvesting 

system developed to extract energy in the crowded 2.4 GHz ISM band. The developed rectenna 

uses multiple patch antennas and a differential rectifier topology to eliminate the power splitter at 

the input and achieve an RF-to-DC power conversion efficiency of 69.3% with 5.1 mW being 

delivered to the load. The system was simulated using Keysight ADS and the developed prototype 

was implemented on a Rogers 4003C substrate (𝜖𝑟 = 3.55). Section 3.1 provides a brief literature 

review of RF EH in the 2.4 GHz band. Section 3.2 describes the antenna, impedance matching, 

and rectifier design. Section 3.3 explains the simulation results and then Section 3.4 presents the 

developed prototype and measurement results. The chapter is concluded in section 3.5.  

3.1  Literature Review  

Various publications have investigated and developed rectenna designs to function in the 

2.4 GHz band. Andia Vera et al. developed a compact rectenna system based on a dual polarized 

antenna [35]. The rectifier consists of a four-stage voltage multiplier and achieves the RF-to-DC 

PCE of a 42.1% for an input power of -10 dBm. The rectifier offers satisfactory efficiency at low 

input power, but the small output power for a low input power level is insufficient to drive the load 

for many applications. Olgun et al. proposed a differential rectifier that can achieve peak 

conversion efficiency of 68% given -5 dBm RF input power [36]. The power splitter at the input 

distributes power between two rectifier branches and adds loss. In another approach researchers 

demonstrated a RF EH system with a 58% conversion efficiency at 6 dBm input power [37]. While 

the design does not achieve as high PCE as other works, it utilizes a Wilkson power divider to 

harvest power from multiple patch antennas [37]. Multiple antennas enable it to harvest a 

significant amount of energy. Tafekirt et al. implemented three single-ended rectifiers in parallel 

[38]. Each rectifier matches to a specific frequency and the DC output voltages of three rectifiers 

are combined at the output. Although collecting power from different input RF signals with 

different frequencies increases the overall DC output voltage, the power splitter at the input 

degrades the PCE. The power splitter causes ohmic loss and leakage of the input power to 

undesired rectifier branches. 

 To address the issues in the abovementioned works, this paper proposes a differential RF 

energy harvester structure. The RF EH developed in this paper utilizes a modified Greinacher 
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rectifier topology to achieve RF-to-DC conversion efficiency of 69.3 % at the input power of 5.2 

dBm at 2.4 GHz by removing the power splitter and combiner. 

3.2 Design Methodology  

As shown in literature, it is often desirable to use multiple antennas to enhance the energy 

received in a particular direction [36, 37]. Traditionally a power divider is used to connect the 

antenna elements, however this adds additional loss. To address this issue, a rectenna structure that 

eliminates the power splitter by using a differential topology is purposed. Figures 3.1 and 3.2 

illustrate the traditional and developed rectenna systems, respectively.  
2
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Figure 3-1: Conventional rectenna structure. 
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Figure 3-2: Proposed rectenna structure. 
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3.2.1 Antenna Design 

 Due to its moderate directivity and ease to implement on a printed circuit board the patch 

antenna is selected for the energy harvester. The basic structure of a patch antenna is shown in 

figure 3-3.  

L

W

Wg

Lf

Wf  

Figure 3-3: Patch antenna structure. 

The steps used to determine its dimensions are presented below and follow the process discussed 

in [39] [40]. First, the width of the radiating patch element is calculated.  

𝑊 =
𝑐

2𝑓𝑜√
𝜖𝑟 + 1

2

(18)
 

Here 𝜖𝑟 is the relative permittivity of the substrate (𝜖𝑟 = 3.55 for Rogers 4003C).  𝑓𝑜 is the center 

resonant frequency, and 𝑐 is the speed of light. The effective dielectric constant, which accounts 

for the height of the substrate ℎ,  is then found. 

𝜖𝑟𝑒𝑓𝑓 =
𝜖𝑟 + 1

2
+

𝜖𝑟 − 1

2
√(1 + 12

ℎ

𝑤
) (19) 

 

The effective dielectric constant is used to calculate the effective length, 𝐿𝑒𝑓𝑓, of the patch 

antenna. 
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𝐿𝑒𝑓𝑓 =
𝑐

2𝑓𝑜√𝜖𝑟𝑒𝑓𝑓

(20) 

The effective length is larger than the actual length of the patch due to fringing effects. The actual 

length can be determined from the expression below.  

𝐿 =  𝐿𝑒𝑓𝑓 − 2𝛥𝐿 (21) 

 

Where 𝛥𝐿 is equivalent to  

𝛥𝐿 = 0.412ℎ
(𝜖𝑟𝑒𝑓𝑓 + 0.3)(

𝑊
ℎ

+ 0.264)

(𝜖𝑟𝑒𝑓𝑓 − 0.258)(
𝑊
ℎ

+ 0.8)
(22) 

The inlet feed was used to match the antenna to 50 ohms. The calculated values and inlet feed size 

were adjusted to optimize the gain and return loss of the antenna. Table 3-1 compares the 

calculated values to the optimized values. 

Table 3-1 

 

 

 

 

 

 

 

The antenna was simulated using Keysight ADS and the gain was found to be 5.9 dBi. The 

simulated return loss was found to be 𝑆11 < −30 𝑑𝐵 at 2.45 GHz.  

Parameter  Calculated Value 

(mm) 

Optimized Value 

(mm) 

𝑊 40.5 36  

𝐿 32.02 32 

𝑊𝑔 - .8 

𝑊𝑓 - 2.2 

𝐿𝑓 - 17.8 
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3.2.2 Impedance matching network design 

To allow for maximum power transfer, the rectifier input impedance must be equal to the 

conjugate of the source impedance, 𝑍𝑠. The impedance of the rectifier can vary depending on the 

power level, frequency, and load resistance [41]. To account for the nonlinear operation of the 

rectifier, the source pull (SP) method was used to design the input matching network. Figure 3-4 

shows the schematic diagram for SP simulations. The source impedance is swept, and the 

efficiency, 𝜂 =
𝑉𝑜𝑢𝑡

2

𝑃𝑅𝐹𝑅𝐿
 ,  is plotted for each impedance value. 

 

Figure 3-4: Test set up for source pull simulations. 

