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Abstract

In recent years, advancements in modern technologies have grown the demand for low-power wireless
devices. Considering that enhancing the lifetime of the required battery to maintain the operation of these
devices is still impractical, harvesting energy from ambient sources has become a promising solution to
power portable low power electronic devices. Harvesting ambient energy from the electromagnetic wave
(EM), which is referred to as radio frequency energy harvesting (RFEH), is one of the most popular
power extracting methods. Scavenging energy can be used to fully supply the power required for
wearable electronics devices, RFID, medical implantable devices, wireless sensors, internet of things
(IoT) etc. RF energy is readily available in urban environments due to the abundant existence of HF and
UHF technologies. Therefore, there is a great interest in studying systems working in UHF bands,

including 300MHz to 3GHz frequencies.

Radio frequency energy harvesting is a method which converts the received signals into electricity. This
technique offers various environmentally friendly alternative energy sources. Specifically, RFEH has
interesting attributes that make it very practical for low-power electronics and wireless sensor networks
(WSNs). Ambient RF energy can be provided by commercial RF broadcasting stations such as Wi-Fi,
GSM, radar or TV. In this study, particular attention is given to design efficient low power circuits
suitable to be applied for RFEH as a green technology, which is very suitable for overcoming problems
such as powering wireless sensors located in inaccessible places or harsh environments, the possibility
to power directly electronic devices, recharge batteries and etc. In RFEH, it is very important to enhance

the efficiency of the circuits and systems to maximize the amount of harvested energy.
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This thesis is mainly concerned with the design, simulation, and implementation of AC to DC circuits
including phase shifter, rectifier, and DC to DC converter which is specifically designed for RFEH. It
can be applied in various applications such as telecommunications, wireless sensors, medical devices,
wireless charging, Internet of Things (IoT) and etc. In the designed system in this thesis, the signal must
be passed through a phase shifter, rectifier, and voltage multiplier to reach the required level of output
voltage. In another word, this system rectifies the sinusoidal AC waveform to DC and multiplies it to get

higher voltages.

In this thesis, we propose 1 and 7-stage rectifiers, phase shifters and isolated/non-isolated DC to DC
converters will be investigated individually in a general manner and integrated together to have the
desired range of outputs for considered applications. This research methodology has three major phases:

Phase 1: Theoretical analyses, Phase 2: Simulation investigations and Phase 3: Practical verification.

This thesis presents a review on the history of different circuits used to design a low power system for
EH. Certain achievements in recent decades make power harvesting a reality, capable of providing
alternative sources of energy for a wider range of applications. This review provides a summary of RFEH
technologies to use as a guide for the design of RFEH units. Additionally, comprehensive analysis and
discussions of various designs of rectifiers, isolated and non-isolated DC to DC converters and phase

shifters in addition to their trade-offs for RF energy harvesting purposes are included.

In this thesis, novel designs of Dickson rectifiers with high voltage gain and efficiency operating with an
input frequency of 915MHz is presented. The proposed circuits introduce a new method of deriving
output characteristics of rectification circuit in terms of voltage. The design consists of different stages
of the Dickson voltage multiplier. The rectifiers benefit from two input AC sources with 180° phase shift.

This Dickson circuit is further discussed in two levels; the first one is a 1-stage rectifier operating with
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Schottky diodes or diode-connected MOSFETs, and the second is a 7-stage rectifier discussed with both

Schottky diodes and diode-connected MOSFETSs producing higher output voltages.

Furthermore, the prototype of 1-stage rectifier is presented where the input voltage is between -10dBm
and 2dBm and the output voltage gained is from 318mV to 1700mV, respectively. Also, the prototype of
7-stage rectifier is presented where the input voltage is -10dBm, -8dBm and -6dBm and the output voltage

is gained 1220mV, 1330mV and 1550mV, respectively.

Additionally, a new non-isolated high voltage gain, high efficiency zero voltage switching (ZVS)
resonant DC to DC converter working under ZVS condition is introduced, which can work in high
frequencies with high power conversion rate as well as low losses. The proposed converter can provide
5V output from 350mV input voltage with efficiency of 72.8%. Furthermore, we proposed an isolated
DC to DC converter which provides the output voltage of 6V with efficiency of 68%. Due to have an
isolation transformer, this converter prevents electric shocks which makes it suitable for applications
requiring more safety. All the theoretical analyses are verified by MATLAB and circuits are simulated

in PSIM.

In addition, two combinations of high voltage gain circuits are introduced for low power applications
such as RFEH. The first combination consists of a phase shifter, 1-stage rectifier and resonant ZVS DC
to DC converter which has an output voltage of 6V with an efficiency of 71%. The second consists of a
phase shifter, 1-stage rectifier and isolated resonant ZVS DC to DC converter with output voltage and

efficiency of 5V and 65%, respectively.

In conclusion, this thesis is presented in 6 chapters discussing the designed high voltage gain high

efficiency low power circuits to convert AC input with frequency of 915MHz to DC output. The circuits

can be applied in different low power applications such as energy harvesting systems specifically RFEH.
%
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1 Introduction

This chapter provides a brief introduction of the thesis. This includes the motivation of the research,

the research scope and objectives, the original contributions, and the thesis structure.

1.1 Motivation

The promise of the Internet of Things (IoT) pervasively connecting many devices that can sense and
communicate, is particularly attractive in today’s world, which provides unlimited applications [1, 2].
The scaling of the (IoT) devices to thousands or millions of nodes is currently impractical if the energy
required for the operation of these sensors is supplied by batteries (because of their limited lifetime and
energy storage capacity) [3, 4]. However, powering a range of low-power electronic devices capable of
sensing, computing, and communicating by energy harvesting is now feasible, enabled by recent

advances in energy harvesting systems [5, 6].

Harvesting

Transmission )) Receiving
Antenna . Antenna

Impedance Rectifier
: : Matching | Voltage Mar?:\"::ent Applications
RF : : Network Multiplier || 9 1
: . -

T

Generator -rwv-Tp— * Eif @

Figure 1.1 Radio frequency energy harvesting [7]
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Wireless power transmission system is a unit that emits electrical power from one place and captures it
at another place in the atmosphere of the earth without any wire or other supporting mediums. The history
of radio frequency (RF) power harvesting in our ambient environment began in the period between 1950
to 1960 when the microwave-powered helicopter system was invented [7]. Later, the concept of power
scavenging was defined as a technique to get energy from the environment using different techniques
such as vibrational excitation, thermoelectric conversion, pressure gradient and solar energy conversion.
This method promises great opportunity to replace small batteries in low power electrical appliances.
Figure 1.1 presents the structure of an RF energy harvesting (RFEH) system. It shows different parts of
the whole RFEH system from the transmission antenna to the load [7]. RF wireless power harvesting
(WPH) gives great potential to replace batteries or increasing their lifetime. Now, batteries power most
of the low-power remote sensors and embedded devices. In fact, batteries have limited lifespans and
require regular replacements. By applying power harvesting methods, devices become self-sustaining
concerning the energy required for their operation, thus obtaining an unlimited operating lifespan.

Therefore, the demand for power maintenance is negligible.

The energy required for the operation of low-power (microwatt) [oT devices can be harvested from any
of these or a multitude of these sources: RF [8], kinetic or vibration [9], thermal [10], and solar power
[11]. RFEH, the process of scavenging energy from ambient electromagnetic waves has been considered
as one of the most viable options because of the available RF energy (wireless networks required for
wireless data transmission). It is very important to enhance the efficiency of the RFEH to maximize the
amount of energy harvested which enables the development of self-powered wireless sensors with

enhanced performance.

As illustrated in Figure 1.1 an RFEH circuit consists of an antenna or coil for converting electromagnetic
energy of wireless waves to electrical energy, a matching network to maximize power transfer to the next

stage, an RF to DC power converter (also known as RF rectifier or rectifier), and an energy storage
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element along with required power management circuitry capable of powering downstream electronic

circuits.

Furthermore, RF energy harvesting is becoming a viable solution for powering the wireless loT sensors
eliminating the need for a battery and associated storage, plus lifetime limitation [12-14]. The power
harvester unit, consisting of a multi-stage rectifier, is a key component in an RFEH system that converts
the incoming weak RF signal into a DC voltage. The performance of the rectifier unit can be evaluated
based on its power conversion efficiency (PCE), sensitivity i.e., the minimum required input power to
produce a DC voltage at the output section, and finally, the output DC voltage range. To increase the
rectifier’s PCE, the energy losses introduced by the non-zero ON resistance of rectifying devices must
be reduced. To increase sensitivity and output voltage level, rectification components with lower
threshold voltage are required, since the performance of the power harvester is strongly affected by the

threshold voltage of the rectifying devices [15].

