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DESIGN OF LOW-POWER RF ENERGY HARVESTER FOR IOT SENSORS

Dilruba Parvin

Dr. Syed K. Islam, Dissertation Supervisor

ABSTRACT

Rapid technological advancement in CMOS technologies has resulted in increased deployment

of low-power Internet-of-Things (IoT) devices. As batteries, used to power-up these devices, suffer

from limited lifespan, powering up numerous devices have become a major concern. Radio frequency

(RF) is ubiquitous in the surroundings from which energy can be harvested and utilized to increase

battery lifetime. Even for low-power sensors, RF energy harvesters can be utilized as primary power

sources. However, power density of RF signals is very low and therefore building blocks of RF energy

harvester need to be designed carefully to maximize efficiency to gain suitable output power.

This research is focused on the design of an RF energy harvesting system in standard CMOS

technology. The main goal of this research is to design an RF energy harvesting system with high

power conversion efficiency (PCE) and adequate output voltage for low input power. The proposed

dynamic voltage compensated cross-coupled fully differential rectifier is capable of providing very

high PCE. The synchronous DC-DC boost converter provides stable DC output voltage. Rectifier

and DC-DC converter of the system have been designed by using low-power transistors to ensure

operation at very low input power. In order to maximize the power transfer through the system,

matching network and maximum power point tracking (MPPT) controller has been implemented. In

order to cope with rapid input power variation, a machine learning (ML) based MPPT controller

has been designed and implemented into FPGA. The proposed ML based MPPT controller has

demonstrated fast response time. To further enhance the performance of the RF energy harvesting

system, a self-compensated rectifier integrated energy harvesting system is also presented. The energy

extracted by using the proposed RF energy harvesting systems can easily be stored and utilized to

fully power up low-power sensors used for IoT devices. Integration of RF energy harvester with these

devices will significantly reduce the maintenance cost and result in energy-effluent IoT technologies.
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Chapter 1

INTRODUCTION

1.1 Motivation

Rapid growth of world’s population and tremendous pace of technological innovation resulted in

rapid surge in energy demand. For power supply, modern technology is largely dependent upon

energy sources found on earth such as coal, oil and natural gas. To meet the skyrocketing energy

demand, energy production has been increased more than 2.5 times since 1971, from 5485 Megatons

of oil equivalent (Mtoe) to 14,282 Mtoe in 2018 [1].

In Fig. 1.1, world energy supply trend for the year 1973 and 2020 is demonstrated. Although

fossil fuel is still considered to be the principal source of energy, the available sources are already

getting depleted while the exploration of new sources is becoming cumbersome and expensive causing

great danger to the environment. This has led to the exploration of alternate and renewable sources

of energy. Renewable sources are considered to be alternative to the traditional fossil fuels and

tend to be much less harmful to the environment. Since the energy crisis in 1973, implementation

of several alternative energy sources such as wind energy, solar energy, nuclear energy have been

increased to meet this energy demand. To reduce global warming effect generated by production of

energy from fossil fuel, research on renewable energy has also been drawn attention. Harvesting of

the wasted forms of energy is of great interest to energy research community as the focus has been

shifted to green, clean and efficient energy production while meeting the increased energy demand

for rapid technological innovation.
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(a) 1973

(b) 2020

Figure 1.1: World energy consumption by the year 1973 and 2020 [2].
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1.2 Energy Flow Trend

In this modern age of technology, energy is required in almost every aspects of life such as for

transportation and commercial applications. These energy demand are met by energy sources such

as fossil fuels, hydroelectric, solar and geothermal. In the process of producing and delivering energy

from the sources to the user end, a significant amount of energy is being wasted in the form of

thermal or acoustic energy.

Figure 1.2: Energy flow by source and sector, 2021 in the US (in Quadrillion BTU) [3].

Fig. 1.2 presents energy flow trend from source end to user end for the year 2021. From the figure

it can be concluded that transportation and electric power sector consume the majority amount of

power. Fig. 1.3 demonstrates the energy flow from production end to consumption end in the United

States in the year 2021 [4]. From this figure it can be observed that petroleum, coal, natural gas and

nuclear are considered as major energy sources. The energy required in the transportation sector

is 26.9 quadrillion British Thermal Unit (BTU) of which 24.3 quadrillion BTU is being produced

solely by petroleum. However, only 5.65 quadrillion BTU energy is being used properly while 21.2

quadrillion BTU energy is being wasted. For electricity generation 36.6 quadrillion BTU energy

are being generated from various energy sources such as solar, nuclear, hydroelectric, wind, natural

gas and geothermal. Approximately 12.9 quadrillion BTU energy is utilized properly whereas 23.7

quadrillion BTU energy are wasted as well. In 2021, United States generated 97.3 quadrillion BTU

3



of energy from which 31.8 quadrillion BTU was properly used by the consumers while approximately

65.4 quadrillion BTU energy was wasted in the process. Thus it can be concluded that approximately

67% of total energy being produced are being wasted or rejected during the delivery process. This

tremendous loss of energy is caused due to inefficient system design. On the other hand, approximately

13% of the world’s population (940 million people) do not have access to electricity which drastically

affects their living quality, health, education[5]. Conversion of wasted energy into usable energy is a

sustainable solution of the emerging energy crisis.

Figure 1.3: Energy production, usage, and utilization flow chart in the United States in 2021 (unit in
quadrillion BTU) [4].

1.3 Energy for IoT Devices

Internet of Things (IoT) systems employ numerous devices which are connected through internet

providing these devices with ability to collect and exchange data from one another as well as from

user interactions. IoT technology is moving towards a connected life which includes home automation,

smart roads, smart wearables, connected health and connected wearables. By reducing the gap

between the physical and the digital worlds, IoT is expected to make life more convenient and

productive. The global market of IoT devices is projected to reach to a size of $35.2 billion by the

year 2025, as illustrated in Fig. 1.4.

Sensor networks of IoT are typically battery powered. Due to the limited lifetime of the batteries,

manpower is needed for their periodic replacement and maintenance resulting in increased cost.
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Figure 1.4: Global market of Internet of Things (IoT) in energy market.

In addition, battery replacement incurs higher cost when IoT devices are placed in remote areas.

Besides, batteries typically contain chemicals and metals which can be hazardous to environment.

A suitable alternative is to use energy harvesting-powered sensor which makes it autonomous

resulting in a lower maintenance cost. Further, energy harvesters are easier to install than batteries

lowering the installation cost. Thus, with the rapid growth of IoT technologies, the demand for

wireless sensor network equipped with energy harvesters is also increasing. Energy harvesting can

play a vital role in fulfilling the growing demand of sustainable energy and is capable of providing

safe and power efficient systems which require minimum or low maintenance. Besides, growing need

to minimize carbon emission and effects of climate change are working as driving forces behind the

growth of energy harvesting market.

1.4 Research Goal

The goal of this research is to design a low-power RF energy harvesting system to extract energy from

900 MHz RF signal. For the low-power RF energy harvesting system, a dynamic-bias compensated

RF rectifier with a off-chip matching network and a synchronous DC-DC boost converter is presented.

To ensure maximum power transfer from the receiver to the DC-DC converter, fractional open-circuit

voltage (FOCV) algorithm and neural network based maximum power point tracking (MPPT) systems

were implemented. To perform with high efficiency at very low input-power, a self-compensated RF

rectifier with off-chip matching network is also developed and presented in this dissertation.
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1.5 Dissertation Outline

The remaining chapters of this research will cover followings. In Chapter 2, general architecture of

energy harvesting system, various sources of harvesting energy as well as latest technologies of radio

frequency based energy harvesting system are presented. Chapter 3 presents the proposed RF energy

harvesting system. Design and functionality of each building block of RF energy harvesting system

with detailed analysis of results are also included in this chapter. In Chapter 4, design and analysis

of a novel self-compensated RF energy harvesting system are presented. Concluding remarks and

future direction of research have been added in Chapter 5.
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Chapter 2

RADIO FREQUENCY BASED ENERGY HARVESTING

TECHNOLOGIES

2.1 Architecture of Energy Harvesting System

Energy harvesting is a method of converting the available energy from the surroundings into a usable

electrical energy to create a maintenance-free and sustainable form of energy. By recycling already

produced and wasted energy, energy harvesting offers to be a sustainable solution to meet the gap

between energy demand and energy supply. Upon implementing with environmental monitoring

nodes, energy harvesting systems can extract energy from the environment and can be used to

power the nodes of environmental wireless sensor networks (EWSNs) improving their performance or

extending their lifetime. Tremendous amount of energy is present in our surroundings such as light,

kinetic, electromagnetic, thermal, chemical etc. Table 2.1 presents the power density of the energy

sources available in nature.

Fig. 2.1 depicts the building blocks of a typical energy harvesting system. Energy generated from

Figure 2.1: Building blocks of energy harvesting system.
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Table 2.1: Power density of ambient energy sources[6]

Harvest Method Working Principal Power Density

Solar Energy Photovoltaic 15-100 mW/cm3 - bright day

Solar Energy Photovoltaic 0.15-100 µW/cm3 - cloudy day

Kinetic Energy Piezoelectric 200 µW/cm3

Thermal Energy Pyroelectric 10 µW/cm3

Ambient RF Rectenna 0.1 µW/cm3-GSM 900

Acoustic Noise PZT 0.003 µW/cm3 – 75 dB

an already existing energy source such as light or thermal energy is converted into electrical form by

using a photovoltaic or pyroelectric transducer. The main concern while designing energy harvesting

system is the gap between the voltage being produced by the transducer and the minimum amount

of voltage required by the load. This gap can be fulfilled by using power conditioning circuits such as

AC-DC conversion circuit, DC-DC conversion circuit or power management circuit. Finally, there is

the load such as battery, super capacitor, IoT devices in which the converted usable electrical energy

is fed to increase their performance.