Figure 3-5 shows the simulation results for an input power of 10 dBm and an output load 

of 11 kΩ. If source impedance is the innermost contour of (7.5 + j29) Ω, the rectifier achieves the 

maximum RF-to-DC efficiency of 74%. The efficiency gradually decreases as the contours move 

further away from the inner most one. The simulation results show that the input impedance of the 

rectifier circuit is (7.5 – j29) Ω. The proposed rectenna adopts an open circuit T- branch structure 

for the matching, and Figure 3-6 shows the proposed structure with dimensions in millimeters, 

along with the rest of the rectifier. 
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Figure 3-5: Simulated source pull contours. 

 

Figure 3-6: Proposed rectenna with impedance matching strucutre. 

3.2.3 Rectifier Design 

The differential rectifier topology shown in figure 3-6 is selected for the rectenna as it 

allows for the removal of a power splitter or DC combiner. Each side is composed of two voltage 

doublers and connected to a common load. The 𝑉𝑜𝑢𝑡
+  terminal of the rectifier should have 

approximately 2 time the input voltage, while the 𝑉𝑜𝑢𝑡
−  terminal should have -2 times the input 

voltage. The 𝑉𝑜𝑢𝑡
+  and 𝑉𝑜𝑢𝑡

−  voltages are combined at the output through the load resistance 𝑅𝐿. 

The Skyworks 7630 Schottky diodes are used for the proposed rectifier [42]. These 

diodes offer a low threshold voltage and series resistance and have the specifications listed in 

Vout + 

Vout - 
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Table 3-2. We observed that these diodes are more efficient than similar low threshold diodes 

often used in RF energy harvesting. 

Table 3-2: Spice parameters for Skyworks 7630 diode.  

 

 

 

 

 

 

3.3 Simulation Results  

The proposed rectenna and the patch antenna were laid out and simulated using Keysight 

ADS. The complete layout and radiation pattern of the antennas is shown in Figure 3-7. Figure 3-

8 shows PCE and output voltage (𝑉𝑜𝑢𝑡
+ − 𝑉𝑜𝑢𝑡

− ) for a given input power with a load of 11 kΩ. This 

load was found to provide the highest RF-to-DC PCE, 72.8%, for the given input power range. 

The RF-to-DC PCE efficiency was determined using equation 23 where 𝑃𝑅𝐹𝑡𝑜𝑡𝑎𝑙
 represents the 

total RF power at the input, and 𝑃𝑅𝐹 represents the power at the input of one voltage doubler.  

𝜂𝑅𝐹 𝑡𝑜 𝐷𝐶 𝑃𝐶𝐸 =
𝑃𝐷𝐶

𝑃𝑅𝐹𝑡𝑜𝑡𝑎𝑙

=
(𝑉𝑜𝑢𝑡

+ − 𝑉𝑜𝑢𝑡
− )2

2𝑃𝑅𝐹 𝑅𝐿

(23) 

Parameter  Value  

Saturation current  5 A 

Ohmic resistance  20 Ω 

Transient time  10 psec 

Zero bias junction capacitance  0.14pF 

Junction potential  0.34 V 
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Figure 3-7: Layout of proposed rectenna. 

 

 

Figure 3-8: Rectenna PCE and output voltage over input power range at 2.45 GHz. 

The proposed rectifier exhibits a high sensitivity as it is capable of harvesting energy at 

input power levels below -20 dBm. The rectenna matching network could be redesigned to 

operate obtain a higher PCE at lower input power levels. However, this results in a lower overall 

PCE especially at higher input powers. Figure 3-9 shows that PCE is a function of the input 

power and load resistance.  
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Figure 3-9: Rectifier PCE versus input power and load resistance at 2.45 GHz. 

3.4 Measurement Results  

The proposed rectenna was prototyped on Rogers 4003C substrate. This material was 

selected because it offers a low variation in permittivity and low loss at high frequencies 

compared to other common PCB substrates, such as FR-4 [43]. The size of the complete 

rectenna is 4.0 cm × 11.7 cm, and its thickness is 1.6 mm. The S-parameters of the rectifier 

and antenna were measured using the R&S ZVA 67 vector network analyzers and the results 

are shown in figure 3-10 and figure 3-11, respectively. A frequency shift is present between 

the simulation and experiment results for antenna 𝑆11  parameter. While the antenna was 

designed for 2.45 GHz, it matches to 2.4 GHz due to process variations in manufacturing. 

This range is acceptable as the 2.4 GHz band still encompasses a large amount of ambient RF 

energy, ex. WiFi (IEEE 802.11). 
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Figure 3-10: Measure S11 for rectifier. 

 

Figure 3-11: Measured S11 for antenna.  

 

 Figure 3-12 shows the experimental setup to measure RF-to-DC PCE. An Agilent EE438C 

ESG vector signal generator, tuned to 2.4 GHz and connected to a patch antenna identical to the 

ones used on the rectenna, is used as a transmitter. The transmitting antenna was placed 10 cm 

away from the rectenna. The Friis formula for free space loss (equation 6) is used to calculate the 

received power at the patch antennas of the rectenna, in which the gain of the transmitting and 

receiving antennas are 5.9 dBi. The effective path loss between the transmitter and the receiver as 

well as loss in cables is calculated as 9.33 dB. 
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Figure 3-12: Measurement setup for rectenna.  

 Figure 3-13 shows the PCE and the output voltage of the proposed rectenna for a 2.4 GHz 

signal. The PCE increases steadily as the received power increases and then decreases rapidly after 

reaching the peak point. The peak PCE is 69.3 %; this is achieved when the received power is 5.2 

dBm for a single antenna or 8.2 dBm for two antennas of the rectenna. The transmitter power is 

18 dBm at the peak PCE point and the output power delivered to the load resistor is 5.1 mW. The 

measured peak PCE is lower than the simulated one by 3.5 %, which is reasonable considering 

process variations. The output voltage across the load resistor increases steadily with increase of 

the received power and saturates to nearly 3.5 V after the received power of 7 dBm. 
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Figure 3-13: Rectenna PCE and output voltage for given transmitted power. 

Table 3-3 compares the proposed rectenna with other RF energy harvesters. The proposed 

rectenna achieves the highest PCE compared to previous works. In addition, the proposed rectenna 

achieves highest dc output power with the input power ranging from 0 dBm to 8 dBm. This can be 

attributed to the removal of the lossy power divider and the using two antennas to harvest received 

RF power. 