Further research has shown that there are innovative solutions for the reduction of the threshold voltage
using both technologies and circuit-level techniques. For the technology-based approach, the rectifier
circuit can be implemented using Schottky diodes [16, 17] or low forward-voltage transistors [18, 19].
The drawback of using a technology-based approach is higher production costs due to the use of CMOS
technology. As an alternative for using specialized semiconductor technologies, circuit-based approaches
can be used to enhance the performance of RFEH. These circuit techniques can be classified into active
and passive. The active technique requires an external power source (secondary battery) and is generally
used in active sensors or active radio frequency identifications RFIDs [6]. This enables more
sophisticated applications at the price of higher cost and maintenance. The passive technique does not
require an additional source of energy but may require an additional circuit as discussed in [20], where
an auxiliary rectification chain is used to generate the compensating threshold voltage for the main RF

to DC power conversion circuit. The auxiliary chain requires an additional power source and occupies a
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larger area. An internal cancellation circuit is used in [21] where a capacitor stores the threshold voltage
that is applied at the gate-source terminal of the MOS transistor. This technique uses high capacitance
and resistance value which leads to a relatively large silicon area on the chip. Similarly, a self-biasing
technique consisting of an off-chip high impedance resistive network is used in [22] to provide DC
biasing voltage. Instead of generating a passive threshold voltage through additional circuitry, the work
presented in [23] utilizes floating gate transistors as rectifying diodes. In fact, the floating gate transistors
are able to store pre-charged voltage, thus effectively lowering the threshold voltage, this technique
requires an additional pre-charge phase making it unsuitable for fully battery-less applications. The RF
to DC power conversion circuit consisting of N-channel MOSFET (NMOS) transistors with a grounded
body terminal leads to an increase in threshold voltage with the number of stages due to the body effect
which degrades the efficiency of the power conversion circuit [24]. For this scenario, the body terminal
of transistors can be dynamically controlled using additional circuits [25] or floating well devices [26].
This can minimize the undesired body effect. However, the floating well technique generates undesirable
substrate current. Also, the parasitic capacitance at each node is increased in triple-well source-body
connected devices leading to reduced efficiency. In this thesis, the diode-connected MOSFET which

functions as a diode is applied (floating gate transistor).

1.2 Research Aims and Objectives

This research aims to design a novel energy-efficient circuit including a phase shifter, RF to DC rectifier,
and DC to DC converter to maximize the energy harvested and transferred from the RF sources to the

desired range of DC signals with the highest possible efficiency.

Considering all the summarized solutions in the section 1.1, in this PhD thesis, the focus is on researching
novel circuits to amplify and convert a very low power with low voltage level harvested from RF sources

to practical voltages used for different applications such as battery-less devices, loTs, mobile
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communications, medical devices, etc. In this regard, three main circuit blocks were designed. Initially,
we designed a phase shift circuit to produce two separate signals with a 180° phase difference. Then, we
designed efficient rectifier to amplify and convert the harvested energy from RF sources for different
output levels. After that, two isolated and non-isolated DC to DC converters were designed to be
combined with a 1-stage rectifier and produce greater output voltage levels. For validating the whole
concept as the fourth phase, after undertaking theoretical analysis and simulation investigation, we
discussed the experimental process including the design of PCB boards using the DesignSparks
environment, implementation of components on the boards, preparation of all tools and devices needed

to test the circuits and finally testing the circuits.

The proposed novel techniques in RFEH have properties such as low losses, high efficiency, low cost,
flexibility in output voltage range, high reliability, environment friendly and compatibility to harvest

energy from radio frequencies ranges.

The research is verified by simulation investigations in PSIM software, while equations are validated by
MATLAB (where equations are complicated). The progression of this thesis is explained in Figure 1.2.
Mainly, four circuit blocks are proposed in this thesis including 1-stage rectifier, 7-stage rectifier, isolated
resonant DC to DC converter and non-isolated resonant DC to DC converter. For the Dickson rectifiers,
a phase shifter was needed to produce two input signals with 180° phase difference which is also
presented in this thesis. All the circuits were analysed theoretically. The simulation results were also
investigated to verify the theoretical analyses. Finally, the PCB board of three circuits including phase
shifter, 1 and 7-stage rectifiers were designed with DesignSpark software, and the proposed circuits were

tested in the laboratory.
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Novel high efficiency low power Dickson rectifiers with a phase shifter and ZVS DC

to DC converters for RF energy harvesting at 915MHz

'

|

'

Theoretical analyses + Simulation +

Implementation

1.2.1 Methodology

The methodology of this research is circuit design based on the theories and assumptions, different system
models and application scenarios verified by simulations using PSIM and MATLAB tools. Furthermore,
the software DesignSpark was used to design the PCB boards. Then, the prototype of one complete
system, from low power/low voltage AC signal (-10dBm, 100mV and 915MHz) to DC output with

desired voltage level, was tested in the laboratory to prove the accuracy of the designed circuit’s operation

Figure 1.2 The diagram of how this thesis is prepared

in a practical environment.
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For this research, related articles were assessed to gain knowledge of existing low power energy
conversion circuits, specifically in RFEH application. The majority of these related articles were sourced
from e-Journals, conference proceedings, tutorials and overview publications. Such sources were the
IEEE Xplore® website, related research databases and other online technical publications. Other sources
include the exchange of emails, suggestions and notes from expert researchers and institutions working
on related projects that contribute to the development of low power energy conversion technologies. This

facilitated both general and in-depth knowledge of the desired areas.

Furthermore, using the University’s library resources, academic database and different software were
also useful for the research process. Also, regular meetings and discussions with my first and second
supervisors contribute immensely to this research, as my supervisors facilitated the conduction of this

PhD research in the right direction.

1.3 Thesis Contribution

The major contributions of this thesis are summarized as follows:
Chapter 3

The design of a novel Dickson rectifier with two inputs of 180° phase shift is discussed in one and seven
repetitive levels followed by the simulation results and practical investigations. First, we explained 1-
stage rectifier with two input sources with 180° phase difference. Second, a 7-stage rectifier with two
input sources with 180° phase difference is presented. Third, the design of 180° phase shifter including
analysis of phase errors on the performance of rectifiers is given. Then, the simulation results of both one
and seven stage rectifier with 180° phase shifter is discussed. After discussions about the theory and
simulation the implementation and practical tests of one and seven stage rectifiers with 180° phase shifter
are presented. Finally, the performance comparison of the proposed 7-stage rectifier and other works is

investigated.
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Chapter 4

The design process includes theoretical analyses and simulation investigations of two isolated and non-
isolated resonant zero-voltage switching DC to DC converters. The key contributions of chapter 4 are
isolated DC to DC converter, simulation of isolated DC to DC converter, LC resonant DC to DC
converter, simulation of LC resonant DC to DC converter, performance comparison of the two converters

and performance comparison with other converters in the literature.

Chapter 5

The complimentary discussion of two combinations of the proposed circuits with further comparison of
their performance is presented in this chapter. The main contributions of chapter 3 are the proposed
combination of phase shifter, one stage rectifier and isolated DC to DC converter, the proposed
combination of phase shifter, one stage rectifier and non-isolated resonant converter and comparisons of

all proposed circuits.

1.4 Structure of Thesis

The reminder of this thesis is structured as follows:

In chapter 2, an overview on energy conversion circuits for RF energy harvesting is presented. The rest
of chapter 2 is organized as follows: In section 2.2, a general description of phase shift circuits is
presented. Brief overviews are presented on rectifiers and DC to DC converters are presented in section
2.3 and section 2.4, respectively. In section 2.4, an overview of DC to DC converters is discussed in two
major subjects: isolated and non-isolated converters. A review of the performance criteria of some most

related published circuits is also investigated in section 2.5 by simulating these rectifiers in PSIM
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software. Then, section 2.6 gives information about the potential applications of the designed circuits in

this thesis. Finally, conclusions are drawn in section 2.7.

In chapter 3, The different designs of the novel modified 1 and 7-stage Dickson rectifier is presented.
The rest of chapter 3 is organized as follows: The theoretical analyses of a 1-stage Dickson rectifier is
presented in section 3.2. In section 3.3, the analyses of the 7-stage Dickson rectifier with dual input
sources are discussed in detail. In section 3.4, the design of a phase shifter producing a phase difference

of 180° is presented. Then, the simulation results of 1 and 7-stage modified Dickson rectifier along with

phase shifter are discussed in section 3.5. Consequently, the effects of phase shift errors are investigated
in section 3.6. Furthermore, the implementation and practical results of the tested prototype of the
combination of 1 and 7-stage modified rectifier with dual inputs made by phase shifter are presented in

section 3.7. Finally, conclusions are drawn in section 3.8.

In chapter 4, the proposed high voltage gain resonant zero voltage switching DC to DC isolated and non-
isolated converters are presented. The rest of chapter 4 is organized as follows: The proposed step-up DC
to DC converter working under ZVS condition is discussed in section 4.2. In section 4.3, the simulation
results of this converter and the comparisons with other works are presented. Then, the proposed isolated
DC to DC converter working under ZVS condition is introduced in section 4.4 while in section 4.5 the
simulation results of this converter are investigated. Section 4.6 discusses the comparisons of two

proposed converters and other works. Finally, conclusions are drawn in section 4.7.