2.2 Methods for Energy Harvesting

Based of the type of energy being extracted, the transducers, power management circuits, applica-

tions architectures needs to be determined. Therefore, having knowledge regarding the harvesting

methodology of the energy sources is imperative.

2.2.1 Thermal Energy Harvesting

Thermal energy is one of the most commonly available energy in the surroundings making it a viable

source for harvesting energy. In thermal energy harvesting, temperature difference is converted into

electrical energy. Wasted thermal energy from furnaces, heater and auto engines can be converted

into usable electrical energy by utilizing thermoelectric, thermocoupling and pyroelectric properties

of materials.

Thermoelectric effect is known as the direct conversion between thermal energy and electrical

8



Figure 2.2: Seeback effect.

energy. When a junction of two different materials are heated, an electromotive force occurs, causing

a small voltage potential. Upon being connected to an electric circuit, a DC current will flow through

that circuit. This phenomenon is known as Seeback effect. Fig. 2.2 presents the Seeback effect

generated when two thermoelectric materials are joined together with hot (temperature Th) and cold

(temperature Tc) juctions. Seebeck EMF of Vo is obtained across the junctions.

(a) ThermaWatt, a candle powered TEG. (b) TEGs to be used on BMW cars.

Figure 2.3: Commercial TEGs.

The output voltage, Vo can be expressed as:

Vo = mα∆TG (2.1)

Where

• m represents the number of thermocouplers,

• α represents relative Seeback coefficient, and

9



Figure 2.4: Generator and motor action of piezoelectric element: (a) disk after polarization, (b) disk
compressed, (c) disk stretched, (d) disk lengthens, and (e) disk shortens [10].

• ∆TG represents temperature difference between hot and cold junctions.

Fig. 2.3 presents commercially available thermoelectric generators (TEG). Fig. 2.3 (a) presents

a Thermawatt that converts the heat of a candle into electricity and produces an output power of

500 mW at room temperature [7]. Fig. 2.3 (b) presents the application of TEGs into BMW cars

[8]. Electricity is being generated from the wasted heat of the automotive engine to improve the

efficiency of the engine.

2.2.2 Piezoelectric Energy Harvesting

Piezoelectric transducers convert the vibrational energy available in nature into electrical energy.

When mechanical stress is applied on piezoelectric materials, an electric field is generated [9]

which can be utilized to harvest the energy. Generally, piezoelectric materials are crystals or

ceramics. Polycrystalline lead titanate (PZT) has high piezoelectric coefficient and low fabrication

cost. Therefore, PZT is one of the most commonly used materials for energy harvesting.

When stress is applied on a piezoelectric material, the positive and the negative charge centers

of the crystal are misaligned which causes deviation form their equilibrium states. This results in

internal polarization. Adjacent internal dipoles of the material neutralize each other except the

dipoles on the surface. Therefore, an overall electric potential is generated across the thickness of the

material. On the other hand, applying electric field to the material will cause displacement of the

charge center of the atoms resulting in deformation of the material.

In the case of piezoelectric materials, values of the compressive stress and the voltage generated

by applying stress to a piezoelectric material are linearly proportional up to a material-specific stress.

This is also applicable for applied voltage and generated strain.

If a piezoelectric material is compressed along the direction of polarization, a voltage of the same

polarity with poling voltage is generated (Fig. 2.4 (b)). If tension is applied along the direction of

10



Figure 2.5: Piezoelectric energy harvesting for road highway [11].

polarization, a voltage of the opposite polarity with the poling voltage is generated (Fig. 2.4 (c)).

If a voltage of the same polarity as the poling voltage is applied to a piezoelectric material, the

material will lengthen in the direction of poling voltage (Fig. 2.4 (d)) and vice versa (Fig. 2.4 (e)).

The electrical behavior of a material can be expressed by Hooke’s law:

D = ϵE (2.2)

Where

• D represents displacement of charge density,

• ϵ represents permittivity, and

• E represents applied electric field strength.

For a system Hooke’s law can be expressed as the following [12]:

S = sT (2.3)

Where

• S represents strain,

• s represents compliance, and

• T represents stress.

11



The direct and converse piezoelectric effect can be represented as:

D = dT + ϵE (2.4)

S = sT + dE (2.5)

Fig. 2.5 presents an impact-based piezoelectric road energy harvester for smart highways with

maximum output power of 483 mW. The limitations of piezoelectric energy harvesters are their

frequency dependency and inefficiency at low-frequency human motion.

2.2.3 RF Energy Harvesting

In this era of internet, electromagnetic waves are omnipresent in our surroundings. Cell phones,

GSM routers, WLAN routers and TV towers transmit radio waves of various frequencies. Compared

to solar and thermal energies, radio frequency energy is continuously available in both indoor and

outdoor environments [13]. The radio waves ranging from 3 kHz to 300 GHz are utilized for energy

harvesting [14].

These radio waves can be converted into electric power by using a receiving antenna. In RF

energy harvesting, electromagnetic radiation emitted from an ambient RF source is received by a

receiving antenna and is converted into usable electric power. Radio frequency is an appropriate

source for energy harvesting due to its presence everywhere in various forms.

Sensor nodes employed to monitor environmental data such as temperature, moisture, air quality

as well as proximity have two operation modes: (a) active and (b) sleep. The sensors remain in the

sleep mode most of the time. Upon receiving a certain voltage level, the sensors operate in active

mode. Most of the time these sensors are placed into remote and dangerous places. Powering up

these sensors using batteries is cumbersome and require in-person maintenance and thus increases

the cost. Application of RF energy harvesting systems with these sensors will increase the lifetime of

the battery enhancing the overall performance.

Fig. 2.6 presents the RF sources available in the environment. Fig. 2.7 shows the frequencies of

the RF sources. RF energy harvesters can extract energy from dedicated RF sources. The amount of

RF power transmitted at a particular frequency is specified by Federal Communication Commission

(FCC). Generally, FM, TV and GSM signals require licence to transmit RF signals. However, for

industrial, scientific and medical (ISM) purposes parts of frequency signals are internationally reserved

12



Figure 2.6: RF power sources.

Figure 2.7: Frequency of RF sources [15].

that do not require any licence to transmit RF signals. Table 2.2 presents ISM band in ultra high

frequency (UHF) spectrum.

The distance between the transmitter and the receiver plays an important role in the calculation

of harvested power. Besides, signal strength, antenna gain and transmitted power also affect the

received power. For a transmitter and a receiver in free space, the harvested power received by the

receiving antenna can be calculated by the Friis transmission equation:

Pr =
PtGtGrλ

2

(4πr)2
(2.6)

Where

• Pr and Pt are power at receiver and transmitter antenna respectively,
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Table 2.2: ISM frequency bands in UHF spectrum [16].

Frequency Center Frequency

433.05-434.92 MHz 433.92 MHz

902-928 MHz 915 MHz

2.4-2.5 GHz 2.45 GHz

• Gt is transmitter antenna gain,

• Gr is receiver antenna gain,

• λ is wavelength of transmitting RF wave and

• r is distance separating the antennas.

Another useful form of the Friis equation is given in terms of frequency:

Pr =
PtGtGrc

2

(4πrf)2
(2.7)

Where

• c is speed of light and

• f is frequency of the RF wave.

2.3 Building Blocks of RF Energy Harvesting System

The building blocks of RF energy harvester is shown in Fig. 2.8. The receiving antenna receives

the RF signal. The strength of the received signal decreases with the increasing distance between

the transmitting and the receiving antennas. An impedance matching network maximizes the power

transfer from the receiving antenna to the rectifier. Impedance matching network also provides

passive amplification of the input voltage. The rectification circuit converts RF signal into a DC

signal. The DC-DC converter produces a stable DC voltage that is further supplied to the load. The

maximum power point tracking (MPPT) controller improves the performance of the converter.

14



Figure 2.8: Building blocks of RF energy harvester

2.4 Matching Network Topologies

In an RF energy harvesting system, the main reason behind inefficiency is the power leakage during

transmission of the signal from the receiving antenna end to the load. The matching network

maximizes power transfer from antenna to load, considering the rectifier and the DC-DC converter

as the load of the RF energy harvesting system. If there is any impedance mismatch, the incident

wave will get reflected reducing the overall efficiency. The matching network matches the impedance

and ensures maximum power transfer. Matching networks also work as low-pass filter and rejects

higher order harmonics. Therefore, a matching network is a very important building block of the RF

energy harvesting system.

In order to learn the approximate behavior of non-linear devices, they are usually designed by

using small signal equivalent circuits [17]. RF signals are large input signals without any DC bias

and therefore the rectifier operates in different regions of operation. Therefore the impedance of

the rectifier varies with the variation of the input power and the load resulting in degradation of

the PCE. Therefore the matching network needs to match impedance with for various input power

levels and load impedance. Matching networks should have small form factor and wide bandwidth

of operation. In order to achieve the desired impedance, tuning circuits can be used while second

order matching circuit can be employed to improve the bandwidth[18]. However, if the order of the

matching circuit is further increased, the bandwidth of the matching circuit decreases.

Lumped elements and microstrips are two most commonly used architectures of matching circuit.