Table 3-3 Comparison between prior RF EH works  

 

 

 

3.5 Chapter Summary 

This paper presents a 2.4 GHz rectenna for RF energy harvesting. The rectifier adopts a 

differential topology to eliminate the power splitter at the input and the voltage adder at the output. 

The source pull matching technique is used to match the input impedance of the rectifier to the 50 

Specification [35] [36] [37] [38] This work 

Frequency (GHz) 2.45 GHz 2.45 GHz 2.42  2.45  2.4 GHz 

Diode SMS 7630 HSMS 2852 HSMS 285B HSMS 2852 SMS 7630 

Substrate Arlon A25N RO3206 RO3206 FR4 RO4003C 

Peak PCE  4 5% 68 % 58 % 47.5 % 69.3 % 

Pin at peak PCE  0 dBm -5 dBm 8 dBm 3 dBm 5.5 dBm 

DC output power  0.48 mW 0.60 mW 0.60 mW 0.48 mW 1.0 mW 
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Ω patch antenna. The rectenna is prototyped with Rogers 4003C substrate. The measurement 

results indicate that the rectenna achieves the peak power conversion efficiency of 69.3 % at the 

frequency of 2.4 GHz. The high efficiency is due to removal of the power splitter and by using the 

low-loss Skyworks 7630 diode. 
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Chapter 4: Efficient Backscatter Modulation for IoT Applications  

This chapter presents a compact backscatter modulator tag operating at 1.76 GHz. The 

modulator is composed of a series combination of a variable resistor and a varactor. These 

components modulate the backscatter signal by adjusting the input impedance or input reflection 

coefficient. A gallium nitride (GaN) on silicon carbide (SiC) high electron mobility transistor 

(HEMT) is adopted to implement the variable resistor. The modulator can support a variety of 

modulation schemes without increasing the size and design complexity. The tag can be 

continuously powered through ambient RF energy in the 2.45 GHz frequency band. A differential 

rectifier, similar to the one designed in chapter 3, harvests RF energy to power a microcontroller 

eliminating the need for a battery. Experimental results show that the modulator can support 16-

QAM with an error vector magnitude (EVM) of 1.73%. The measured RF-to-DC power 

conversion efficiency (PCE) of the energy harvester is 57.1% at a received power of 1.7 dBm. 

Section 4.1 discusses prior works related to RF backscattering. Section 4.2 describes the 

methodology followed to design the modulator and energy harvester. The developed circuit is then 

experimentally validated in section 4.3 and the chapter is concluded in section 4.4.  

4.1 Literature Review    

 

 As discussed in section 2.3, backscattering RF signals can greatly reduce the power 

consumption of wireless sensor nodes. There are numerous prior works that propose backscatter 

communication systems. Daskalakis et al. [44] developed an ambient FM backscattering system 

for agricultural applications. The system consists of a low power microcontroller, which toggles 

switches with different load impedances. A super capacitor charged through RF energy harvesting 

provides the power for the backscattering system. The device featured a low design complexity, 

but the simple ON-OFF modulation limits its data rate and is spectrally inefficient. Thomas et al. 

[45] developed a high bit rate, 16-QAM backscatter by utilizing four sets of single pole four throw 

(SP4T) switches. The drawbacks of the design are that switches take up a significant amount of 

space and are difficult to power solely through ambient RF energy. In another work, Daskalakis et 

al. [46] developed a low powered ambient backscattering transmitter that utilized 4 – PAM. The 

transmitter adopts an active load as the modulator, which is realized by a single RF transistor 

driven by a digital-to-analog converter (DAC). Four distinct impedance levels are achieved by 
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modulating the gate voltage of the transistor. It would be challenging to employ higher order 

modulation because of transistors limited variation in the parasitic capacitances. Correia et al. also 

utilized transistors to develop a backscatter modulator [47]. The design adopts a dual band 

Wilkinson power divider to generate a 4-QAM modulation using ambient 900MHz and 2.45 GHz 

signals. By backscattering multiple frequencies, they achieved a high bit rate of 500kps. However 

multiple transmission frequencies complicate the receiver design.   

To address these shortcomings, this paper proposes a backscatter tag capable of high order 

QAM modulations. The device is capable of being powered by ambient RF energy and 

backscatters signals in the ambient GSM 1.8 GHz band. The tag utilizes a HEMT operating in the 

triode region, as well as a commercial-off-the-shelf (COTS) varactor to emulate district 

impedances. The varactor and transistor can be controlled by a low power microcontroller, which 

can be powered by the energy harvested by a 2.45 GHz rectifier like the one developed in chapter 

2.  

4.2 Design Methodology 

 

4.2.1 Backscatter Tag Design 

Backscatter QAM modulation is achieved by carefully adjusting the load impedance presented 

to a receiving antenna. A N-QAM I-Q constellation requires N number of load impedances [45] 

[23], where each symbol on the constellation is expressed in equation 24. 

𝑆𝑖 = 𝑥𝐼 + 𝑗𝑦𝑄 (24) 

where 𝑥𝐼 represents the in-phase component and 𝑦𝑄 represents the quadrature component for a 

given symbol, 𝑆𝑖. For the passive backscattering case, each symbol must be scaled to fit on the 

Smith chart [48]. This can be achieved by using the expression shown in equation 25. 

𝛤𝐿 = 𝛼
𝑆𝑖

max|𝑆𝑖|
(25) 

where 𝛼 ranges from 0 to 1 and represents the scaling factor and 𝛤𝑖 is the reflection for a given 

constellation point [49]. As 𝛼 moves closer to 0, the constellation points move closer together on 

the Smith chart. This simplifies the circuit design as fewer components are needed and lower 

biasing ranges can be used. Having said this, large 𝛼  values are desirable as spread apart 
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constellation points provide higher reflected powers to the intended receiver, increasing SNR [49]. 

It can be complicated to design a circuit that exhibits a large scaling factor with minimal 

complexity and biasing conditions. 

     The circuit presented in this paper achieves a scaling factor of 0.45. Figure 4-1 shows the 

constellation diagram for 4, 16, and 64 QAM. The constellations are shifted to the right due to the 

channel resistance and capacitance range of the GaN HEMT and the varactor. This range also 

determines the scaling factor. The load impedances required to generate each constellation state is 

calculated from equation 26. 