In chapter 5, the combination of phase shifter, rectifier and DC to DC converters are introduced. In section
5.2, the combination of phase shifter, 1-stage rectifier and non-isolated boost DC to DC converter is
presented theoretically and by simulation in PSIM. Following that, in section 5.3, the combination of
phase shifter, 1-stage rectifier and isolated resonant ZVS DC to DC converter is discussed in detail. The

conclusions are drawn in section 5.5.

9
Najmehossadat Nourieh
School of Physics, Engineering and Computer Science, University of Hertfordshire



High Efficiency Low Power Rectifiers and ZVS DC to DC Converters for RF Energy Harvesting | 2022

Finally, chapter 6 summarizes the thesis and states possible future research. Section 6.1 conclude the
presented thesis and a comparison of all proposed circuits and combinations is given. In section 6.2, the

future works to improve the suggested circuits are given.
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2 An Overview of High Voltage Gain Energy

Conversion Circuits

In recent decades, energy harvesting (EH) systems have attracted attention as this technology takes into
considered available resources. RFEH, the process of scavenging energy from ambient electromagnetic
waves has been considered as one of the most viable options because of the available RF energy. It is
very important to enhance the efficiency of the RFEH circuits and systems to maximize the amount of

harvested energy.

This chapter presents a review on the history of different circuits used to design a low power system for
EH. Certain achievements in recent decades make power harvesting a reality capable of providing
alternative sources of energy for a wider range of applications. This review provides a summary of RFEH
technologies to use as a guide for the design of RF energy harvesting units. Energy harvesting circuits
are designed to operate relatively with small voltages and currents; hence they rely on specific
technologies for obtaining high efficiency. Thus, comprehensive analysis and discussions of various
designs of rectifiers, isolated and non-isolated DC to DC converters and phase shifters in addition to
their trade-offs for RF energy harvesting purposes are included. After discussions, simulation results and

analysis are presented.

2.1 Introduction

Energy harvesting can be applied in different applications such as passive RFID, medical implantations,
internet of things (IoT), sensors, etc [27- 30]. Conventionally, electrical means are powered by battery or

direct connection of electricity; however, these techniques are being substituted by energy harvesting
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systems for many purposes including the fact that battery has a limited lifetime, and it must be replaced
frequently. Therefore, they are not efficient for some applications such as medical implants where battery
replacement is not practical. Hence, EH is a technique that enables us to have long life energy
consumption [31]. Also, with RF energy it is possible to use the same source for powering many systems.
In this system, RF to DC rectifier plays the most critical role in producing DC voltage from the received

RF signals via the antenna [32- 33].

In this chapter, we discussed the different recent proposed structures of rectifiers, isolated and non-
isolated converters, and phase shifters for low power applications with specifically focus on RF energy

harvesting using radio waves since radio waves are ubiquitous here and there and easy to gather recently.

2.2 Phase Shift Circuit

Lately, due to the quickly growing trend of multifunctional and highly integrated devices, different high-

performance phase shift circuit designs attract excessive attention [34- 37].

Currently, many techniques are applied to attain desired phase shift with the least phase error by using
different topologies in circuit design. Generally, phase shift circuits are classified into two main
categories: digital and analogue. First, in digital phase shifters, the phase shifts are separated by discrete
steps. That means the considered steps are defined by the bit formation of phase shifter. Second, in
analogue circuits, phase shifts are incessant, and any level of phase shift can be directly gained without

steps [38-41].

In digital phase shifter, the performance of the 180° considerably affects the overall bandwidth. A larger
bandwidth for the 180° phase bit is achievable by increasing the order of the topologies [42].

Nevertheless, when the order increases, the phase error and the insertion loss are affected by the parasitic

12
Najmehossadat Nourieh
School of Physics, Engineering and Computer Science, University of Hertfordshire



High Efficiency Low Power Rectifiers and ZVS DC to DC Converters for RF Energy Harvesting | 2022

characteristics of the circuit. Thus, for larger phase shifts, hybrid and distributed networks are applied to

provide small phase errors.

Analogue phase shifters are common components in microwave communication circuits. We need to
achieve small size lumped elements in low/high-pass or all-pass topologies. For large phase shifts, such
as 180°, it is found that the performance of circuit is significantly worse than smaller phase shifts when
the bandwidth rises. Typically, phase errors reported for the 180° phase, are between +2° and +5° while

the return loss is above 14dB without the effect of switches [43].

The simplest phase shifter consists of two transmission line sections of different lengths (Figure. 2.1);
however, this only provides the required phase difference over a very narrow bandwidth. In [44], a
broadband phase shifter which employs loaded transmission line is presented together with detailed
theoretical analysis. Based on a systematic analytical procedure, various design parameters for typical
phase shifts are given, resulting in a simple design procedure. Based on the design formulas, trade-offs

between phase deviation, desired phase shift and bandwidth are more apparent.

Reference arm

Delay arm

Figure 2.1 Transmission line phase shifter
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Phase shift method is based on the measurement of the phase shift of a sinusoidal signal that propagates
along the transmission line. Phase shift is defined by frequency and velocity of the propagating signal as

well as physical specifications of the transmission line [45].

2.3 Rectification

Energy harvesting is the process of collecting weak energy from the surrounding environment, such as
vibration, heat, light, radio waves, etc., to use as a power source. This concept can be applied to realize
battery-less sensors. When using sensors to make wireless sensor networks (WSNs), lifetime of the
batteries is a serious problem because it is troublesome and expensive to replace sensor batteries

regularly.

In this thesis, we focused on RF energy harvesting using radio waves among energy sources since radio
waves are ubiquitous here and there and easy to gather recently. For this purpose, rectifier is a key part
that converts AC radio waves into a DC signal. In the following paragraph, we discuss the different recent

proposed structures of rectifiers for RF energy harvesting circuits and systems.

Diodes are mainly used for their rectification application to convert the AC signal to DC. In power
harvesting applications, antenna retrieves RF signals with sinusoidal waveforms. The harvested signal
will be boosted and rectified to meet the current/voltage requirements of defined applications, after
transformation through a phase shifter. One of the conventional topologies of rectification, is half-wave
rectifier which has capacitors and a single diode called D; as shown in Figure 2.2(a). By conducting diode
Dy, the positive cycle of AC signal is transferred to output and the negative cycle is removed; hence, half
of the AC signal is wasted. Furthermore, the gained output V. is remained discontinuous, as the negative
cycle is cut off. Even though it is very simple, a half-wave rectifier is not efficient for most of applications
[46]. Thus, a full-wave rectifier is more preferred. The structure of full-wave rectifier is presented in

Figure 2.2(b). When input signal is in negative cycle, it passes through diode D;, and charges capacitor
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C to the corresponding energy cycle. When C/ is charged, diode D; transfers the energy and diode D; is
blocked, so capacitor C; starts to be charged. Consequently, at the output stage, there are two capacitors
in series (each one stores a voltage of Vyear) to send their stored energy to output stage. Hence, Vour will
be equal to 2Vpear [47, 48]. Considering explanation of how full-wave rectifier works, this topology is
more efficient and stable comparing to the half-wave type. Another topology of rectification that transfers
both positive and negative cycles of the AC signal is a bridge rectifier. This topology gives equal output

voltage to input peak voltage (Vour = Vpeak). In this structure, pairs of diodes D;, Dy and D>, Ds are

+V

0

D1
l
peak o >| +V
XA A i pent
MRYBRYRY L o B Yoo XU
[+

-V
o 'Vpeak

peak

o 0 -2)(Vpeak
(b)
D1 D2
+Vpeak
o XL
VVN Ve
_Vpeak +Vpeak
s %% Ve 0 YW\
b r _Vpeak
]
(c)

Figure 2.2 Some common topologies of rectifiers: (a) Half wave, (b) Full wave, (c)

Bridge [49]

alternatively blocked (Figure 2.2(c)) [47, 48]. Another rectification topology that converts and boosts AC

input signal to DC output is called voltage multiplier. In some cases, where the voltage of rectified signal
15
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is not enough for specific application, we can increase voltage gain by adding series of stacked single

rectifiers, forming voltage multiplier. Some configurations of the voltage multiplier are shown in Figure

2.3 [49].
1 C3 o
| [ . a_L sl
| I v Vin p1 | D2 D3 | D4
v, D1 D2 D3 o o= H—_H_—*’V
_l out
1 T T
(@) (b)
=2
i
M1 M2
Via L
B = Vou
M3 M4
0_ T
Stage 1 Stage 2

(©)

Figure 2.3 Common voltage multiplier configurations: (a) Three stages
Cockcroft—-Walton voltage multiplier, (b) Four stages Dickson voltage multiplier,

(c). Two stages voltage multiplier comprised of differential drive unit [49]

One of the most fundamental configurations of multipliers, is the Cockcroft-Walton configuration
(Figure 2.3(a)). The operational principles of this circuit are very similar to a full-wave rectifier but has
more stages to gain higher voltages at the output stage. A modification of this topology is called Dickson

multiplier which is shown in Figure 2.3(b). This configuration has capacitors in each stage, which are
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shunted for reducing parasitic effects. Considering simplicity and high efficiency, the Dickson multiplier
gains attention for small voltage applications. To increase the efficiency of these circuits, MOSFET
(metal-oxide-semiconductor field-effect transistor) technology can be a proper replacement for diodes to
overcome the limitations of diode. By replacing diodes with NMOS as shown in Figure 2.3(c), the
Dickson multiplier can be integrated into integrated circuits (ICs). Relatively, high PCE and low
threshold voltage are main features of this topology. Moreover, the differential drive voltage multiplier
(Figure 2.3(d)) is widely used as it has low leakage current and potential for further modification for

specific applications [49].