Lumped element based matching circuit have higher quality factor, Q and narrow bandwidth compared

to distributed line. Lumped elements also have parasitic effects and therefore are not preferred for

higher frequencies. T network, pi-network, shunt inductor, L-network are some common applications

15



Figure 2.9: L matching network.

of lumped elements.

For low power input signals, L matching network is commonly used as it has minimal loss. Fig.

2.9 presents an L matching network circuit. The inductor in matching network preboosts the input

signal of the rectifier. L matching network has higher quality factor, Q and thus suffers from lower

bandwidth. The components of the matching network can be designed as follows:

Rs = Rin
1

1 +Q2
(2.8)

Where

• Rs represents impedance of source,

• Rin represents input impedance of rectifier and

• Q represents quality factor.

Therefore, quality factor, Q can be obtained as:

Q =

√
Rin

Rs
− 1 (2.9)

Also quality factor, Q can determined from real and imaginary part of the impedance:
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Figure 2.10: π matching network

Q =
Im(Z)

Re(Z)
=

Rin

ω0Lm
− ω0CinRin (2.10)

The inductance of matching network can be determined by:

Lm =
Rin

ω0(Q+ ω0CinRin)
(2.11)

The capacitance of matching network can be determined by:

Cm =
Rin

Lm(Rin −Rs)

1

ω2
0 − 1

LmCm

(2.12)

In L matching network, there are only two components that can be tuned and therefore has less

degree of freedom. This problem can be resolved by using π or T network. Fig. 2.10 presents a π

network which can be designed using the following equation:

Zin = [[(RL − jXL)||(
1

jωC2
)] + jωL]||( 1

jωC1
) (2.13)

2.5 Rectifier Topologies

In an RF energy harvesting system, the rectifier converts RF signal into DC signal. For RF energy

harvesting system, input power in the receiving antenna end is low. Thus, RF to DC conversion
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efficiency needs to be high to design an efficient harvesting system. Various topologies have been

adopted for designing an efficient RF-DC converter.

2.5.1 Diode Based Rectifier

Figure 2.11: Voltage doubler circuit.

Voltage doubler is one of the most common architectures of RF rectifiers. Fig. 2.11 shows a

voltage doubler circuit. Several stages of voltage doubler can be combined together to design CMOS

diode connected RF rectifier. In the circuit, diode, D1 and capacitor, C2 form a rectifier while diode,

D2 and capacitor, C1 form a voltage clamp. During the negative cycle of the input signal, D2 is

active and D1 is in the off state. Current passes through D2 and charges C1 with the voltage Vamp -

Vth1. During the positive cycle of the input signal, D1 is active and D2 is in the off state. Current

passes through D1 and charges C2 with the voltage Vamp - Vth2. Therefore, the DC output voltage

can be found as:

Vout = 2Vamp − Vth1 − Vth2 (2.14)

Fig. 2.12 presents the circuit diagram of a Greinacher charge pump, also known as Villard

multiplier. The circuit consists of CMOS diode-connected transistors and coupling capacitors to

couple charge from the input signal to the transistors. For multistage Greinacher charge pump, the

coupling capacitors needs to be larger to overcome the parasitics effect. To overcome this issue,

Dickson charge pump architecture is implemented. Fig. 2.13 presents the circuit diagram of Dickson

charge pump. In Dickson charge pump, input signal is coupled to the capacitor using parallel

connection instead of series connection resulting in efficient voltage multiplication.

The major drawback of using CMOS diode-connected transistor based rectifier is the voltage
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Figure 2.12: Greinacher charge pump.

Figure 2.13: Dickson RF voltage multiplier.
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drop across the transistors lowering the output voltage and hence the efficiency. Upon receiving an

input voltage less than the threshold voltage, the rectifier will not even operate. Therefore, this type

of architecture is not suitable for signals with low input voltage. If the input power is high, rectifying

devices of high power capability such as Schottky diodes are preferred.

2.5.2 Cross Connected Differential Rectifier

Figure 2.14: Cross-connected rectifier.

Fig. 2.14 shows a cross-connected differential rectifier architecture. In this architecture, differential

RF signals are used instead of single-ended RF signal. The rectifier consists of both NMOS and

PMOS transistors. The differential RF signals are used to operate NMOS and PMOS transistors

making it a synchronous self-driven rectifier.

By cascading multiple stages together, the output voltage of the rectifier can be increased. Fig.

2.15 demonstrates the multistage cross-connected differential rectifier. While cascading multiple

stages together, the differential input signals are applied parallel to to rectifying stages through

coupling capacitors.

When the input voltage V̄rec is high, current flows through the transistor, M1 coupling the

capacitor, Cupper and charges the first stage as |Vrec|- (VNdrop + VPdrop)/2. Similarly, when the input

voltage Vrec is high, current flows through the transistor, M3 in the first stage and the transistor, M2

in the second stage coupling the capacitor, Clower and charges the second stage as |Vrec|- (VNdrop

+ VPdrop)/2 and will be added charge stored in the first stage. Hence, with increasing number of

stages, the output voltage of the rectifier is further increased.
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Figure 2.15: Multistage cross-connected differential rectifier.

2.5.3 Threshold Voltage Compensated Rectifier

Figure 2.16: Three-levels threshold voltage compensation method.

From the discussion of subsection 2.5.2 it is clear that threshold voltage drop across diode-

connected transistors results in lower output voltage and thus lower efficiency. The situation becomes

critical when the amount of the input voltage is very low. Many active and passive techniques have

been applied for the reduction of threshold voltage drop of the rectifier.

Fig. 2.16 presents a hybrid three-stage compensation rectifier. In this circuit, the gate of an
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Figure 2.17: Rectifier with threshold voltage cancellation scheme[19].

NMOS transistor is connected to the source of the following NMOS transistor. Therefore, this

structure provides a biasing gate to source voltage equivalent to the incremental voltage across each

stage. In the case of PMOS transistors, gate is connected to the source of the last stage.

In this threshold voltage compensation technique, the gate-source voltage always contains DC

component even during reversed bias condition. Therefore, the power loss due to leakage current will

also increase. Thus there needs to be a trade-off between the number of stages of the rectifier and its

leakage power loss.

Fig. 2.17 presents circuit architecture of the rectifier using threshold voltage cancellation scheme.

Utilizing both positive and negative cycles of the input signal along with the output voltage, the

rectifier cancels the threshold voltage effect. The rectifier consists of MP1 and MN1 transistors. The

threshold voltage of the transistor, MP1 is compensated by rest of the circuit components. The

threshold voltage of the transistor, MN1 is compensated by the output voltage, VOUT of the rectifier.

The output voltage, VOUT is obtained by:

VOUT = 2VIN − VdMN1 (2.15)

Where

• VdMN1 represents voltage drop across transistor MN1 and

• VIN represents input voltage.

By using these threshold compensation schemes, the RF energy harvesting system for very low

22



input voltage can be designed. However, additional power is also required to operate the auxiliary

circuits. Therefore, while designing the RF rectifier, the circuit should be designed with minimal

internal power loss.

2.6 DC-DC Converter

Generally, DC-DC converters are used to convert one voltage level of direct current (DC) source into

a different level of voltage so that the proper voltage can be obtained to power up the electrical and

electronic systems [20]. The DC-DC converters are capable of providing regulated voltage with high

efficiency. DC-DC converter can be of various types such as boost, buck, and buck-boost [21]. If a

system requires higher voltage than the source voltage, then boost converter is used. On the other

hand, if a system requires lower input voltage then the buck converter is used. Fig. 2.18 shows the

schematic diagram of a typical DC-DC boost converter.

Figure 2.18: Schematic diagram of a typical DC-DC boost converter.

The operation mode of a DC-DC converter can be divided into two categories: (a) continuous

conduction mode (CCM), and (b) discontinuous conduction mode (DCM). In CCM, the inductor

current during a switching cycle is always greater than zero. On the other hand, in DCM the inductor

current during a switching cycle hits zero level [22].

Fig. 2.19 (a) shows the CCM and Fig. 2.19 (b) shows DCM operation of a DC-DC converter. In

the figures, t1 and t2 represent the on time of the NMOS and the PMOS switches, respectively. The

input impedance and the output voltage conversion ratio depend on the average inductor current.

The typical advantage of a CCM operation of DC-DC converter is summarized below:

• The voltage gain is function of duty cycle

• The input current is continuous

• The ripple component of the inductor current is lower than the average current of other

components
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(a) CCM operation

(b) DCM operation

Figure 2.19: Inductor current waveform

• Higher efficiency can be achieved compared to a DCM mode of operation

The major drawback of CCM operation is that the efficiency in light load is very low since the

inductor current is always greater than zero, . The advantages of DCM operation are:

• The voltage gain is function of load as well as frequency

• An inductor component size usually smaller than a CCM mode

• At light load, the efficiency is higher than a CCM mode of operation

Besides if the input power is low, the DC-DC boost converters provide higher efficiency if they

are operated in DCM.

The peak inductor current, IL peak can be obtained by using following equation:

IL peak =
t1
L

(2.16)

The average inductor current, IL avg can be found by using the following equation:
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IL avg =
VIN t1(t1 + t2)fs

2L
(2.17)

Where

• VIN represents input voltage of DC-DC converter,

• t1 represents rising time,

• t2 represents falling time,

• fs represents switching frequency of the converter,

• L represents inductance.