𝑍𝐿 =
𝑍0(1 + 𝛤𝐿)

1 − 𝛤𝐿

(26) 

 where 𝑍0 and 𝑍𝐿  represent the source impedance and load impedances, respectively. The source 

impedance is typically a 50  antenna. Table 4-1 lists the required load impedances to cover the 

four-reflection coefficient at the corners of the constellation. These values correspond to the 

maximum and minimum values of the resistance and reactance. The impedance values in Table 4-

1 are realized using a zero-biased Cree CGH40006P RF GaN HEMT as a variable resistor and the 

Skyworks 1248 varactor for its variable reactance [50]-[51]. 
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Figure 4-1: Ideal 4,16, and 64 QAM constellation. 

Table 4-1 Corner reflection and impedance values for a 16 – QAM constellation.  

 

 

 

 

 

4.2.2 Backscatter Tag Component Modelling  

A simplified, equivalent model for the GaN HEMT is shown in Figure 4-2. The model is 

developed based on the Angelov model in triode region [52]. Req is the series combination of the 

parasitic resistances in the drain, source, and intrinsic channel of the transistor. LD, LS and Cpd are 

the parasitic inductances at the drain and the source and the pad capacitance, respectively. Figure 

4-3 (a) shows the resistive and reactive terms of the drain impedance for the selected GaN HEMT 

at 1.8 GHz. The real part is taken as the variable resistance and controlled through the gate bias 

voltage and the reactive part is absorbed to form the imaginary term in (1). As the gate bias voltages 

increase from -3V to -2V, the channel resistance ranges from 53 Ω to 8.9 Ω. The chosen GaN 

HEMT features a large range of resistances in the deep triode region with minimal changes in 

biasing in comparison to other RF transistors. This enables the modulator to support higher order 

modulation schemes while achieving relatively low error vector magnitude (EVM). 

# 𝛤𝐿 𝑍𝐿 

1 0.104 ∠ 180° 40.6 ∠0.925° 

2 0.609 ∠ -99.7° 42.9 ∠ -62.3° 

3 0.504 ∠ 0° 151 ∠1 .24° 

4 0.783 ∠ -50.3° 104 ∠ -72.2° 
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Cpd

Req

ZD

ZD

Gate  

Figure 4-2: Simplified equivalent model of GaN HEMT in triode region. 

Keysight ADS simulations were conducted to simulate the backscatter modulator. The GaN 

HEMT model was obtained from the manufacture and proven accurate in previous works [53]-

[55]. The large signal model of the varactor diode, including the parasitics of the package, was 

also used. Figure 4-3 (b) shows the equivalent resistance and capacitance versus the control voltage 

applied across the varactor. As the applied reverse voltage increases from 0 to 5V, the capacitance 

of the varactor decreases from 22 pF to 1.49 pF, while its resistance decreases from 3.8 Ω to 1.8 

Ω. When the transistor is operating near the cut off region (VGS ≈ -3V) the varactor resistance is 

negligible. However, the resistance is significant in the deep triode region (VGS ≥ -2.8 V).   

 

Figure 4-3: (a) Resistive and reactive portion of GaN HEMT drain impedance and (b) measured 

resistance and capacitance of varactor. 
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Figure 4-4: Schematic of proposed backscatter with the dimensions (length/width) in mm. 

Figure 4-4 shows the schematic of the backscatter transmitter where capacitors labeled as Cc 

are ac-coupling capacitors and inductors labeled as LB are RF-chokes. The microstrip L-section 

            
(a)                                                                                     (b) 
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at the input of the modulator is designed to shift L values to minimize the component biasing 

range, while achieving a sufficiently large range of impedance values. 

4.2.3 Rectifier Design 

 To minimize the size, the rectifier proposed in Chapter 3 was redesigned to function with 

only one antenna. The selected rectifier topology, along with the dimensions of the transmission 

lines, is shown in figure 4-5. The topology utilizes the same differential structure, but the power 

divider is included, and a FR-4 substrate is used. Simulation results showed the loss of the power 

divider to be 0.3 dB.  

Vout
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Figure 4-5: Schematic of proposed energy harvester with the dimensions (length/width) in mm. 

Although a single antenna structure, power divider, and lossy FR-4 substrate will result in 

lower PCE and harvestable RF power, this rectifier structure is selected as it can feature minimal 

size and still fulfill the power requirement. Simulation results the rectifier can achieve a sufficient 

PCE at a 1 dBm input which is sufficient to power an 8-bit microcontroller such as the PIC 

15LF1454 [56]. The FR-4 substrate also offers a higher permittivity which decreases the 

wavelength size for a transmission line. While the rectifier structure proposed in chapter 3 is more 

versatile, the structure shown in figure 4-5 was found to be suitable for the backscatter modulator.  

4.3 Measurement Results  

The proposed energy harvester and backscatter modulator is assembled on a FR-4 (r = 4.6) 

PCB substrate. The size of the complete system is 5.5 cm x 4.2 cm and has a thickness of 1.6 

mm. The test setup to measure the impedance states for a 16-QAM constellation and the RF-to-

DC conversion efficiency of the rectifier is shown in figure 4-6.  
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Figure 4-6: Measurement setup for rectifier and backscatter measurements.  

The R&S SMF 100A signal generator is used to model the ambient 2.45 GHz energy. 

The output power is measured at various resistive loads to find the peak efficiency. Figure 4-7 

shows the optimal rectifier measurement using a 4.5 kΩ load. The maximum RF-to-DC PCE was 

57.1% at the input power of 1.7 dBm. At this condition, the output voltage and current were 

determined to be 1.95 V and 0.433 mA, respectively. These conditions are sufficient to power a 

microcontroller. 

 

Figure 4-7: Measured energy harvester PCE over input power range. 

The R&S ZVA 67 vector network analyzer was used to measure the impedance states for 

a 16-QAM constellation. The results are shown in Figure 4-8 and is a close match to the ideal 

constellations. 
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Figure 4-8: Measured 16-QAM impedance states versus ideal constellation. 