2.3.1 Dickson Rectifier

To convert the received AC signal, a basic rectifier of Dickson voltage doubler shown in Figure 2.4 is

often used [50, 51]. The operation of the circuit shown in Figure 2.4 is as follows:
1. For (—Vs) negative peak: Capacitor C; is charged to Vs through diode D;.

2. For (+Vs) positive peak: Voltage of capacitor C; is added to that of the source, therefore it charges

C> to 2Vs through D:>.

3. Negative peak: Voltage of C; decreased to OV allowing capacitor Cs to be charged through D3 fo

2Vs.
C C
4| |~ |2
I 1|
D Do D3 D4
O NN NV
TN
| 5=
=i CQ C 4 4Us
Figure 2.4 Basic schematic of Villard voltage doubler [S0]
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4. Positive peak: Potential of C> rises to 2Vs (similar to step 2), also charging capacitor C4 to 2Vs.

The output voltage (the sum of voltages for C> and Cy) rises until 4Vs is achieved.

This Dickson multiplier is intended to have low output voltage for low power applications. To ameliorate
the function of the basic Dickson model, the new circuit was introduced to have higher efficiency as

illustrated in Figure 2.5 [52, 53].

To describe the ideal operation of the circuit, we numbered the diodes D;, D>, etc. from left to right and
the capacitors C;, C> etc. When the clock ¢1 is low, D; will charge C; to Vi,. When ¢; goes high the top
plate of C; is pushed up to 2V;,. Diode Dy is then turned off and D: is turned on and C> begins to charge
to 2Vis. On the next clock cycle, ¢; again goes low and now ¢ goes high, pushing the top plate of C> to
3Vin. D2 turned off and D; turned on, charging Cs to 3V, and so on with charge passing up the chain. The
final diode-capacitor cell in the cascade is connected to the ground rather than a clock phase and hence
is not a multiplier; it is a peak detector that merely provides smoothing. In fact, there are several factors
which reduce the output from the ideal case of nV;,. One of these parameters is the threshold voltage, Vr
of the switching devices, which is the voltage required to turn the component on. The output will be
reduced by at least n}'7 due to the voltage drop across the switches. To solve this issue, Schottky diodes
are commonly used in Dickson multipliers because of their low forward voltage drop, which leads to
achieve an output voltage closer to the ideal one. Another critical issue in these circuits is that there are

parasitic capacitance to the ground at each node.

To enhance this circuit, other works [53, 54] have been done to reach a higher clock frequency which is
beneficial to reduce the ripple and the high frequency makes the remaining ripple easier to filter. Also,
the size of needed capacitors is reduced since less charge needs to be stored per cycle. However, the loss
through stray capacitance is increased in coordinate with an increment of clock frequency with practical

limitation of around a few hundred kilohertz.
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Figure 2.5 The enhanced Dickson multiplier [52]
Thus, as it is demonstrated in Figure 2.6, the diodes in the Dickson multiplier are often replaced by diode-
connected MOSFETS to operate as rectifying devices instead of Schottky diodes [54- 56]. The operation

of this rectifier is same as the one shown in Figure 2.5.

01| ual 03| 04] 05|

vino i O O I O I S 0

i

Clock Phase 1 T
. T

Clock Phase 2
O

|
——

Figure 2.6 The diode connected Dickson multiplier [54]

The diode-connected MOSFET version of the Dickson multiplier does not work very well at very low
voltages because of the large drain-source voltage drop of the MOSFETs. To overcome this issue, a more
complex circuit is used. One solution is to connect another MOSFET in parallel with the switching
MOSFET, biased into its linear region as illustrated in Figure 2.7. This paralleled combination of
MOSFETs has a lower drain-source voltage than the switching MOSFET on its own because the
switching MOSFET is driven hard. Consequently, the output voltage is increased. The gate of linear
biased MOSFET is connected to the output of the next stage so that, it is turned off while the next stage

is charging from the previous stage capacitor. That means, the linear-biased transistor is turned off at the
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same time as the switching transistor. An ideal 4-stage Dickson multiplier with an input of 1.5V would

have an output of 7.5V. However, a diode-wired MOSFET 4-stage multiplier might only have an output

Figure 2.7 Dickson rectifier with paralleled MOSFETS [54]

of 2V. Adding parallel MOSFETs in the linear region improves the voltage to around 4V [54].

2.3.2 Cross-Coupled Switched Capacitor

A voltage multiplier can be formed from cross-coupled switched capacitor cascade voltage doublers
(Figure 2.8). This circuit is typically used instead of a Dickson multiplier when the source voltage is less

than 1.2V.

In [55, 56], the improvement of the conventional Dickson multiplier is discussed as shown in Figure 2.9.
In Figure 2.9(a), each MOSFET gate is connected to the drain of the following switch which means each
switch runs the gate of the switch before. In Figure 2.9(b), the first and last switches are diode-connected,

but for others, the gate of each switch is connected to the source of previous MOSFET. As illustrated in
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P,

Figure 2.8 Dickson multiplier with cross-coupled switch capacitors [S5]

Figure 2.9(c), the gates of MOSFETs with odd numbers are connected to the drain of the following
switches while the gates of MOSFETs with even numbers are connected to the source of previous
switches. In Figure 2.9(d), the gates of the first three switches are connected to the drains of the three
following MOSFETs, while the last switch is diode-connected and the gates of the rest are connected to

the source of the three MOSFETSs before.

The threshold voltage reduction techniques which require additional circuits are not suitable for low
power energy harvesting applications as these circuits occupy a large area leading to additional power
dissipation [57, 58]. Passive threshold voltage reduction techniques such as the self-compensation

method, can reduce the threshold voltage without additional circuits [59].

Improving the efficiency of the previously studied circuits, the latest version of the Dickson multiplier is
introduced as shown in Figure 2.10, where all MOSFETs are directly connected to the power source to

operate as a switch [60].
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Figure 2.9 Modified Dickson rectifier (a) Forward-compensated NMOS [55].
(b) Proposed level-1 back-compensated using PMOS [55]. (¢) Proposed level-
1 hybrid forward and back-compensated using NMOS and PMOS [56] (d)

Proposed level-3 hybrid forward and back-compensated using NMOS and

PMOS [56]
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Considering all the reviewed rectifiers, the best performance belongs to the Dickson rectifier with diode-
connected MOSFETs, as it does not need any external battery and the efficiency for this circuit is higher

than others.

VC VC VC VC VC VC
|-‘|—_|_ A e fe |—‘|—_|_ |_'|__L
IFL IFT IFT IFT . ____ IFL IFLT °
M; M, M, M, | My_, My

Vi
[
Vsource ]? L

Figure 2.10 Dickson multiplier working with operating MOSFETs [60]

2.4 DC to DC Converters

A DC to DC converter is a power electronic circuit that converts a source of direct current from
one voltage level to another. Power levels range from very low (small batteries) to very high (high-

voltage power transmission) [60].