The input impedance of a DC-DC converter can be expressed as follows:

VIN

IL avg
=

2L

t21fs
(1 +

t2
t1
)−1 (2.18)

If the boosting ratio is very high this equation can be simplified as:

VIN

IL avg
=

2L

t21fs
(2.19)

From the equation, it can be concluded that the input impedance of the converter depends on

inductance, switching frequency as well as NMOS switch on time. For a boost converter with fixed

switching frequency, an increase of the NMOS on time, t1 will result in decreased impedance of

the converter. On the other hand, an increase in the inductance will increase the impedance of the

converter.

Since the available input power of the proposed RF energy harvesting circuit is very small and is

limited by the available RF transmittable power as well as the distance between a transmitter and a

receiver, a DCM mode of operation is chosen in this design due to the reasons explained above.

2.7 MPPT Controller

Unlike mechanical or thermal energy, RF energy has very low power density resulting in low received

power for harvesting purpose. Therefore, efficient power management system needs to be integrated

with the RF energy harvesting system to increase its efficiency. The RF energy harvesting system can

operate at a maximum power point (MPP) for a particular input power that allows the maximum
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energy transfer from the source to the load. A change in the available input power results in a change

in MPP and thus the output power will also be changed. If the system operates at any operating

point other than the maximum power point, the output power delivered to the load will be lowered.

To overcome this issue, maximum power point tracking (MPPT) technique can be implemented.

MPPT is a technique that tracks the MPP of a system by matching the impedance between the

source and the load.

Figure 2.20: Classification of MPPT algorithms.

Various MPPT algorithms have been implemented in literature to design energy harvesting

systems. Fig. 2.20 shows the major classifications of MPPT algorthm: offline and online [23]. In

the case of online algorithm: perturb and observe (P&O) or incremental conductance (INC), true

maximum power point at a particular instant is tracked but is difficult to implement and has low

convergence speed [24]. Alternatively, offline algorithm such as fractional open circuit voltage (FOCV)

or fractional short circuit current (FSCC) uses an approximation of the maximum power point and

thus is easier to implement [25]. However, under the condition of rapidly varying input power, the

conventional MPPT algorithms suffer from poor tracking speed [23]. This issue can be resolved by

implementing artificial intelligence based algorithms such as neural network (NN) and fuzzy logic

controller (FLC) [26].
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Chapter 3

PROPOSED RADIO FREQUENCY ENERGY

HARVESTING SYSTEM

3.1 Radio Frequency Based Energy Harvesting

Figure 3.1: Block level diagram of the proposed RF energy harvester

The overall block diagram of the proposed RF energy harvester is shown in Fig. 3.1. The ambient

RF signals of specific frequency are received by an antenna in the receiver side. An active rectifier

has been added to convert the RF signal into a DC signal. The matching network in the system

matches the impedance between the antenna and the rectifier. A DC-DC boost converter has been

added to the system to obtain stable DC voltage at the output. In order to extract the maximum

available power, an MPPT controller has also been incorporated in the system.
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3.2 Antenna Model

Generally, radio frequency signals are received in the form of sinusoidal wave. In order to properly

utilize this power rectification operation of the signal is imperative. Therefore, design of a rectifier is

a crucial part of the overall design of the RF energy harvesting system.

Before discussing the design of the rectifier, it is important to address the role of antenna . In a

radio frequency-based energy harvesting system, an antenna works as a transducer that converts

the radio frequency signal into an electrical signal. Therefore, choosing or designing an appropriate

antenna is a crucial part of RF energy harvesting system design. For a transmitter and a receiver in

the free space, the harvested power received by the receiving antenna can be calculated by the Friis

transmission equation:

Pr =
PtGtGrλ

2

(4πr)2
(3.1)

where,

• Pr refers to received power,

• Pt refers to transmitted power,

• Gt refers to transmitter antenna gain,

• Gr refers to receiver antenna gain,

• λ refers to wavelength of transmitted RF wave,

• r refers to distance separating the antennas.

From equation (3.1), it can be observed that the distance between the transmitter and the

receiver plays a very significant role in the calculation of the power received by the receiving antenna.

Additionally, the received power also depends on the signal strength, antenna gain and transmitted

power.

Another useful form of the Friis equation is given in terms of frequency:

Pr =
PtGtGrc

2

(4πrf)2
(3.2)

where c is speed of light and f is frequency of RF wave.
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In the case of radio frequency signal transmission, effective isotropic radiation power (EIRP) is

an important term:

PEIRP = PtGt (3.3)

EIRP indicates the transmission power at which an isotropic emitter would have to be supplied

in order to generate a defined radiation power at distance r. An antenna with gain Gt, can be

operated with transmission power, Pt where Pt is lower than PEIRP /Gt. According to the U.S.

Federal Communications Commission (FCC) regulations, the PEIRP is 4W for the frequency range

from 300 MHz to 1.5 GHz.

Figure 3.2: Equivalent antenna model

Fig. 3.2 presents an equivalent model of the receiving antenna. In the figure, RANT is the internal

resistance of the antenna.

RANT = Rrad +Rloss (3.4)

Where Rrad is the radiation resistance of the antenna and Rloss is the loss resistance of the

antenna.

Antenna radiation resistance, Rrad represents the power radiation by the antenna into the free

space and is a property of the shape and the dimension of the antenna. Antenna loss resistance,

Rloss is the ohmic resistance of the antenna. Power received by the antenna can be expressed as:

PANT =
V 2
ANT

8RANT
(3.5)

Therefore, the voltage received in the antenna end can be estimated from the power received at

the antenna end:
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VANT = 2 2
√
2VANTPANT (3.6)

Where

• PANT refers to power received from antenna,

• RANT refers to series resistance loss and

• VANT refers to sinusoidal voltage source.

In order to convert the AC signal into a DC signal various rectification schemes are used. These

widely applied schemes are not applicable for high frequency signals as the received power is very low

resulting in low voltage in the receiving antenna end. This low voltage in the receiving antenna end

is inadequate to operate the CMOS rectifier circuit.

3.3 Matching Network

The power collected from the receiver antenna can be modelled as an AC sinusoidal voltage source

VANT with a lossy series resistance RANT . From equation (3.6), it can be observed that the voltage

generated by the antenna is proportional to the square root of the power received by the antenna.

Therefore, if the power received by the antenna is reduced, the voltage obtained from the antenna is

also decreased. According to [27], if the input RF power is below -6 dBm, the peak voltage that can

be obtained from the antenna is 0.158 V which is too low to operate the rectifier.

Figure 3.3: Complete front end of RF energy harvesting system
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On the other hand, the minimum power required to operate the rectifier successfully can be

expressed as:

PANT = (
RANT +Rreal RECT

Rimag RECT
)2(

V 2
in RECT

8RANT
) (3.7)

Where

• RANT refers to the sum of the internal losses of the antenna,

• Rreal RECT refers to the real part of the input impedance of the RF rectifier and

• Rimag RECT refers to the imaginary part of the input impedance of the RF rectifier.

From equation (3.7) it can be observed that the minimum power required from the antenna

depends upon the input impedance of the RF rectifier. In order to operate the rectifier with an input

power lower than -6 dBm, the real and the imaginary parts of the impendance of the rectifier can

be adjusted to achieve proper power, PANT which in return will provide adequate voltage, VANT .

Therefore, an impedance matching network is considered as one of the major components of the

design of the RF energy harvester.

Figure 3.4: Matching network of the proposed energy harvester

A matching network has been introduced to the system to obtain the power required for operating

the rectifier. The complete circuit diagram of the front-end of the proposed RF energy harvester

along with the proposed matching network is shown in Fig. 3.3. Fig. 3.4 shows the circuit diagram

of the proposed L-matching network. As the power received from the antenna is very low, it is

imperative to reduce the losses due to the impedance mismatch between the output of the antenna

and input of the rectifier. The proposed matching network matches the impedance between them

and minimize the losses due to impedance mismatch. Besides, it boosts the voltage obtained from

the antenna to an adequate level so that the RF rectifier can operate successfully using the available

voltage.
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In the design, L-matching network has been proposed due to its simplicity and ease of tuning.

The values of Cm and Lm can be calculated by using the following expressions [28], [29]:

Cm =
1

ωrRANT

2

√
RANT

RIN −RANT
(3.8)

Lm =
RIN

ωrRANTCIN + 1
2
√

RANT
RIN−RANT

(3.9)

Where

• RIN is the input resistance of the rectifier,

• CIN is the input capacitance of the rectifier and

• ωr is the resonant frequency.

The voltage gain obtained from the matching network can be expressed as:

Gain =
VIN−RECT

VANT
=

1

2
2

√
RIN

RANT
(3.10)

From equation (3.10), it can be observed that the voltage of the antenna can be boosted by using

the matching network if the input resistance of the rectifier, RIN is greater than the output resistance

of the antenna, RANT . In order to calculate proper values of Cm and Lm, the following procedure

was followed:

• Select the value required to operate the rectifier, VIN−RECT .

• Calculate the value of the gain to obtian the desired value of VIN−RECT from equation (3.10).

• Select an arbitrary value of RANT .

• Calculate the value of RIN from equation (3.10).

• By using given values of Cin and ωr , proper values of Cm and Lm can be obtained from

equation (3.8) and (3.9).

After following the above steps, the values obtained for Cm and Lm are 550 fF and 45 nH,

respectively. Besides, the value of the input capacitance was fixed to 45 nF.