The error vector magnitude (EVM) for a 16-QAM constellation is obtained as 1.73% using 

equation 27. Figure 4-9 shows the measured constellation on the IQ plane. There are minimal 

fluctuations in the impedance states for each measurement, and the EVM of the proposed 

backscatter is well below the 3.62% EVM for 16-QAM modulator found in [45]. 

𝐸𝑉𝑀 = √
1
𝑁

∑ |𝑆𝐾𝐼𝑑𝑒𝑎𝑙
− 𝑆𝐾𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑

|
2𝑁

𝑘=1

max 𝑆𝐼𝑑𝑒𝑎𝑙 
 (27) 

 

Figure 4-9: Measured 16-QAM constellation in IQ plane. 

To achieve the constellation the HEMT gate biasing ranges varied from -4V to -1 V, and the 

reversed biased varactor voltage ranges from 0 to 5V range. The optimal backscattering frequency 

of 1.76 GHz was found as opposed to 1.8 GHz in simulations. This shift is reasonable and is a 

result of process variations.  

A major advantage of using a varactor and GaN HEMT, as opposed to fixed impedance switches, 

is the constellation can easily be altered to model different modulation complexities. EVM can 

also be minimized as the impedance can be adjusted. Figure 4-10 shows a 64-QAM constellation 
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for the proposed backscatter. Unlike the circuit in [45], the proposed backscatter can implement a 

different QAM constellation by adjusting the gate bias and varactor voltage. However, as the case 

with all backscattering systems, the increase in modulation order results in each point on the 

constellation being closer together. This can deteriorate the bit error rate performance and 

complicates the receiver design.  

 

Figure 4-10: Measured 64-QAM IQ constellation versus ideal constellation. 

Figure 4-11 shows a schematic diagram of the proposed backscatter with the bias voltage 

set up. A low power microcontroller with a DAC should be able to bias the varactor while the GaN 

HEMT can be biased using a DAC and a level shifter. To obtain the negative voltages required to 

bias the GaN HEMT the negative differential port of the energy harvester can provide a reference 

voltage for the level shifter. 
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Figure 4-11: Complete biasing setup for the proposed backscatter tag. 

Table 4-2 compares the proposed backscatter system to prior works. Unless noted otherwise, the 

energy/bit for each work was determined by dividing the power consumption of the modulator by 
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the bit rate. In this work the power consumption of the modulator was estimated by measuring the 

simulated DC power consumption in Keysight ADS. It was found that the GaN HEMT and 

varactor dissipated 2.06 uW at a symbol rate of 16 Mbps. From these results, it can be estimated 

that the modulator would exhibit and energy per bit rate of 21.4 fJ/bit using a 64 QAM modulation 

with a total bit rate of 96Mbps.  

Table 4-2 Comparison between prior works 

 

4.4 Chapter Summary  

This chapter presents a 1.76 GHz backscattering tag that can be powered of a 2.45 GHz 

RF energy harvester.  A key advantage of the proposed tag over the switch-based approach is the 

ability to select the optimal QAM constellation through adjustment of bias voltages. The varactor 

and a HEMT acting in the triode region are uses for this purpose. Measurement results show the 

proposed tag can switch from 16-QAM to 64-QAM readily and achieves a low EVM of 1.73% 

 

 

 

 

Work [44] [45] [46] [47] This Work 

Modulation ASK 16-QAM 4-PAM 4-QAM Up to 64 QAM 

Frequency FM band 915 MHz FM band 
900 MHz and 

2.45 GHz 
1.76 GHz 

RF powered 

compatible 
Yes No Yes Yes Yes 

Bit rate 500 bps 96 Mbps 10.2 kbps 500 kbps 96 Mbps 

Energy/bit NA 15.5pJ/bit† 27.7 nJ/bit* 54fJ/bit† 21.4     fJ/bit† 

*Includes power consumption of control unit. 
†
Excludes power consumption of control unit.  
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Chapter 5:  Simultaneous Wireless Information and Power Transfer Using 

Harmonic Extraction  

 This chapter presents a SWIPT scheme that utilizes harmonic components generated by a 

power transmitter and a RF energy harvesting tag. The design procedure for each is explained 

and the design trade-offs are analyzed. Simulation models are used to optimize the complete 

system.   

The proposed power transmitter includes a harmonic tuned oscillator capable of 

synthesizing a high-power RF signal at its fundamental frequency, 𝑓𝑜 = 2.4 𝐺𝐻𝑧 and at its 

second harmonic, 2𝑓𝑜 = 4.8 𝐺𝐻𝑧. A diplexer is used to extract these frequencies and the 

transmitter exhibits a 75% DC to RF efficiency while producing 4 W and 0.45 W signals at 𝑓𝑜 

and 2𝑓𝑜 respectively. The oscillator exhibits a phase noise of -128 dBc/Hz at an offset frequency 

of 100 kHz. The corresponding FoM was found to be 182 dB. 

 The tag utilizes a dual band antenna to harvest both transmitted frequencies. The tag 

rectifier converts the received RF energy from the base station into DC as well as uses the 

intermodulation products generated during rectification as a carrier signal. A low power ASK 

modulator and transmit antenna allow the tag to relay information back to the base station or to 

another tag.  This concept is illustrated in figure 5-1. 

f
0

f
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0

2f
0

Base station

Tag

Tag

Tag

Tag

 

Figure 5-1: Proposed SWIPT scheme. 
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 Section 5.1 discuss prior SWIPT methods implemented in the literature and describes 

their applications. Section 5.2 presents the design methodology used to optimize the transmitter 

overall efficiency and presents the simulation results. Similarly, Section 5.3 discusses the tag 

design and its performance. Section 4 concludes the chapter.  

 

5.1  Literature Review    

As explained in section 2.3.4, SWIPT systems benefit substantially using frequency 

duplexing as the received signal can be isolated from the transmitted signal. As a result, several 

publications present SWIPT systems that incorporate this method. Belo et al. developed a 

wireless power transmitter that uses a 5.8 GHz signal for wireless power and 3.6 GHz signal as a 

backscattering pilot signal [57], [58]. The tag is powered by the 5.8 GHz signal and contains a 

low power voltage-controlled oscillator (VCO) and mixer. These components are used to shift 

the received 3.6 GHz pilot signal preventing self-jamming. The system was found to be 

effective, but the VCO that is used to separate the base station and tag transmission frequencies 

requires a significant amount of power. The 3.6 GHz signal transmitted from the base station is 

only used for data transmission and provides no power to the energy harvester. 