DC to DC converters are used in portable electronic devices such as cellular phones and laptop
computers, which are supplied by batteries primarily. Such devices often contain several sub-circuits,
each with its own voltage level requirement, different from the one supplied by the battery or an external
source (higher or lower than the supply voltage). Additionally, the battery voltage declines as its stored
energy is drained. Switched DC to DC converters offer a method to increase voltage from a partially
lowered battery voltage, thereby saving space instead of using multiple batteries to accomplish the same

function [61- 63]. Most DC to DC converters regulate the output voltage. Two exceptions to be noticed

23

Najmehossadat Nourieh
School of Physics, Engineering and Computer Science, University of Hertfordshire


https://en.wikipedia.org/wiki/Electronic_circuit
https://en.wikipedia.org/wiki/Direct_current
https://en.wikipedia.org/wiki/Voltage
https://en.wikipedia.org/wiki/Cellular_phone
https://en.wikipedia.org/wiki/Laptop_computer
https://en.wikipedia.org/wiki/Laptop_computer
https://en.wikipedia.org/wiki/Battery_(electricity)
https://en.wikipedia.org/wiki/Electrical_network

High Efficiency Low Power Rectifiers and ZVS DC to DC Converters for RF Energy Harvesting | 2022

are a high-efficiency LED power source, which is a kind of DC to DC converter that regulates the current
through the LED, and a simple charge pump which doubles or triples the output voltage [64- 66].
Furthermore, DC to DC converters which are developed to maximize the harvested energy
for photovoltaic systems and wind turbines are called power optimizers presented in [65, 66]. A DC to
DC power optimizer (DCPO), which is a converter with an input connected to the photovoltaic (PV)
panel and an output connected to more DCPOs in series, has been proposed and widely studied in [67,
68]. In the subsequent sections, we will discuss some of the recent proposed boost converters for low

power applications of isolated and non-isolated DC to DC converters.

2.4.1 Non-Isolated DC to DC Boost Converters

In general, a non-isolated DC to DC converter is a circuit that uses power switches, inductors, diodes,
and capacitors to transfer the energy of the input stage to the output. This circuit can be arranged in
different topologies to realize the buck, boost or buck-boost types. Some of the the recent proposed non-
isolated high voltage gain boost converters are presented in the sub sections 2.4.1.1 to 2.4.1.4. In section

2.4.2 the isolated high gain converters are discussed.

2.4.1.1 Step-up/Boost Converter

In [69], a minimum-phase response non-isolated fourth-order boost DC to DC converter (FBDC) exhib-
iting continuous input and output current is proposed. A voltage-mode controller is adopted to this con-
verter to perform bus voltage regulation in a low voltage low power distribution system (LVPDS). FBDC

supports additional load demand by interconnecting a second power source/battery (Figure 2.11).

As shown in Figure 2.11, this converter constitutes two switching MOSFETs, two capacitors and induc-

tors to provide the voltage gain of maximum 3.7.
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Figure 2.11 Fourth-order boost converter [69]

2.4.1.2 An Improved Three-level DC-DC Boost Converter

A fundamental boost DC to DC converter uses single switch, diode, capacitor and inductor which are
arranged to step-up the input voltage, so that output voltage level is higher than input, proportional to

duty cycle. In three-level boost converter, two blocks of simple boost converter are combined to provide

higher voltage gain as shown in Figure 2.12.
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Figure 2.12 Three-level boost converter [70]
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In [71], a simple non-isolated high gain three-level boost (TLB) converter is developed by the addition
of two power switches and two diodes to the standard TLB converter (Figure 2.13). The voltage boosting

and balancing is achieved by regulating the phase shift between the main switches.
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Figure 2.13 Three-level boost converter [71]

2.4.1.3 Multi-level Boost Converter

In Figure 2.14, a multi-level resonant DC-DC converter with high voltage gain, low number of switches,
low voltage stress on transistors, ZVS and ZCS operation and high efficiency is presented. The converter
uses resonant switched-capacitors (SC) circuits with five switches which allows it to reach a six-fold
voltage gain. By the application of adequate switching patterns, seven levels of voltage adjustment can

be achieved [72].
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Figure 2.14 Multi-level high gain boost converter [72]

Figure 2.15 Reduced switch voltage stress ultra-gain multi-stage DC to DC converter for

low power application [73]

2.4.1.4 Reduced Switch Voltage Stress Ultra-gain Multi-stage Boost Converter
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An ultra-voltage gain DC to DC converter is proposed which is composed of an active impedance net-
work with a single MOSFET switch. The proposed converter utilizes minimum components and achieves
the ultra-gain with lower switch voltage stress. The general structure of an n-stage active switched im-

pedance topology is presented in Figure 2.15 [73].

2.4.2 Isolated DC to DC Converters

Many methods have been proposed for achieving high voltage gain in DC-DC converters. In most cases,
high voltage gain DC-DC converters are divided into isolated and non-isolated [74-75]. In the following

sub section, two isolated high voltage gain converters are studied.
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Figure 2.16 Dual switch/inductor isolated DC-DC converter configuration [76]
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2.4.2.1 Dual Switch/Inductor Isolated Hight Voltage Gain Converter

In this section, a dual switch/inductor isolated DC-DC converter configuration for high voltage gain ap-
plications is presented. The high voltage gain regulation of the proposed converters is achieved in a wide
voltage range by employing an auxiliary transformer and voltage lift circuit. The auxiliary transformer
couples the current paths of the two boost inductors, and the used voltage lift circuit led to the increased
voltage gain. The presented converter is developed using the interleaving technique to achieve low-size

filter components (Figure 2.16) [76].

2.4.2.2 Self Balanced High Gain Multi-Port Converter

In this section, a high-voltage gain multi-port DC- DC converter for Photovoltaic (PV) and Fuel cell (FC)
power generation systems is proposed. The traditional three-level boost converter and forward converter
are integrated together for obtaining the proposed converter. Voltage gain across each port is equivalent

to the gain of the conventional boost converter. Moreover, the proposed topology can produce four output
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Figure 2.17 A high-voltage gain multi-port DC- DC converter [77]
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ports in which two are isolated type and the other are non-isolated type. The voltage gain and asymmet-

rical outputs across isolated port can be further adjusted by increasing/decreasing the transformer turns

ratio (Figure 2.17) [77].

2.5 The Simulation of Recent Proposed Dickson Rectifiers

In this section, the simulation results of the recently proposed circuits will be presented. All the discussed
simulation results are obtained using the PSIM simulator. The PSIM environment is used where all the

components can operate by defining all parameters and specifications individually.
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Figure 2.18 A conventional Dickson rectifier with Schottky diode, (a) The

schematic, (b) The output voltage
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First, the simple Dickson rectifier with Schottky diode illustrated in Figure 2.18(a) is simulated. The
frequency of all switches is set at 915MHz, the input voltage is 100mV,.p, and the output load is 3kQ.

The simulated output voltage is approximately 260mV as shown in Figure 2.18(b).
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Figure 2.19 An improved Dickson rectifier with paralleled MOSFETSs, (a) The

schematic, (b) The output voltage
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In Figure 2.19(a), the PSIM designed schematic of an improved Dickson rectifier with paralleled
MOSFETs is presented where the output voltage of this circuit is 380mV for the input voltage of

100mV and frequency of 915MHz as illustrated in Figure 2.19(b).

2.6 Application Wireless Energy Harvesting

In this thesis, we proposed three combinations of circuits to be applied for low power energy harvesting
systems. All the designed parameters were considered to be matched with RFEH applications. Energy is
an essential requirement of any active system to operate. At every moment, RF energy is transmitted
from millions of devices and transmitters all over the world. There are many advantages if we are able to
harvest this energy from sources around us, as we have been depending on many energy sources for
centuries. Since the modern science and electronic industry have grown rapidly, there is a great demand
for more energy-efficient sources. In RF energy harvesting, any radio transmitting device can be
considered as a source of energy. The most common radio wave sources are mobile base and radio

broadcasting station, satellite, TV broadcasting and wireless LAN transmitter (Wi-Fi).

2.6.1 Applications of Wireless Energy Harvesting [49], [78, 79]

As it is discussed in Ref. [49] and Ref. [78, 79], there are several applications for wireless energy
harvesting which includes battery-less power source, charging RFID tags, smart lighting applications,
smart switches for home automation, Internet of Things (IoT) applications, recharging of devices, power
source for smart sensors, wireless charging of portable devices, biomedical applications, LEDs,

implantable devices, environment monitoring and microcontrollers.
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2.6.2 Advantages of Wireless Energy Harvesting [80]

The advantages of wireless energy harvesting are considered as availability, unlimited spectrum of
sources, efficient source of energy, no wastage, green energy, eco friendly, no need for periodic
replacement of battery, extended life for devices due to recharging of storage battery during sleep mode,

simple design and cost-effective and externally resettable for microprocessor control.

2.6.2 Disadvantages Wireless Energy Harvesting [78- 80]

Some of disadvantages of wireless energy harvesting are low density, efficiency inversely proportional
to the distance, design of RF energy harvesting receiver is complex for wide frequency range

specification and it requires longer charge-time.

There is a great potential capacity of wireless energy harvesting for applications such as home automation
projects and the Internet of Things (IoT). Smart sensor technology can produce low-power tools with
advanced embedded technology capable of operating at microwatt input power. Furthermore, wireless
sensors for humidity, proximity and temperature are widely used in industry, home automation and
automobile application. In recent years, wearable devices and medical sensors were capable of using
wireless energy as a power source. Enhanced security devices with smart sensor technology can make

use of power from wireless energy harvesting.