Fig. 3.5 presents the transient response of the RF front end. Fig. 3.5 (a) shows the voltage

received from the receiving antenna. From the figure it can be observed that the voltage received is
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(a) PIN

(b) RF N IN1

(c) RF P IN1
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(d) RF N1

(e) RF P1

Figure 3.5: Voltages of the RF front end at -10 dBm input power.
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in the form of a sinusoidal wave with an amplitude of 83 mV. An ideal balun with 1.3 dB loss has

been added to the system in order to convert single-ended signal into a differential one. Fig. 3.5

(b) and Fig. 3.5 (c) present the output signal of the balun. From Fig. 3.5 (b) and Fig. 3.5 (c) it

can be observed that the balun produces two differential signals, RF N IN1 and RF P IN1 with the

amplitude of 44 mV. The output of the balun is then fed into the matching network. Fig. 3.5 (d)

and 3.5 (e) present the output signals of the matching network. The proposed matching network

produces two differential signals, RF N1 and RF P1 with an amplitude of 335 mV. Therefore, it can

be concluded that the matching network is able to boost the voltage by approximately 7.6 times.

3.4 RF Rectifier

3.4.1 Design of Cross-Coupled Differential Drive Rectifier

Figure 3.6: Schematic diagram of a typical cross-connected active rectifier.

Generally, the RF signal received from the antenna is an AC signal. As electronic devices require

DC power to operate, an AC-to-DC converter is required so that the collected power can be utilized

to power the subsequent blocks. As the power received from the antenna is very low, the power

conversion efficiency of the rectifier needs to be high so that adequate output power is available.

Cross-connected CMOS rectifier structure in Fig. 3.6 is one of the most commonly used topologies

due to its low-voltage requirement [30]. If the input voltage of the rectifier increases, the voltage

conversion ratio also improves significantly. However, the amount of leakage current also increases

with the increase in the input power because both NMOS and PMOS transistors are simultaneously

on during the transition period. In order to obtain better sensitivity, the size of the transistors can

be increased which will result in higher parasitic capacitance. Besides, increased transistor size will
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cause more reverse-current to flow which limits the efficiency at higher input power. Therefore, the

cross-connected rectifiers are able to provide high PCE for a limited input power range. On the

other hand, if the sizes of the transistors are too small, the on resistance of the transistors, Ron will

increase. Hence, the conduction loss of the circuit will increase which will lower the available output

voltage, VRECT of the rectifier. Therefore, the sizes of the transistors need to be chosen carefully.

Figure 3.7: Schematic diagram of the proposed active rectifier.

A cross-connected rectifier shown in Fig. 3.7 has been proposed in the system in order to obtain

high power conversion efficiency (PCE) with limited available input power ranges. To ensure the

operation of the rectifier with low available input voltage, transistors with low threshold voltage have

been chosen.

After careful trial and error simulations, the sizes of the NMOS and PMOS transistors were

selected. Transistors MP1 and MN2 are on during the discharging phase and transistors MP2 and

MN1 are on during the charging phase. The schematic diagram of the half-cycle circuit is provided

in Fig. 3.8. Fig. 3.9 (a) and 3.9 (b) present the charging and the discharging phases in each RF

input cycle.

To obtain the output voltage of the active rectifier, KVL can be applied in Fig. 3.8. After

applying KVL in Fig. Fig. 3.9 (a) and 3.9 (b), we get equations (3.11) and (3.12) respectively:

Vcp = −VRF−IN + Vdn − VDC (3.11)

Vcp = −VRF−IN + VL + Vdp (3.12)
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Table 3.1: Transistor sizes of the proposed RF rectifier

Transistors Size(µm) Number of Fingers

PMOS 30/0.18 25

NMOS 30/0.18 20

From equations (3.11) and (3.12) we get the following:

VL = −2VRF−IN + VDC − (Vdn + Vdp) (3.13)

As the output voltage of the rectifier is collected across its load, it can be represented as:

VRECT = 2VRF−IN + VDC − (Vdn − Vdp) (3.14)

Figure 3.8: Half-cycle schematic of the proposed RF rectifier.

From equation (3.14) it can be observed that the output voltage of the rectifier, VRECT is twice

that of the input voltage, RRF−IN . Besides, equation (3.14) shows that if the voltages Vdn and Vdp

are reduced, the value of the output voltage of the rectifier, VRECT can be increased.

3.4.2 Simulation Results of RF Rectifier

The circuit was simulated at 900 MHz RF input frequency with 1.5 dB loss of a balun. The proposed

front-end of the RF energy harvester was designed using standard 180 nm CMOS process. Fig. 3.10

demonstrates the transient response of the input (RF+ and RF-) and the output voltages of the
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(a) Charging phase (b) Discharging phase

Figure 3.9: Half-cycle voltage operation.

proposed rectifier. From the figure it can be observed that for -10 dBm input power the input (peak)

of the rectifier RF+ and RF- are 560 mV, respectively. For a 3.4 k Ω load, a DC voltage of 0.46 V

can be obtained for -10 dBm input power.

Fig. 3.11 demonstrates the efficiency of the rectifier with respect to various load impedances for

different input powers. From the figure, it can be observed that the efficiency of the rectifier changes

with the variation of the input power. Additionally it can be found that that the efficiency of the

rectifier changes with the changes in the load impedance. For -10 dBm input power shown in Fig.

3.11 (a) it can be observed that with the increment of the load resistance the efficiency of the rectifier

increases. For -10 dBm input power, the rectifier provides highest efficiency of 66.59% at 5 kΩ load

impedance. Besides it can be observed that the rectifier operates above 60% efficiency for the load

impedance range 3 kΩ - 5 kΩ. On the other hand, at 0 dBm input power the rectifier operates with

57% efficiency with 1.6 kΩ load impedance. The rectifier operates with the lowest efficiency of 33.44%

with 5 kΩ load impedance. Therefore, it is crucial to find the optimal load impedance so that the

rectifier operates with proper efficiency for the input power range -10 dBm to 0 dBm. After carefully

observing the performance of the rectifier for various load impedances for the input power range -10

dBm to 0 dBm, 3.45 kΩ load impedance chosen to be optimal.

Fig. 3.12 shows the output voltage, VRECT for various input powers, PIN and for various

conditions of the load, RL of the proposed rectifier. With the increment of the input power, the

output voltage of the rectifier increases. Also, with the increment of load resistance, the output

voltage of the rectifier increases. The proposed rectifier provides the maximum output voltage of 0.96

V for 3.6 kΩ resistive load at 0 dBm input power. The rectifier produces minimum output voltage of

0.416 V for 3 kΩ resistive load at -10 dBm input power.
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(a) RF+

(b) RF-

(c) Vrect

Figure 3.10: Voltages of the RF rectifier at -10 dBm input power.
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(a) Efficiency at -10 dBm

(b) Efficiency at -8 dBm

(c) Efficiency at -6 dBm
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(d) Efficiency at -4 dBm

(e) Efficiency at -2 dBm

(f) Efficiency at 0 dBm

Figure 3.11: Efficiency of the proposed rectifier with various input power, PIN and load conditions,
RL.
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(a) VRECT at with 3.6 kΩ load impedance

(b) VRECT at with 3.45 kΩ load impedance

(c) VRECT at with 3.3 kΩ load impedance
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(d) VRECT at with 3.15 kΩ load impedance

(e) VRECT at with 3 kΩ load impedance

Figure 3.12: Rectifier’s output voltage, VRECT vs. input power, PIN for various load impedances,
RL

43



Table 3.2: Summary of simulated load vs. efficiency of RF rectifier

PIN (dBm) RL (kΩ) Range VRECT (V ) Range Efficiency Range (%)

-10 3.4 - 5.5 0.46 - 0.58 66.59 - 61

-8 2.2 - 5.0 0.49 - 0.73 71.11 - 60.35

-6 1.8 - 5.0 0.53 - 0.87 70.32 - 60.31

-4 1.4 - 3.8 0.57 - 0.94 67.01 - 58.31

-2 1.2 - 3.8 0.65 - 1.1 62.67 - 49.54

0 1.0 - 3.6 0.72 - 1.2 57 - 41.75

Figure 3.13: PCE of the proposed RF rectifier with respect to various input power, PIN .

Fig. 3.13 showcases the PCE of the proposed rectifier for various RF input power with 3.6 kΩ.

At -10 dBm input power, the rectifier operates with 62% efficiency. The rectifier performs with the

maximum efficiency of 70.5% at -8 dBm input power. From the figure it can be observed that with

the increment of the input power, the efficiency of the rectifier is decreased. The rectifier operates

with the lowest efficiency of 42% at 0 dBm input power. As the proposed rectifier was designed using

cross-connected topology, the shoot-through current will be increased with the increment of the input

power resulting in lower efficiency. While designing an RF rectifier, choosing the proper MOSFET is

crucial. If the input power of the RF energy harvesting system is low, the voltage available from the

receiving antenna will be low. If voltage applied to the rectifier is very low, it cannot operate the

rectifier. Therefore, low-threshold MOSFET switches have been applied to design the rectifier which
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(a) Layout (b) Chip Micro-photograph

Figure 3.14: Layout and chip micro-photograph of implemented RF energy harvesting system.

also resulted in additional leakage current to the device. Due to this leakage current, the PCE of

rectifier decreases with the increased input power.

The performance of the rectifier for various load impedances, RL has been summarized in table

3.2.

3.4.3 Measurement Results of RF Rectifier

Fig. 3.14 presents the layout and the chip micro-photograph of the implemented RF energy harvesting

system which has been realized in a standard 180 nm CMOS process. Fig. 3.15 demonstrates the

test circuit of the proposed RF energy harvesting system.