In another work Joseph et al. develop a SWIPT system that transmits using an amplifier 

and 915 MHz oscillator. [59] The tag can convert the received 915 MHz RF signal into DC with 

a high PCE and utilizes the second harmonic generated by the rectifier at 1.83 GHz, as a 

feedback signal. By having the tag generate its own carrier signal, the need for the wireless 

power transmitter to synthesize and broadcast at a separate frequency band to convey information 

was eliminated. This lowers the transmitters overall DC power consumption. However, the 

carrier signal generated at the tag was weak and requires a sensitive receiver at the base station. 

Kuo et al. also used the harmonics generated by the tags rectifier to relay a signal back to the 

base station [60]. Their proposed tag receives three different tones at 883 MHz, 898 MHz, and 

913 MHz. All three of these frequencies are converted to DC and the intermodulation products 

generated are transmitted back to the base station. By receiving three different RF tones, more 

power can be harvested by the tag. However, the design requires that the base station contain 

three distinct frequency synthesizers. This consumes a significant amount of space and power. 
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To address the shortcomings of these works, this paper proposes a transmitter that utilizes 

a two-tone oscillator to synthesize a high-power RF signal at 2.4 GHz and at its second harmonic 

at 4.8 GHz. Figure 5-1 shows the potential application of the proposed transmitter. By 

transmitting two tones, the WP transmitter can provide different amounts of power to the tags, as 

the tags can be designed to receive a specific frequency. Tuning a tag to both transmit 

frequencies, fo and 2fo, allows for it to receive more RF energy and the harmonic and 

intermodulation products from the tag’s rectifier can combine to generate a higher power carrier 

signal at fIM. The high-power carrier signal at the tag relaxes the receiver design requirements at 

the base station.  

5.2 Dual Tone Wireless Power Transmitter Design Methodology and Performance  

5.2.1  Component and Transmitter Topology Selection 

 GaN HEMTs are well suited for high power oscillators and amplifiers due to their high 

break down voltage and electron mobility, for this reason the Cree CGH 40006P RF GaN HEMT 

was selected for the amplification device [50] [53] [60] [61].  

 After selecting the amplification device, the load network was optimized to ensure a 

high-power output and high DC-to-RF PCE at 𝑓𝑜 and 2𝑓𝑜 by performing a load pull simulation. 

The setup for the load pull is shown in figure 5-2. It is accomplished by separating the 

fundamental and second harmonic frequencies using a diplexer and sweeping the load impedance 

at each output.   
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Figure 5-2: Schematic for load pull setup. 
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Figure 5-3: Results of load pull simulation. 

The results of the load pull simulation are shown in figure 5-3. In the figure 𝑃1 and 𝑃2 

represent the output power at fo and 2fo , respectively. The efficiency is calculated using equation 

28. 

𝜂 =  100% ∗
𝑃1 + 𝑃2

𝑃𝐷𝐶

(28) 
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5.2.2 Feedback Network Design and Diplexer Design 
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Figure 5-4: Prelimary schematic of proposed oscillator.  

Figure 5-4 shows the preliminary schematic of the proposed oscillator. The oscillator 

scheme is modified based on the harmonic-tuned topology which has been found to achieve high 

efficiency at high input power levels [53] [62] [63]. The output network, the diplexer, and the 

feedback network, provide the required impedances at 𝑓𝑜 and 2𝑓𝑜 to maximize the power 

efficiency. These impedances were determined using the load pull simulations in the previous 

section. The developed feedback network is shown in figure 5-5 a. and satisfies the following 

conditions: 

1. Provide excess phase at 𝑓𝑜 to satisfy the Barkhausen phase criteria.  

2. Filter high order harmonics except for the fundamental.  

The developed diplexer is shown in figure 5-5 b. and is implemented using microstrip 

transmission lines on Rogers 4003C. The 50-ohm terminations for ports 2 and 3 represent the 

antenna impedance.  The diplexer is designed so that the following conditions are satisfied: 

1. Maximize 𝑓𝑜 power transferred from port 1 to port 2. 

2. Maximize 2𝑓𝑜 power transferred from port 1 to port 3. 

3. Isolate 𝑓𝑜 and 2𝑓𝑜 frequency components. (𝑆32 < −20 𝑑𝐵). 

Simulation results in Keysight ADS show that the loss of the diplexer is 0.45 dB and 0.6 dB at 

the first and second harmonics.  



 

46 

 

 

Figure 5-5: (a) Developed feedback network (b) developed diplexer. 
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Figure 5-6: Variation of varactor capacitors for applied voltage Vvar. 

5.2.3 Oscillator Tuning Range and Simulation Results  

 

A frequency tuning mechanism was implemented to ensure the developed oscillator can 

achieve an oscillation frequency of 2.4 GHz despite process variations. This was achieved by 

connecting the drain and gate of a Cree GaN HEMT so it can act as a varactor. The variation of 

capacitance versus control voltage, 𝑉𝑉𝐴𝑅, for  the Cree GaN HEMT is shown in figure 5-6 and the 

complete voltage-controlled oscillator design is shown in figure 5-7. A capacitance variation of 

4.5 - 9.0 pF is required to achieve a tuning range of 50 MHz (≈ 2 %) around the center frequency 

which is translated to the control voltage range of 1-3.5 V. 
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Figure 5-7: Complete schematic of proposed oscillator. 

Using Keysight ADS it was found that the oscillator achieves a maximum DC to RF PCE 

of 75 %. This is lower than what the load pull results in section 5.2.1 indicate, which can be 

contributed to the loss of the diplexer. The total DC power consumption and output RF power at 

fundamental and second harmonics versus varactor control voltage is represented in figure 5-8. 

Figure 5-9 shows a plot of the oscillation frequency and RF-to-DC PCE, using the efficiency 

definition given in expression 28 for a given varactor control voltage.  
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Figure 5-8: Power generation at 𝑓𝑜 and 2𝑓𝑜. 
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Figure 5-9: Power efficiency and fundamental frequency of the osciilation versus Vvar. 