2.7 Novelties

In this thesis, we have designed very low power circuits which can be applied for RF energy harvesting

applications which can have all the mentioned advantages of RFEH applications including availability,

unlimited spectrum of sources, efficient source of energy, no wastage, green energy, eco-friendly, no

need for periodic replacement of battery, extended life for devices due to recharging of storage battery
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during sleep mode and simple design. The novelties of the proposed circuits are separately discussed in
chapter 3, 4 and 5 which is briefly about improving the voltage level of rectifier by using a phase shifter
to produce an additional signal with 180° phase difference (comparing to the first original signal). The
proposed 7-stage rectifier can provide 1.2V at the output stage for the input power level of -10dBm.
Furthermore, two DC to DC converters are introduced to boost the voltage level to the desired output.
The first, ZVS DC to DC converter is capable of operating in high switching frequencies to provide the
highest efficiency. As the input power level is weak, all the parameters are carefully designed to produce
very low losses. In this circuit, by adding the series of inductor and capacitor we provide the ZVS
condition for the main switch. Also, the diode-connected MOSFET is used instead of Shottkey diode in

order to decrease the conduction loss of diode.

In addition, this thesis also proposes an isolated ZVS DC to DC converter which can be applied to the
output of the proposed 1-stage rectifier to produce high output voltages more than 1.2V. This circuit also
benefits from a paralleled diode-connected MOSFET with resonant capacitor to bypass the capacitor in
some discharging operation modes which means the energy of primary side of transformer can be linearly
transfer to secondary. Another advantage of this converter is to use the leakage inductance of transformer
instead of the resonant inductor. Moreover, this converter benefits from diode-connected MOSFETSs at
the secondary side which considerably reduce conduction loss of diode. The combination of this

converter with dual input rectifier and phase shifter makes a unique system for low power applications.

2.8 Conclusion

The energy sources for wireless energy harvesting (WEH) are available in many forms, such as solar
power, wind energy, thermal energy, electromagnetic energy, kinetic energy, etc. Among them,
electromagnetic energy is abundant in space and can be retrieved without limitation. Electromagnetic

waves come from a variety of sources such as satellite station, wireless internet, radio station, and digital
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multimedia broadcasting. A radio frequency power harvesting system can capture and convert
electromagnetic energy into a usable direct current (DC) voltage. The key units of an RF power harvesting
system are the antenna and rectifier circuit that allows the RF power or alternating current (AC) to be
converted into DC energy. The processing of battery wastes is a critical problem. Most batteries end up
in landfills, leading to the pollution of the land and water underneath. The most effective solution for
reducing battery wastes is to replace them with possible alternatives. Applying WPH technology will
help to reduce the dependency on batteries, which will ultimately have a positive impact on the
environment. Moreover, the process of harnessing electromagnetic energy will not generate waste as it

is a clean energy source.
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3 The High Voltage Gain Multi-stage Dickson RF

Rectifier

Radio frequency energy harvesting (RFEH) is currently experiencing fast development because of the
increasing number of transmitter sources. This chapter presents novel designs of Dickson rectifier with
high voltage gain and efficiency at frequency of 915MHz. The proposed circuits introduce new method
of deriving output characteristics of rectification circuit in terms of voltage. The design consists of dif-
ferent stages of the Dickson voltage multiplier. Specifically, we introduced two novel modified Dickson

rectifiers, with one and seven stages for different purposes.

The rectifiers benefit from two input AC sources with 180° phase shift. This Dickson circuit is further
discussed in two levels; the first one is a 1-stage rectifier operating with Schottky diodes or diode-con-

nected MOSFETs, and the second is a 7-stage rectifier producing a higher output voltage.

3.1 Introduction

Figures 3.1 and 3.2 introduce the Villard voltage multiplier and Dickson charge pump topologies, which
work with diodes [81, 82]. Villard multiplier has the most similar configuration to Dickson rectifier. The
main difference is that the Villard voltage multiplier connects the voltage doubler in series form while
Dickson rectifier/multiplier connects the voltage doubler in parallel form. To enhance the operation of
these circuits, diodes (Schottky diodes) are replaced by diode-connected MOSFETs. The diode-

connected MOSFET operates as a diode. When this transistor is turned on, it is in forward-biased mode.

36
Najmehossadat Nourieh
School of Physics, Engineering and Computer Science, University of Hertfordshire



High Efficiency Low Power Rectifiers and ZVS DC to DC Converters for RF Energy Harvesting | 2022

When it is off, it operates in reverse-biased mode. In this structure, the gate of the diode-connected

transistor is connected to its drain.

Furthermore, with the increasingly high-performance requirements of high-efficiency/high-voltage gain
circuits, the power division and phase shifting concepts are considered to increase the performance
quality of the systems. Most attention is paid to the phase shift networks providing a wide range of phase

differences between 90° to 180° to enhance the efficiency [82- 87].
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Figure 3.1 Villard voltage multiplier [81]

3.2 Proposed 1-stage Dickson Rectifier

Rectification of radio (microwave) signals to direct current (DC) power has been the subject of various
research for nearly half a century. This is achieved by rectifying the RF signals obtained from each
antenna element before combining them in the DC output. More energy can be collected because each
antenna element provides a broader pattern, which potentially grows the amount of energy received by
the antenna. However, the important point that should be considered is the non-linearity of the rectifier's
impedance with respect to input power and frequency [82], [88- 89]. Also, the impedance matching

network is sometimes applied to match the impedance from main circuits and antenna. Hence, an
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alternative method is designing an individual antenna combined with a single band voltage

rectifier/multiplier [90- 94].

3.2.1 Dickson Rectifier with One Input Signal

Generally, a multiplier circuit requires an AC power supply to function correctly. One side of the power
supply is grounded, and remains at zero potential level, and the other side varies between plus and minus
Vs[95]. As shown in Figure 3.2, capacitor C; is charged through diode D; to the voltage of Vs, which is
the value of the negative peak. This positively charges the capacitor at the right side and negatively at its
left. On the left side of the diagram, there is a +Vs voltage at the top side of the power supply shown in
Figure 3.3, which charges capacitor C; (the capacitor was also charged in the previous operation mode).
Accordingly, capacitor C: is charged through diode D to 2Vs. Note that the stored charge in capacitor
C was used in the last cycle to charge capacitor Cz; thus, C; is now being charged by diode D;. Similarly,
capacitor Cj; is charged through diode D3 up to 2Vs. Then the power supply is again at its positive peak
and capacitor C> is now being recharged. At the same time, capacitor Cy is charged up to 2Vs. Capacitors
do not charge spontaneously; hence they do not attain the full voltage until a certain number of cycles

have passed. That number of cycles depends on the charging current [95].
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Figure 3.2 Dickson charge pump
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Figure 3.3 Dickson rectifier [95]

To design the proper rectifier for RF energy harvesting, the rectifying elements play a very important
role. Rectifying components such as diodes and transistors are essential elements of rectifier/multiplier
circuits, which can determine the operating frequency and power-conversion efficiency. Conventionally,
Schottky diodes were used because of their low threshold voltage. Besides, there are also tunnel (Esaki)
diodes, spin diodes and metal— insulator—metal (MIM) diodes with recent technology improvements
making them more suitable for low power circuits. Notably, the tunnel diodes can function at very high
frequencies with rapid responses because of their low parasitic features. Furthermore, the MIM diode
technology can be integrated with the CMOS process, but the Schottky diodes cannot. In addition, spin
diodes have lower threshold voltage than Schottky diodes. Shottkey diodes are the perfect combination

of being fast in high frequencies, low threshold voltage and low parasitic features.
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Figure 3.4 presents the simulation results of a single input Dickson rectifier where input voltage is
100mV,.p, frequency is 915MHz, capacitors are 10nF, output resistor is 3k€2, diode model is SMS7630-
079LF and the output voltage is 260mV. The efficiency of this circuit is 19%. The result of this simulation
will be compared with the proposed two-input configuration in the following sub-section. As we need to
keep the output ripple as low as possible, we chose 10nF to keep AVo/Vo lower than 1%. Also, we chose

the value for output resistor to get appropriate output power (Vout)*/Rou=Pout.
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Figure 3.4 Single input rectifier, (a) The schematic, (b) The diagram of the output voltage
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Figure 3.5 The schematic of the proposed dual input rectifier

3.2.2 Proposed Dickson Rectifier with Two Input Sources

The proposed Dickson rectifier with two input signals with a 180° phase difference, can have
approximately 50% more voltage gain compared to the same Dickson rectifier with a single input. In
Figure 3.5 the schematic is presented, where three diodes and three capacitors are employed to increase
the voltage. For better efficiency, we replaced diodes with diode-connected MOSFETSs. This provides
the advantages of simple operation of diode without any need for drivers and more efficient structure of

MOSFETs for low power circuits.