Fig. 3.16 shows the layout and the chip micro-photograph of the implemented RF rectifier

component of the proposed system. The area of the rectifier is 59 µm x 17 µm. As the rectifier

operates in ultra high frequency range of 895 MHz to 920 MHz, the DC-DC converter part has

been separated from the rectifier part so that the high frequency signal does not affect the circuits

associated with the DC-DC converter. Fig. 3.17 shows the test circuit of the RF rectifier that consists

of an RF signal generator, an attenuator, a power splitter and the proposed RF energy harvester.

The RF signal is being generated from Adafruit Feather MO with SX137 LoRa based RF signal

generator. The control unit of Feather Mo is an ATSAMD21G18 ARM Cortex MO processor, clocked

at 48 MHz and at 3.3V logic. Following are some specifications of the Feather MO:

• ATSAMD21G18 @ 48 MHz with 3.3V logic/power,
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Figure 3.15: Test Circuit

• 3.3V regulator with 500 mA peak current output,

• USV native support, comes with USB bootloader and serial port debugging,

• Packet radio with native ready-to-go Arduino libraries,

• Uses the license-free ISM bands (ITU ”America” @900 MHz),

• Simple wire antenna or spot for uFL connector,

• +5 dBm to +20 dBm upto 100 mW power output capability,

The Feather MO is capable of generating power ranging from +5 dBm to +20 dBm. As the

proposed RF energy harvesting system has been designed to operate from -10 dBm to 0 dBm input

power range, a 15 dB attenuator is used to attain the power level appropriate for the proposed

system. A power splitter has been also used to measure the input impedance of the rectifier. Finally,

the signal is being transmitted to the proposed energy harvesting system via a 1-to-1 type balun.

The balun is single-to-differential ended with 50 Ω input and output impedances. The measured

value of the input impedance through the balun is 43 – 116j.

Fig. 3.18 shows the input and the output voltages of the proposed RF rectifier. For the input

voltage of 330 mV, the rectifier is producing an output of 670 mV. Therefore, it can be concluded

that the rectifier is working as expected.
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(a) Layout

(b) Chip Micro-photograph

Figure 3.16: Layout and micro-photograph of the proposed RF rectifier.

Figure 3.17: Test circuit of RF rectifier
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(a) Input voltage

(b) Output Voltage

Figure 3.18: Rectifier’s input and output voltage.
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3.5 DC-DC Boost Converter

3.5.1 Design of DC-DC Boost Converter

For the proposed RF energy harvester, a DC-DC boost converter has been designed in order to boost

the available low input voltage from the antenna so that it can be used to power up the electronic

circuits. Typically, the antenna output voltage is too low to be directly used as a voltage source to

power subsequent blocks of the system. Besides, the obtained voltage is not regulated. Hence, a

boost converter can be used to boost up the input voltage up to usable voltage level as well as a

regulated output voltage of the system. Fig. 3.19 shows the schematic diagram of the synchronous

DC-DC boost converter.

Figure 3.19: Schematic diagram of boost converter.

The DC-DC boost converter is has four switches:

• an NMOS low side switch, MN2,

• a PMOS high side switch, MP2,

• an inductor free-wheeling current switch, MP1, and

• a sample and hold switch, MN1.

The proposed converter is a synchronous DC-DC boost converter. The low side switch, MN2

charges the inductor and PMOS high side switch, MP2 discharges the inductor. MOS transistors

have been used as low side and high side switches due to their lower threshold voltages compared to

the conventional diodes. Besides, the on resistance Ron of the MOS transistors can be adjusted by

varying its size and thus the power loss due to Ron is lower compared to the traditional converters.
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Figure 3.20: Operation of the proposed boost converter.

Fig. 3.20 demonstrates the operation of the proposed boost converter. The reference voltage of

a converter helps to determine its duty cycle. For the proposed case, the reference voltage of the

converter is collected from outside. By using a sample and hold (S&H) circuit, the open circuit

output voltage of the rectifier is collected and stored. Sampling and boosting are two alternative

operating modes of the converter. During the sampling operation MN1, MN2 and MP2 falls into

off-state and vice versa for boosting mode.

Inverted oscillator signal (OSCB) is connected to the sample and hold switch of the converter.

Therefore, whenever the sampling operation is complete, the boosting operation begins. If there is any

interruption, the boosting operation stops, and the converter stats operating in the sampling mode.

The protection function of the converter can be implemented externally. The internal protection bit

is set low by default. Upon detection of the protection signal, boosting operation stops.
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(a) OSCB

(b) V IN

(c) OUT Sample
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(d) SW NMOS

Figure 3.21: Low-side switch control waveforms.

3.5.2 Simulation Results of DC-DC Boost Converter

Fig. 3.21 presents simulation waveform of low-side control signal. As mentioned in Section 3.5.1, the

DC-DC boost converter is operated in sampling or boosting operating mode. From Fig. 3.21 it can

be observed that when the signal OSCB (3.21(a)) is high, the DC-DC converter is operating in the

boosting mode and otherwise in the sampling mode for low OSCB. Therefore, all other operations of

the DC-DC boost converter are halted.

Fig. 3.22 shows the simulation waveform of the high-side switch control signal. Using an EN DEL

signal instead of large hysteresis comparator voltage allows to eliminate fault comparator signal

during the operation of a low-side switching circuit. The EN DEL signal provides adequate delay

time for the ZCDB signal. From the figure it can be observed that when the inductance node voltage,

VLX is greater than the output voltage, VOUT the PMOS switch is on and the DC-DC converter

produces a DC output voltage, VOUT of 1.08 V.

Fig. 3.23 presents the simulated efficiency of the overall RF energy harvesting system for various

input power levels.

3.5.3 Measurement Results of DC-DC Boost Converter

Fig. 3.24 presents (a) the layout and (b)the chip micro-photograph of boost converter. The area of

the boost converter is 917 µm x 728 µm. In order to avoid interference between the DC signal and

the ultra high frequency signal, the input of the DC-DC boost converter is fed from an equivalent
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(a) V OUT

(b) V LX

(c) EN DEL
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(d) ZCDB

(e) SWPMOS

Figure 3.22: High-side switch control waveforms.
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Figure 3.23: Simulated efficiency of overall RF energy harvesting system.

(a) Layout

(b) Chip Micro-photograph

Figure 3.24: Layout and chip micro-photograph of boost converter.
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Figure 3.25: Equivalent circuit of RF rectifier.

Figure 3.26: Test set-up of DC-DC converter.

RF rectifier model as demonstrated in Fig. 3.25. The equivalent circuit consists of a DC voltage,

VDC and a variable resistor, R. The DC voltage, VDC varies from 0.62 V to 0.78 V and the variable

resistor, R varies from 10 KΩ to 20 KΩ.

Fig. 3.26 demonstrates the test set-up of the DC-DC boost converter. From Fig. 3.27, it can be

observed that the RF energy harvesting produces 1.01 V output voltage during testing at -10 dBm

of input power which is close to the simulation results.

3.6 Maximum Power Point Tracking (MPPT) Controller

3.6.1 FOCV Based Maximum Power Point Tracking

According to the maximum power transfer theorem if the load impedance matches the output

impedance of the source, maximum power will be transferred from the source to the load. Additionally,

it has been demonstrated in Section 3.4 that the proposed active rectifier has the maximum efficiency

for an optimal load impedance. As the optimal load impedance of the rectifier at specific available

input power is known, the converter needs to be connected to the rectifier with optimum input

impedance so that the impedances between them are matched. Therefore, the maximum available

power will be transferred from the rectifier to the converter.

The DC-DC boost converter in the proposed system is being operated in discontinuous conduction

mode (DCM). The simplified equation of the input impedance of the boost converter can be expressed
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Figure 3.27: Output voltage of boost converter.

as:

ZIN =
VIN

IL−avg
=

2L

t21fs
(3.15)

From equation (3.15), it can be observed that by controlling the NMOS switching signal (t1) of

the converter, its input impedance can be controlled.

Maximum power point tracking (MPPT) is an algorithm that is used to extract the maximum

available power to the load under variable input power conditions. For the proposed rectifier, the

maximum power point is the condition for optimum load impedance. It can also be observed from

Section 3.4 that the optimal load impedance of the rectifier changes with variable input power

conditions. Therefore, the maximum power point (MPP) of the rectifier needs to be tracked by using

a suitable MPPT algorithm. Several MPPT algorithms are generally used to track MPP such as

Perturb and Observe (P&O), Incremental Conductance (IC) and Fractional Open Circuit Voltage

(FOCV) algorithm etc. Among these, FOCV algorithm estimates the values of the voltage MPP as a

linear function of the open circuit output voltage of the rectifier and therefore is easier to implement.

For the proposed system, the FOCV based MPPT algorithm have been applied to track the MPP of

the system. Fig. 3.28 represents the FOCV based algorithm applied in the proposed system. At

first, the open circuit output voltage of the rectifier is sampled. The maximum power point voltage

(VMPP ) is estimated as a linear function of the open circuit output voltage. Then VMPP voltage is

compared with the input voltage of the converter (VIN ). If VMPP is less than VIN , then the NMOS

switching signal (t1) remains high and vice versa for VMPP less than VIN . Thus, the duty cycle is

varied to set the input impedance of the DC-DC boost converter to an optimal value to extract the
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Figure 3.28: Applied FOCV based MPPT algorithm.

maximum available power from the converter.

Fig. 3.29 (a) and (b) represent the design and block diagram of the proposed MPPT scheme.