 Using expressions 11 and 12, the phase noise and FoM for the oscillator design were 

found to be -128 dBc/Hz and 182 dB, respectively. Table 5-1 compares the performance of the 

proposed system to prior SWIPT and WPT works. In the table, IF frequency corresponds to the 

intermediate frequency that can be used to relay information. The process of generating this 

frequency is given in the next section.  
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Table 5-1: Comparision to previous works.  

Work TX Frequency 

(GHZ) 

IF Frequency 

(GHZ) 

TX output 

power (W) 

TX PCE 

(%) 

PN 

(dBC/Hz) 

FoM 

(dB) 

[57] 5.8 3.6 1.2 NA NA NA 

[59] 0.915 1.83 .8 NA NA NA 

[62] 2.45 NA 6.1 83 -118 -167 

[63] 0.980 NA 6.5 73 -123 -183 

This work 2.4/4.8 4.8/7.2 4/0.45 75 -128 -182 

 

5.3 Tag Design Methodology  

 

5.3.1 Design Constraints  

The maximum distance the tag can be placed from the WPT transmitter, while still 

receiving sufficient power to operate continuously is constrained. It is estimated that the wireless 

sensor node or microcontroller for a IoT application will require at least one 1mW of power. 

Assuming a rectifier efficiency close to the measure results in chapter 3 (≈ 70%), the tag must 

receive a minimum RF power of 1.42 mW. Using this received power, the 𝑓𝑜 and 2𝑓𝑜 transmitted 

power from the previous section, and a typical patch antenna gain of 6 dBi, the tag range can be 

estimated using equation (7). This distance was found to be 2.1 meters, this corresponds to a 

received power of 1.51 dBm and -14 dBm at the 𝑓𝑜 and 2𝑓𝑜, respectively. Figure 5-10 shows a 

plot of the received power at the two frequency bands as a function of distance. Some 

applications may require larger ranges, this can be accomplished by increasing transmitted power 

or antenna gain.  
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Figure 5-10: plot of at 𝑓𝑜 (𝑃1) and 2𝑓𝑜 (𝑃2) power for a given distance. 

5.3.2 Matching Network and Modulator Design 

The schematic for the tag is shown in figure 5-11 with the dimensions for each 

impedance matching network. The first impedance matching network maximizes power 

transferred at 𝑓𝑜 and 2𝑓𝑜  to the rectifier. The HSMS 2860 diode was selected for the rectifier and 

carrier signal generator as it was found to generate a high-power harmonic signal while 

maintaining a high RF-to-DC PCE [64]. The second impedance matching network is used to 

maximize power transferred at  3𝑓𝑜 from the carrier signal generator to the modulator. C3 is used 

to block DC while L1 is used to block the harmonics at the DC output and minimize ripple.  
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Figure 5-11: Schematic of proposed tag. 

A microcontroller, powered by the rectifier, along with a switch can be used to perform 

ASK modulation. When the switch is closed the carrier signal 3𝑓𝑜 is transmitted conveying a ‘1’ 

bit and when it is closed no signal is transmitted conveying a ‘0’ bit. This switch can be toggled 

using the microcontroller and the switch can be implemented using a high frequency PIN diode 

such as the MA4PBL027 [65]. Figure 5-12 shows the simulation result for the ASK modulation 

waveform produced by the tag.  
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Figure 5-12: Simulation of tag modulator. 

5.3.3 Simulation Results  

The system shown in figure 5-11 was constructed and simulated in Keysight ADS. For a 

RF input power of 𝑃1(𝑓𝑜) = 1.51 𝑑𝐵𝑚 and  𝑃2(2𝑓𝑜) = −14 𝑑𝐵𝑚 the system achieved a RF-to-



 

52 

 

DC conversion efficiency of 70 %. The RF to intermediate frequency, 𝑓𝐼𝑀 = 7.2 𝐺𝐻𝑧, PCE was 

found to be 8%. These RF-to-DC and RF-to-IF PCE were calculated by dividing the output 

power at 0 Hz or 𝑓𝐼𝑀 by the total input RF power. Table 5-2 compares this work to previous 

literature that uses harmonic signal generation and the same efficiency definitions. This work 

achieves a higher RF-to-IF PCE as the intermediate frequency, 7.2 GHz, corresponds to the third 

harmonic of the received 2.4 GHz signal as well as the intermodulation product of the 2.4 GHz 

and 4.8 GHz signal. The stronger IF signal allows for a higher power signal to be received at the 

base station, allowing for a simpler receiver design and a higher SNR.   

Table 5-2 Comparision between prior works  

Work [59] [60] [66] [67] This work 

# of received tones  1 3 1 2 2 

Frequency (GHz) .915  0.883,0.898,0.913 2.4 2.449,2.45 2.4,4.8 

Max RF-to-DC PCE  71% NA 70.6% 56% 70% 

Max RF-to-IF PCE  1% 6% NA 1% 8% 

Harmonic feedback 

method 

2nd  IM3 components 3rd  2𝑓2 − 𝑓1 3rd and 𝑓2 + 𝑓1 

 

Simulation results show a clear design tradeoff between RF-to-DC and RF-to-IF PCE for 

a set input power. This tradeoff is related to the shape of the voltage waveform, 𝑉𝐶2
. 𝑉𝐶2

 can be 

determined from performing a KCL during the positive voltage cycle and modelling the diode 

current using the Schottky diode formula. This is expressed in equations (29)-(31) below.  

 

𝐷𝑢𝑟𝑖𝑛𝑔 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑐𝑦𝑐𝑙𝑒 𝑖𝑐2
= 𝑖𝑑2

+ 𝑖𝑅𝑙𝑜𝑎𝑑

𝑖𝑑2
= 𝐼𝑠 (𝑒

𝑉𝐷2
𝑛𝑉𝑇 − 1) , 𝑖𝑐2

= 𝐶2

𝑑𝑉𝐶2

𝑑𝑡 
, 𝑖𝑅𝑙𝑜𝑎𝑑

=
𝑉𝐶2

𝑅𝑙𝑜𝑎𝑑

(29)
 

𝐶2  
𝑑𝑉𝐶2

𝑑𝑡 
= 𝐼𝑠 (𝑒

𝑉𝐷2
𝑛𝑉𝑇 − 1) +

𝑉𝐶2

𝑅𝑙𝑜𝑎𝑑

(30) 

∴  𝑉𝐶2
− 𝑅𝑙𝑜𝑎𝑑𝐶2

𝑑𝑉𝐶2

𝑑𝑡 
= −𝑅𝑙𝑜𝑎𝑑𝐼𝑠(𝑒

𝑉𝐷2
𝑛𝑉𝑇 − 1) (31) 
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 The solution to equation (31) can be derived by using a Taylor series expansion. 