In Figure 3.6, the circuit of the proposed rectifier with diode-connected MOSFETSs has been presented.
In this figure MOSFETS and capacitors are called from Q; to O3 and C; to C;s respectively. The amplitude
of the input signal is Vs for the conventional (single input) circuit, but in the proposed circuit, the
amplitude is 2Vs. This is achieved by the introduction of the second input signal with a 180° phase
difference. One side of the two input signals with 180° phase difference, is grounded and remains at zero

potential, and the other side varies between plus and minus V.
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Figure 3.6 The schematic of the proposed rectifier working by diode-connected MOSFETs

with two input sources with 180° phase shift.

In Figure 3.5, capacitors and diodes are labelled in numbers from 1 to 3. In the positive cycle of the first
input source (which is the negative cycle of the second source), the diode D; conducts and capacitor C,
is charged to 2Vs. (one side of C; is -Vs and the other side is +Vs, which means the magnitude of the
voltage is 2Vs). In the same mode, C> and Cjs are charged through Djs. In the next mode, the capacitor C:
will be charged through D; and Cj, also the energy stored in C; is transferred to C> and the voltage of C>
reaches more than 4Vs. In the next cycle, when D; conducts, the energy stored in C> transfers to Cs (which

is the output capacitor).

In order to analyse this proposed rectifier, we need to model the diode-connected MOSFET with its
characteristics shown in Figure 3.7, where each diode-connected MOSFET or simple diode has been
modelled by Rp and jXp while capacitors are modelled by jXc[96]. The equivalent impedance of diode
is called Zp, the input current is /; and the input voltage is Vs = Vacos(wt) where V7 is the peak voltage

of AC source and wt is the angular frequency. Therefore, to calculate the output voltage of 1-stage
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Figure 3.7 Analytical model of Dickson voltage multiplier circuit

rectifier, the Eq. (3.1) is used. For n-stage of the modified Dickson rectifier working with two input

sources with 180° phase difference, the Eq. (3.2) is used.

In the proposed rectifier with one stage of voltage multiplier, the output voltage is presented in Eq. (3.1).

Moreover, the Eq. (3.3) was considered to calculate the rectifier current. The voltage of V> means the

output voltage after second period.

V=2V, cos(ot) +1,(-jX .+Zp) (3.1)
n _jXC+ZD .
V,=2V, cos(wt) + (5 -1) (m 2V, cos(mt) +Ig (-JXC+ZD) (3.2)
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Figure 3.8 The simulated circuit of the proposed Dickson voltage

multiplier with diode
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Figure 3.9 The simulated circuit of the proposed Dickson voltage

multiplier with diode-connected MOSFET

The proposed circuit is simulated in the PSIM environment, where the characteristics of all elements

were defined using their datasheets (note: all the characteristics are considered to be in the worst-case
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Figure 3.10 The output voltage of the proposed Dickson multiplier with Schottky
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Figure 3.11 The output voltage of the proposed Dickson multiplier with diode-

connected MOSFET

scenario). The diode-type proposed rectifier is presented in Figure 3.8, then the same circuit with diode-
connected MOSFET is shown in Figure 3.9. Respectively, in Figure 3.10 and Figure 3.11, the difference
between the output voltages using these two rectifiers, is shown. The output voltage of the diode rectifier
is 320mV, while it is 340mV for the diode-connected MOSFET. The input voltage is 100mV,.,,
frequency is 915MHz, capacitors are 10nF, output resistor is 3kQ, diode are modelled by specifications
of SMS7630-079LF, MOSFETs are modelled by specifications of EPCS800S8ENGR. The efficiency of

this rectifier with diode is 34.13% while it is 38.5% for diode-connected type.
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3.3 The Proposed 7-Stage Dickson Rectifier

In Figure 3.12, the modified diode-base 7-stage Dickson rectifier with dual input signals is introduced.
A modified multi-stage Dickson rectifier in seven stages is shown in Figure 3.13. The objective of this
section is to find the output voltage for the available power delivered from the antenna. This converter
has seven levels which will be discussed in the following sections. In Figure 3.14, the input signals with

180° phase difference for this circuit is shown where the peak voltage is 100mV.

Dickson rectifiers are intrinsically nonlinear because of the switching behaviour of rectifier elements.

J_C4 J_Cs J_Cx J_CIO J_Cw J_CM
AC Dio Dn Di2 Di3 Dis
>t Stagc IN NStagc 2 > >t Stagc 3 NStagc 4 o Stage S NStagc 6 > Stagc 7
Lal l 'l -
S
Cs Cs C7 C" Ci Cis Cis
AC signal with
180 degree
phase shift
-

Figure 3.12 7-stage Dickson rectifier with diodes
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Figure 3.13 7- stage Dickson rectifier with diode-connected MOSFETSs

Nevertheless, in steady-state mode, we can assume that the input voltage of rectifier is sinusoidal
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Vin

Time

Figure 3.14 The input signal of the first and second input signals with 180° phase difference
(Vs = Vacos(wt)), Va is the maximum voltage of Vs and Vis=2Vs, as we applied dual input sources with
180° phase shift for input power of Pis < —10 dBm. The energy harvesting circuit has a sinusoidal input
source assumed as a Vs = Vacos(wt). In this case, the input impedance of the rectifier is modelled with
a resistor R;, in parallel with a capacitor. The power delivered to the rectifier and the power consumed
by R;, are given in Eq. (3.4).

(V,cos(mt))?
TR (3.4)
The level of the output voltage of an energy harvesting system is defined based on the AC to AC power
transmission of the impedance matching network (IMN), AC to DC voltage multiplication and
rectification of multistage Dickson rectifier. For the proposed novel rectifier with dual inputs, the output

voltage has been calculated as presented in Eq. (3.5). By seven stages of the designed rectifier, we reached

the desired voltage of 1.2V.

- 7 Xt Zp ,
V7—2Vacos((ot)+<§-l> m 2V, cos(t) +ls (X +Zp) (3.5)

In conclusion, we need to do a trade-off between the number of amplification stages, efficiency and the
delivered input power to load. Although this multi-stage rectifier has advantages such as being well fitted
for CMOS technology usage, small size and simple analyse process, we are not able to have voltages of

more than around 1.2V with high efficiency in the RFEH as the input power is too weak. Therefore, for
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applications with higher required output voltages, we proposed to use the two presented methods in
chapter 5 (1-stage Dickson rectifier and resonant ZVS DC to DC converter as well as 1-stage Dickson

rectifier and isolated resonant ZVS DC to DC converter).

3.3.1 The Simulation Results of The Proposed 7-Stage Rectifier in PSIM

The simulation schematic of the diode-base Dickson rectifier with seven stages (PSIM environment) is
presented in Figure 3.15, while the output voltage is shown in Figure 3.16, where it is shown that the

output voltage of 7-stage rectifier is about 1.2V, which is suitable for IoT applications. The frequency is

v
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Figure 3.15 The PSIM model of 7-stage diode-base Dickson rectifier
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Figure 3.16 The output voltage of the 7-stage diode-base proposed rectifier

915MHz and the time to reach steady state is about 35ns. In Figure 3.17 the schematic of diode-connected
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Figure 3.17 The PSIM model of 7-stage rectifier with diode-connected MOSFET

MOSFET Dickson rectifier with dual input signal is presented while in Figure 3.18, two input signals

with 180° phase difference are shown. In the same condition for this MOSFET rectifier, the output
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Figure 3.18 The input signals with 180° phase difference
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Figure 3.19 The output voltage of the proposed seven-stage Dickson rectifier/multiplier

with diode-connected MOSFET
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voltage is around 1260mV which shows better voltage gain for the designed circuit (Figure 3.19). For

this circuit, the calculated efficiency is 79.38%.

3.4 Design of Phase Shift Circuit

Today, phase shift circuits are a common part of microwave communication systems and phased array
antennas. To attain smaller size, the lumped elements in a low-pass/high-pass or an all-pass topology are
often used [8, 42, 98]. It has been found that for large phase shifts, such as 180°, the performance of the
circuit is considerably worse than smaller phase shifts when the frequency increases [99]. However, when
the order increases, the phase errors and the insertion losses are affected by parasitic elements [100]. The
general phase errors are presented in [101- 103] which for 180° phase shifters are between +2° to +5°,
when the return losses are above 14dB, excluding the effect of the switches. However, one drawback of

the distributed networks is the significant area required [42, 104].

3.4.1 180° Phase Shift

In this section, two methods to provide 180°phase difference is presented. In 3.4.1.1, a circuit is designed
to produce a signal with phase difference of 180°. In 3.4.1.2, we used transmission lines to make the

phase shifter.

3.4.1.1 Phase Shift Circuit of 180° Phase Difference

In this section, a phase shifter based on lumped elements providing 180° phase shift is proposed. At low

frequencies, the proposed circuit in [105, 106] is smaller compared to the distributed networks. The series
and paralleled LC networks are applied to control the phase angle of the insertion phase. Additionally,
by linking the series LC resonator with shunted parallel LC resonators, a bandpass response can be gained.