The proposed MPPT controller consists of thee blocks:

• Sampling oscillator

• S&H circuit

• Comparator

Fig. 3.30 presents the schematic diagram of the proposed S&H circuit. The sampling frequency

of the S&H circuit is 5 Hz which is provided by an oscillator (OSC). The sampling frequency of the

S&H circuit is determined by the time required to store a proper open circuit output voltage of the

rectifier into an external capacitor, C1. The sampling frequency should be chosen carefully, so that

the output voltage of the S&H circuit maintains the proper value in between the sampling periods.

That means, during the boosting operation the leakage from C1 should not affect the voltage sampled
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(a) Design

(b) Block diagram

Figure 3.29: Proposed MPPT scheme.

in C1. If the sampled voltage if affected by the leakage from C1, a proper value of reference voltage

will not be obtained. Besides if the sampling operation is too frequent, the boosting operation will get

interrupted and could cause improper operation of the converter. R1 and R2 are external resistors

and their value needs to be set carefully to obtain proper reference voltage and to avoid drawing too

much current from the rectifier voltage storage capacitor, CRECT .

The current flowing through R1 and R2 is approximately 410 nA. As C1 is external capacitor,

R3, R4 and R5 resistors are used to protect the input MOS transistor of the operational amplifier

buffer as well as the source and the drain of the PMOS switch in the S&H circuit.

Since the S&H circuit is operating only during the sampling period, current consumption of the

circuit needs to be minimized to optimize its static current consumption. In order to reduce the

current consumption, an NMOS switch has been used in the S&H circuit which is controlled by the

OSC signal. Therefore, the current consumption of the S&H circuit is approximately 100 nA.

Fig. 3.31 (a) shows the low-side switch control scheme of the converter. The reference voltage,

OUT sample is compared to the input voltage of the converter (VIN ). The converter provides high

value if OUT sample voltage is higher than VIN , otherwise it produces a low output signal. The
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Figure 3.30: Schematic diagram of the proposed sample-and-hold circuit.

switching frequency of the DC-DC boost converter is determined by output signal of the comparator

(SWN). Then the SWN signal is fed into an AND gate with OSCB signal to ensure that boosting

operation is stopped during the sampling operation. The output signal of this AND gate needs to be

fed into another AND gate with over voltage protection signal (OVP). The combined signal produces

the control signal of low-side switch (SW NMOS) of the converter.

(a) Control circuit of low-side switch

(b) Control circuit of high-side switch

Figure 3.31: DC-DC boost converter switch control scheme.

The high-side switch control scheme of the converter is shown in Fig. 3.31 (b). The high side-

switch should be turned-off whenever the current through it crosses the zero point. If the high-side

switch is not turned-off properly whenever the inductor completely discharges its stored energy, there

will be a reverse current flow through the switch which can cause multiple problems. Generally,

zero-current sensing circuits are required to detect whether the current through the inductor is
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Table 3.3: Input impedance of the DC-DC boost converter (Simulated)

PIN(dBm) L (µH) t1 (µs) fs (Hz) RRECT (kΩ) RIN (kΩ)

-10 30 7.87 250 3.4 - 4.1 3.87

-7.5 30 7.86 316 2.4 - 3.1 3.07

-5 30 7.28 406 1.7 - 2.4 2.79

-2.5 30 6.95 478 1.4 - 1.9 2.60

crossing zero or not and these circuits are very complex. Therefore, a simplistic way of zero-current

sensing is applied. Zero-current in an inductor means that the current stored in the inductor is fully

discharged. Therefore, even though there exists some delay time between the zero inductor current

and the zero voltage, the zero voltage of the inductor is detected because the switching frequency

is low. A comparator has been applied which compares the output voltage of the DC-DC boost

converter (VOUT ) to the inductor node voltage (VLX). Whenever VLX goes below VOUT , the inductor

is considered to be fully discharged and the high-side switch is turned-off immediately.

3.6.2 Machine Learning Based Maximum Power Point Tracking

The proposed fractional open circuit voltage (FOCV) based MPPT algorithm has a sampling frequency

of 5 Hz. Therefore, under rapid input power varying condition, the FOCV based MPPT algorithm

will suffer from poor tracking efficiency. To overcome this issue, a machine learning (ML) based

MPPT algorithm has been implemented. The ML based MPPT controller tracks the maximum

power point of the system by monitoring its input power (Pin), the input impedance (RIN ) and the

input voltage (VIN ) of the converter. Setting the duty cycle corresponding to the maximum power

point will allow the converter to be operated at the maximum power point. The proposed DC-DC

boost converter has two main switches: SW Low and SW High. For the proposed case, the value of

SW High will be much lower compared to SW Low. Thus modification of SW Low will ensure the

operation of the converter at the maximum power point. The output voltage of the converter VOUT

can be defined as Eq. 3.16 [31]:

VOUT

VIN
=

1

1−D
(3.16)

where, D is the duty cycle of the converter.
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Figure 3.32: Design steps of the proposed ML based MPPT controller.

Fig. 3.32 demonstrates the design steps followed to develop the proposed ML based MPPT

controller. At first, data is collected from the RF energy harvesting system [32]. An optimal ML

model is developed and trained by using the collected data. After achieving optimal accuracy, the

learned parameters such as weights and biases of the trained ML model are extracted. Then the

optimal ML model is translated into hardware by using hardware descriptive language.

For training purpose, data was collected from FOCV integrated RF energy harvesting system.

The input variables of the proposed ML model are the input power of the system, Pin, the input

impedance of the converter, RIN and the input voltage VIN . The output of the ML model is the

duty cycle (1/0) of te converter. 70% of collected data was used for training purpose while 30% data

was used for testing.

Feed-forward neural networks (FNN) are well-known for their capability of non-linear mapping

between the input and the output variables of the model. Besides, the algorithm used to map the

non-linearity among variables is simplistic. The fundamental unit of FNN model is a neuron. By

utilizing the mathematical function, the neuron approximates the relationship between the input

and the output variable [33]. Thus, FNN model was selected for the proposed ML based MPPT

controller. The one directional flow of information (from the input layer to the output layer) of FNN

makes is suitable to be implemented into hardware.

For the proposed system, a three-layer FNN model as demonstrated in Fig. 3.33 was selected.

Fig. 3.34 presents the proposed FNN algorithm. ML libraries such as scikit-learn and Keras were

used to train the FNN model. For training, stochastic gradient descent (SGD) optimizer was applied
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Figure 3.33: Proposed FNN model for tracking MPP.

Table 3.4: FNN model accuracy with various optimizers.

Optimizer Accuracy (%)

Stochastic Gradient Descent 79.19

ADAM 73.93

RMSprop 74.61

to avoid overfitting. Learning of the developed FNN model was evaluated by mean square error

(MSE) function.

Training and testing error plot of the FNN model is demonstrated in Fig. 3.35(a). With

incrementing epochs, the learning of the FNN model is improved resulting in minimal error. From

the figure it can be observed that the FNN model reaches to convergence at 500 epochs. In addition,

Fig. 3.35(b) depicts learning of the FNN model with epochs. With incrementing epochs, the accuracy

of the FNN model increases. The FNN model achieves 79.19% accuracy at 500 epochs.

To select the FNN model with optimal accuracy, it was trained by using different optimizers.

The accuracy of the FNN model with various optimizers is presented in Table 3.4. The FNN model

trained with stochastic gradient descent (SGD) optimizer achieved 79.19 % accuracy while the FNN

trained with ADAM optimizer obtained 73.93 % accuracy and FNN trained with RMSprop optimizer

obtained 74.61 % accuracy. As the FNN model trained with SGD demonstrated the highest accuracy,

this model is considered to be optimal.
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Figure 3.34: Proposed FNN algorithm for ML based MPPT controller.

The optimal FNN model was translated into hardware. The learned weights and biases of

the optimal FNN model were extracted and utilized to develop the hardware FNN model. The

fundamental operation of an FNN model includes addition and multiplication. In general, 32-bit

floating-point library is used to perform such operations. Conversion of the learned parameters from

32-bit floating points to 8-bit integers helped reduce the power consumption. Among these 8-bits, the

most significant bit (MSB) represents the sign-bit and rest of the bits represent data. Replacement

of multipliers by shifters also resulted in significant reduction in power consumption.

To translate weights and biases of the optimized FNN model into logic blocks, hardware descriptive

language, VHDL was used. For implementing the logic blocks into hardware Vivado HLx software

was used. Fig. 3.36 shows the RTL level schematic of the FNN model. Fig. 3.37 demonstrates

the components of a neuron. Table 3.5 demonstrates the device utilization comparison of several

MPPT blocks implemented into hardware. From the table it can be concluded that the proposed

hardware implemented FNN model utilizes approximately 17 times less LUT compared to [34] and

[35] resulting is less power consumption.

Fig. 3.38 presents the simulation results of the hardware implemented FNN model. In this figure,

8-bit binary signals in red represent the input signals and 1-bit binary signal in pink represents the
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(a) Loss

(b) Accuracy

Figure 3.35: Training and testing loss and accuracy of the FNN model.

Figure 3.36: RTL view of the hardware implemented FNN based MPPT controller.
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Figure 3.37: RTL view of the hardware implemented neuron components.

Table 3.5: A comparative study on hardware utilization of MPPT algorithms

Publications MPPT Algorithm Resource Utilization Available Utilization (%)

This Work Neural network LUT 291 32600 0.89

This Work Neural network FF 204 65200 0.0.31

This Work Neural network IO 24 210 11.43

[34] Fuzzy Logic LUT 1928 10240 18

[34] Fuzzy Logic FF 2668 10240 26

[34] Fuzzy Logic IO 27 234 8

[35] Neural Network LUT 5029 28800 17

[35] Neural Network FF - - -

[35] Neural Network IO - - -

[36] Fuzzy Logic LUT 1336 63400 2

[36] Fuzzy Logic FF 11 1337 0.8

[36] Fuzzy Logic IO 15 210 7
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Figure 3.38: Simulation results of the hardware implemented FNN model.

output signal of the FNN model. The dark red signal represents the clock signal which has a period

of 10 ns with 50 % duty cycle. From the figure it can be observed that the response time of the

FNN integrated MPPT controller is 800 ns reducing MPP tracking time by approximately 106 times.