However, a significant number of terms are required to accurately represent the harmonic 

components. A more intuitive representation of the variation in the RF-to-DC and RF-to-IF PCE 

is shown in figure 5-13. This figure shows the variation in each PCE for swept 𝐶2 and 𝑅𝑙𝑜𝑎𝑑 

values. By changing these values, the shape of 𝑉𝐶2
 waveform changes, and thus the RF-to-DC 

and RF-to-IF PCE values change. A value of 16kΩ and 8.8pF were selected for the load 

resistance and capacitance corresponding to a RF-to-DC and RF-to-IF PCE of 70% and 8%, 

respectively. These values were selected as it provides a reasonable IF efficiency while 

maintaining a high DC efficiency at the output.  

 

Figure 5-13:      a. RF-to-DC PCE vs. 𝑅𝑙𝑜𝑎𝑑 vs 𝐶2                   b. RF-to-IF PCE vs. 𝑅𝑙𝑜𝑎𝑑 vs 𝐶2 

5.4 Future Work 

While utilizing harmonic extraction for SWIPT enables frequency duplexing with minimal 

power consumption, it is spectrally inefficient. The large frequency ranges constrain applications. 

To address this issue, the power transmitter can be redesigned to transmit two tones with a small 

offset from each other, 𝑓𝑜 and 𝑓𝑜 + 𝑓𝑜𝑓𝑓𝑠𝑒𝑡. The tag can receive these components with a wide band 

antenna, and then retransmit the intermodulation component shown in equation 32.  

𝑓𝐼𝑀 = 2(𝑓𝑜 + 𝑓𝑜𝑓𝑓𝑠𝑒𝑡) − 𝑓𝑜 = 𝑓𝑜 + 2𝑓𝑜𝑓𝑓𝑠𝑒𝑡 (32) 

The frequency ranges can be selected to allow the SWIPT system to operate solely in the 

2.4- 2.5 GHz ISM band and avoid self-jamming. For example, if the transmit signals are 2.4 GHz 

            

                                        
                                                 (a)                                                                                                                            (b) 
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and 2.45 GHz the received signal from the tag, 𝑓𝐼𝑀, is 2.5 GHz. A narrowband antenna with less 

than 50 MHz bandwidth at the receive side of the base station can strongly attenuate interference 

from the transmitter. Figure 5-14 illustrates the proposed SWIPT structure. 

f
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+ ff
0 offset

Tag

Tag
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Figure 5-14: Proposed spectrally efficient SWIPT scheme. 

Unlike the SWIPT scheme in section 5.2, the WPT transmitter at the base station in this 

scheme cannot utilize the harmonics generated by the transistor. Instead, a dual band oscillator 

can be constructed using a dual tank [68] [69], self-oscillating mixer [70], or injection locking 

structure [71]. These frequency synthesis methods have proven efficiency and exhibit low phase 

noise, making them well suited for SWIPT.  

 

5.5 Chapter Summary  

 

A SWIPT architecture consisting of a WPT transmitter and RF powered tag is designed 

and simulated. The advantages of using harmonic extraction for the WPT transmitter and carrier 

signal generation are provided. The simulation results are compared to previous works and show 

that the proposed tag can achieve high RF-to-DC and RF-to-IF PCE from a power efficient WPT 

transmitter. A new SWIPT structure that operates solely in the ISM band is also proposed.   
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Chapter 6: Conclusion  

6.1 Summary  

The efficient energy harvester and transmission methods discussed in this thesis enable 

the development of battery-less and large-scale communication networks, vital to implementing 

IoT technology. The experimental results for the RF energy harvester and backscatter modulator 

show that these systems have advantages over previous designs. Simulation results and analysis 

show the proposed SWIPT architecture also demonstrates features not developed in prior 

literature, such as an efficient multitone wireless power transmitter.  

6.2 Key Contributions  

The concepts introduced and validated in this thesis enhances SWIPT systems. The 

developed rectenna achieves a high RF-to-DC PCE by removing the lossy power divider. The 

backscatter modulator eliminates conventional fix impedance switches used in RFID systems, 

while maintaining a sophisticated modulation scheme using variable impedance components. 

The harmonic extraction SWIPT method enables higher power signals to be generated by the tag 

by utilizing intermodulation products from received 𝑓𝑜 and 2𝑓𝑜  signals. An approach to 

designing an energy efficiency WPT is also provided.  

6.3 Future Work 

Several methods could be used to improve and expand upon the works presented in this 

thesis. To fully verify the system, the proposed oscillator and tag circuits in chapter 5 can be 

implemented on a PCB or IC. There are other areas where the system could be improved such as 

implementing beamforming, enabling multiple frequency band energy harvesting, and self-

jamming cancellation mechanisms.  

By implementing an antenna array and phase shifters on the WPT transmitter developed 

in chapter 5, the total equivalent isotropic radiated power (EIRP) can be increased. The array can 

be steered, based on the received signal strength of the tag signal. This would allow the tag to 

receive a much stronger RF signal, and thus be able to harvest a greater amount of DC energy. 

Implementing beamforming on a backscattering communication system or ambient energy 

harvester is less clear due to the power constraints but would allow for stronger RF signals to be 

transmitted or larger amounts of harvestable energy. Beamforming could also be implemented 

using intelligent reflective surfaces powered through RF energy harvesting.  



 

56 

 

The amount of harvestable energy could also be increased using multiband energy 

harvesting. For example, the rectenna designed in chapter 3 would have higher DC output power 

if it were capable of harvesting energy from DTV, cellular base stations, or other ambient RF 

sources in addition to the 2.4 GHz RF band. This would require multiple antennas and rectifiers 

or a wideband rectenna.  

 Self-jamming cancellation methods would allow for higher SNR, full duplex, 

backscattering communication. This can be done by sampling the TX signal and modifying it to 

cancel out the received interference. While there is not a simple method to implement this, it 

would allow for highly spectrally efficient communications.   
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