Therefore, it can be concluded that the proposed FNN integrated MPPT controller is able to track

the maximum power point in real time.
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Chapter 4

SELF-COMPENSATING RECTIFIER INTEGRATED RF

ENERGY HARVESTING SYSTEM

4.1 Design of Self-Compensating Rectifier Integrated RF

Energy Harvesting System

Fig. 4.1 shows the proposed two-stage self-compensated rectifier. A cross-coupled topology based

rectifier is implemented in order to dynamically bias the gates of the transistors. In this toplogy,

the bias voltage is in the opposite phase of the input signal. In the case of a PMOS transistor,

when a positive input signal is rectified, the bias voltage becomes negative thereby compensating

the threshold voltage and reducing the forward voltage drop. In the case of a negative input signal

being rectified, the bias voltage at the gate of the PMOS transistor becomes positive. This in-turn

increases the effective threshold voltage resulting in reduced reverse leakage current.

Applied dynamic bias compensation technique increases the efficiency of the rectifier. However, in

this case the bias voltage is limited by the amplitude of the input signal. For very low input power,

the bias voltage becomes lower than the threshold voltage. Therefore, only dynamic biasing technique

Figure 4.1: Schematic diagram of the proposed self-compensating RF rectifier.
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based rectifier will not be sufficient to perform well with ultra low input RF signals. Therefore, a

static bias compensation has been added to the dynamic bias compensation.

In Fig. 4.1 the transistorsMN1 andMN2 zero VT NMOS transistors. This implies that the NMOS

transistors have threshold voltage near 0 V and therefore do not need threshold voltage compensation.

Transistors MP1 and MP2 are low voltage PMOS transistors and there bias compensation is required

in order to reduce the forward voltage drop for PMOS transistors. In this static bias technique,

the gate of PMOS transistors is connected to the same point as in the dynamic biasing technique.

However, the signal from the previous stage will be connected for this purpose. After applying this

technique, the AC component of the obtained bias voltage is the same as the dynamic biasing, but

the DC level is lowered by VOUT /N.

4.2 Simulation Results of Self-Compensating Rectifier Inte-

grated RF Energy Harvesting System

Fig. 4.2 depicts the efficiency of the rectifier with respect to various load impedances for different

input powers. From the figure, it can be observed that the efficiency of the rectifier changes with the

variation of the input power. Additionally it can be found that that the efficiency of the rectifier

changes with the change in the load impedance. For -10 dBm input power demonstrated in Fig. 4.2

(a) it can be observed that with the increment of the load resistance the efficiency of the rectifier

increases. For -10 dBm input power, the rectifier provides the highest efficiency of 72.5% at 11 kΩ

load impedance. Besides it can be observed that the rectifier operates above 60% efficiency for the

load impedance range of 6.2 kΩ - 20 kΩ. On the other hand, at 0 dBm input power the rectifier

operates with 50.75% efficiency with 5 kΩ load impedance. The rectifier operates with the lowest

efficiency of 27.33% with 11 kΩ load impedance. Therefore, it is crucial to find the optimal load

impedance so that the rectifier operates with proper efficiency for the input power range -10 dBm to

0 dBm. After carefully observing the performance of the rectifier for various load impedances for the

input power range of -10 dBm to 0 dBm, 11 kΩ load impedance has been chosen to be the optimal.

Fig. 4.3 shows the output voltage, VRECT for various input powers, PIN and for various load

conditions, RL of the proposed rectifier. With the increment of the input power, the output voltage

of the rectifier increases. Also, with the increment of load resistance, the output voltage of the

rectifier increases. The proposed rectifier provides the maximum output voltage of 1.734 V for 11 kΩ

resistive load at 0 dBm input power. The rectifier produces the minimum output voltage of 0.525 V
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(a) Efficiency at -10 dBm

(b) Efficiency at -8 dBm

(c) Efficiency at -6 dBm
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(d) Efficiency at -4 dBm

(e) Efficiency at -2 dBm

(f) Efficiency at 0 dBm

Figure 4.2: Efficiency of the proposed rectifier with various input power, PIN and load conditions,
RL.
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Table 4.1: Performance summary and comparison

Parameters [37] [38] [39] This Work

Technology 130 nm 130 nm 180 nm 180 nm

Frequency 915 MHz 902-928 MHz 830 MHz 900 MHz

Architecture Self-comp. Ada. Vth comp. Diff. rect. Self-comp.

Output Voltage 2.32 V 3.2 V 2 V 1 V

Max PCE 42.8% @-16 dBm 32% @-15 dBm 44.1% @-17 dBm 74.8% @-8 dBm

for 5 kΩ resistive load at -10 dBm input power.

Fig. 4.4 showcases the PCE of the proposed rectifier for various RF input power levels with

11 kΩ load. At -10 dBm input power, the rectifier operates with 72.5% efficiency. The rectifier

performs with the maximum efficiency of 74.8% at -8 dBm input power. From the figure it can be

observed that with the increment of the input power, the efficiency of the rectifier is decreased. The

rectifier operates with the lowest efficiency of 27.3% at 0 dBm input power. As the proposed rectifier

was designed using cross-connected topology, the shoot-through current will be increased with the

increment of the input power resulting in lower efficiency.

Table 4.1 shows a performance summary of the proposed work and comparison with state-of-the-

art works in RF energy harvesting. Among the existing designs, the proposed architecture achieves

a peak efficiency of 74.8% at-8 dBm, and the efficiency is above 50 % between-10 dBm to-6 dBm.

The proposed rectifier is able to produce output voltage more than 1 V for the input power range

-10 dBm to 0 dBm. Therefore, this RF energy harvesting system can be connected directly to the

loads and additional DC-DC conversion circuit is not required. Therefore, the overall peak efficiency

remains to be 74.8% at -8 dBm which is very high compared to the other reported energy harvesting

systems.
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(a) VRECT at with 5 kΩ load impedance

(b) VRECT at with 6 kΩ load impedance

(c) VRECT at with 7 kΩ load impedance

73



(d) VRECT at with 8 kΩ load impedance

(e) VRECT at with 9 kΩ load impedance

(f) VRECT at with 10 kΩ load impedance
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(g) VRECT at with 11 kΩ load impedance

Figure 4.3: Output voltage of the rectifier, VRECT with respect to input power, PIN for various load
impedances, RL

Figure 4.4: PCE of the proposed RF rectifier with respect to various input power, PIN .
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Chapter 5

CONCLUSION & FUTURE WORK

5.1 Conclusion

In this dissertation, a radio-frequency based energy harvesting systems have been presented. The

proposed system showed the new approach of maximum power point tracking (MPPT). Unlike

previously reported RF energy harvesting systems with A/D converter (ADC) as the main controlling

source of MPPT, the proposed MPPT system is composed with simple resistive network with storage

capacitor and buffer. With this simple design, the proposed MPPT system does not require any

calibration whenever the system is powered off. The conventional MPPT system with ADC actually

requires calibration if there is no stored calibration data such as MCU or memory. In addition, the

proposed system consumes only less than 1 µA of current which is substantially less than the typical

ADC controlled MPPT systems.

One of the major concerns while designing the RF energy harvesting system is the rapid input

power variation due to the unpredictable RF sources. Traditional MPPT algorithm shows degraded

performance with rapid input power variation. In order to further enhance the performance of the

MPPT controller during rapid input power variation, a machine learning based MPPT controller is

presented. The machine learning algorithm has been translated into VHDL and has been implemented

into FPGA. The device utilization percentage of the proposed machine learning model is approximately

17 times lower than that of the other reported works in literature. Besides the hardware implemented

ML model has very fast response time of 800 ns making the MPPT controller a real-time MPPT

tracker.

Finally, a two-stage self-compensated rectifier integrated RF energy harvesting system is presented.

In the proposed scheme, dynamic biasing along with static-compensation technique resulted in high

peak PCE of 74.8% at -8 dBm input power. Besides, the proposed circuit produces sufficient output
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voltage (greater than 1V) eliminating the need to add another DC-DC converter. The proposed

energy harvesting system can be directly integrated with loads such as IoT sensor nodes as well as to

increase the battery lifetime of low-power biomedical devices.

5.2 Future Work

Antenna design of the RF energy harvesting system was out of scope for this research. In future, the

proposed RF energy harvesting systems should be integrated with various efficient antenna models

to further measure and analyze the performance.

For future research purpose, the proposed architecture should be designed and implemented for

multi-band RF energy harvesting system using adjustable matching circuits. This will validate the

use of proposed RF energy harvester for various frequencies. Besides the proposed matching network

consists of inductors and thus off-chip components needs to be added to the energy harvesting system.

Replacement of inductors with capacitors will eliminate the necessity of off-chip components making

the system more compact.

Additionally, the machine learning based MPPT controller should be implemented into circuit

in order to study the test performance of the proposed design. In addition to that, other machine

learning based algorithms and hybrid algorithms should be designed for RF energy harvesting system

to explore optimal MPPT algorithm for such system. Additionally these algorithms should be

implemented into hardware to ensure minimal power consumption.
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