A prototype example with a specific frequency of 915MHz is designed and measured. The measured
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phase shift is around 173° in practical tests (discussed in section 3.8.1) while it is 180° in theory and

simulation analyses.

The high pass (HP)/low pass (LP) phase shifter has one arm as a high pass filter (HPF) section and another

arm as a low pass filter (LPF) section. These HPF and LPF sections can be implemented as either Pi or

T networks [107, 108].

The phase shift is due to the different phase response provided by the high pass and low pass filters. The
design of the HPF and LPF networks involves determination of values for the lumped
components (the inductor L and capacitor C). The design was started with the aim to find the ideal
component values and later focused on determining the practical component values. This section shows

the calculation of ideal values and implementation of these values in the schematic [109- 113].

High-pass filter

C2

L2 | 5]
RF in RF out

= = G

Low-pass filter

Figure 3.20 The phase shift circuit
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Figure 3.20 shows the low-pass and high-pass circuit schematics. The formulas used for the calculation
of L and C values in this circuit are presented. To calculate the value of capacitors and inductors in the
low-pass filter, Eq. (3.7) and Eq. (3.8) must be considered. Here, ¢ is the desired phase shift in radians,
w is the angular centre frequency in radians/sec and Zj is the characteristic impedance of the network

(here Zp is 50Q) [114].

Zysin
p,=20ne (3.7)
®
1-cosg
= .
C (3.8)
® Zy sing

It is assumed that if ¢ is the required phase shift in HPF/LPF phase shift circuits, then HPF needs to
provide ¢/2 phase shift and LPF should provide the remained ¢/2 phase shift. Therefore, by shifting the
signal from one arm to another (for example HPF to LPF), the signal will have a net phase shift of ¢

radians.

Considering Eq. (3.7), Eq. (3.8), f=915MHz, ¢=n/2 and Z¢=50€2, in the low pass filter the value of the

inductor is L1=8.6nH and capacitor is C1= 3.47pF.

A high pass (HP) filter in this network has two inductors and one capacitor connected as shown in Figure
3.19. To calculate the value of components in the low pass filter, Eq. (3.9) and Eq. (3.10) must be

considered.

Zysing
Ly=—m .
2 o(1-coso) (.9

1

= A
2 ® Z sing (3-10)

Considering these equations f=915MHz, ¢=n/2 and Zo=50Q2 in a high pass filter, the value estimated for

inductor is L,=8.6nH, while it is C,=3.47pF for capacitor.
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3.4.1.2 Transmission line

For RF, transmission lines can be used in circuit elements instead of discrete lumped components; For
example, the coaxial cable can actually be a circuit element itself. The phase shift is achieved by
enhancing the length of the transmission line which induces a delay in the input signal. The length of the
transmission line phase shifter is governed by the equation given in Eq. (3.11), where v is velocity of
propagation, f (frequency), / (cable length), ¢ (speed of light) and ¢ (permeability of material). For the
coaxial cables that we use, the velocity factor is 2.61*10% and frequency is 915MHz, which gives us the
length of 28.5cm. Although, we now know that we need the cable with length of 28.5cm, but we need to
consider the connectors as well [44]. Hence, for the exact length of the cable, we need to use VNA (Vector

Network Analyser), which will be discussed in section 3.7.

v="F.l=c/(e)? (3.11)

In theory, if we choose the second cable with twice the length of the first cable, we will have 180° phase

difference.

By sending the signal in two pre-determined lengths of transmission lines, it is possible to define a

specific phase shift of 4¢ at a considered frequency.

A = 21 (AL/A) (3.12)

where 4L is the difference between the physical lengths of the delay line (L) and the reference line (L;),
A 1s the wavelength and 4 ¢ is the phase shift. Phase shifters made by transmission lines are generally
used for 90° and 180° phase shifts. Considering Eq. (3.12), when path L: is a half wavelength (4/2) longer
than path L;, the phase of signal coming through L: introduces a phase difference of 180°. So, to get a

180° phase shift the required physical length difference should be 4L = /2 [45].
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3.5 Simulation Analyses of 1-Stage and 7-Stage Rectifier with Phase Shifter

In this section, the analyses of the two rectifiers with one and seven stages in simulation are presented.

In Figure 3.20 the schematic of simulated 1-stage Dickson rectifier (with diode-connected MOSFET)

W)

VA i
100m
915M 10n
0 T L L @
7 |
3k
10n Rou —10n
° H3.47p . T
8.6n 8.6n @ e
8.6n
N aa'a'a N

j 3.47p 1 3.47p
R

Figure 3.20 Schematic of the combination of phase shift circuit and 1-stage rectifier in PSIM

with phase shifter is shown, while in Figure 3.21 the gained output voltage of 340mV is illustrated. The
input voltage is 100mV,.,, frequency is 915MHz, capacitors are 10nF, output resistor is 3kQ and
MOSFETs are modelled by specifications of EPCS8008ENGR. The efficiency of this rectifier is 38.5%.
In phase shift circuit, the capacitors are 3.47pF and the value of inductors are 8.6nH. In Figure 3.22, the

simulated schematic of a 7-stage rectifier with 180° phase shift circuit is presented. For this circuit, the
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Figure 3.21 The output voltage of combination of phase shift and 1-stage rectifier in PSIM
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Figure 3.22 The schematic of phase shifter and 7-stage rectifier in PSIM
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Figure 3.23 The output voltage of phase shifter and 7-stage rectifier in PSIM

output voltage gained in PSIM environment is around 1260mV as shown in Figure .23. For this circuit,
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the calculated efficiency is 79.38%, while input voltage is 100mV,.p, frequency is 915MHz, capacitors

are 10nF, output resistor is 20kQ and MOSFETs are modelled by specifications of EPCS008ENGR.

3.6 The Effect of Phase Shift Errors on Rectifier Performance

In the simulation process, we also considered the phase shift error effects on the output voltage. Assuming
that we use the 1-stage and 7-stage Dickson rectifiers with diodes, the effect of phase error is presented

in Figure 3.24, where phase errors between 1% and 11% are simulated.

18% |
16% - -
14% - .
o
»
F12% - :
g
a
g 10% - -
&
% 8% - .
s
k=]
§' 6% - .
4% - -
. 7-stage rectifier
2% - 1-stage rectifier ]
WA' | | | | |
0% 2% 1% 6% 8% 10% 12%

Phasc Shift (percentage)

Figure 3.24 The effect of phase shift error on the output voltage of both 1 and 7-stage rectifier

with diode for every 2% (in percentage)

In Figure 3.25, the effect of phase shift errors in degrees on output voltage (mV) is shown. As illustrated
on the graph, the phase shift errors affect the 7-stage rectifier slightly more when compared to the 1-stage
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circuit. For a 1% phase error, the one stage rectifier experienced a 1% difference in output voltage, while
it is around 1.3% for 7-stage rectifier. The larger phase errors considered the more deviation in output
voltage we experienced. For phase error of 11%, the 1-stage rectifier shows a 16% error in output voltage,
while it is nearly 17.1% for the 7-stage circuit. Considering Figure 3.25, for phase difference of 178°,
175° and 170°, in 1/7-stage rectifiers, the output voltage is 316.8mV/1182mV, 310.4mV/1158mV and
298.3mV/1134mV respectively. For phase difference of 165°, 162° and 160°, the output voltage of 1/7-

stage is 282.3mV/1050mV, 275.2mV/1020mV and 268.8mV/996mV respectively.

1200 | | \ \
f

1100 - 7-stage rectifier | |
—— 1-stage rectifier
1000 i

300 - —

w0
8

Output Voltage (mV)
-~
S

500 - -

400 - 1

300 *
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Phasc shift (Degree)

Figure 3.25 The effect of phase shift error (in degree) on output voltage (mV)
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3.7 Implementation and Practical Results of 1-Stage and 7-Stage Rectifier with
Phase Shifter

In this section, the process of testing both the 1-stage and 7-stage rectifiers, the difference between

phase shifters, and the practical results of the combination of chosen circuits are presented.

Figure 3.26 The phase shift circuit with BNC connector

g g g g apa
S RIS nd S

Voltage (mV)

Time (ns)

Figure 3.27 The waveform generated by signal generator (first waveform), the

output of the phase shift circuit (second waveform), S0mV/div and 1ns/div

58

Najmehossadat Nourieh

School of Physics, Engineering and Computer Science, University of Hertfordshire



High Efficiency Low Power Rectifiers and ZVS DC to DC Converters for RF Energy Harvesting | 2022

3.7.1 Choose the Best Phase Shifter

To test the phase shift circuit, connectors and cables play key roles to gain the proper output of 180° from
the circuit. In this subsection, we will compare the different outputs attained from the same phase shifter

with different cables and connectors.

In Figure 3.26, the phase shift circuit with BNC terminals are shown which gives us the output signals
given in Figure 3.27 (The frequency is considered to be 915MHz). As it is illustrated in Figure 3.27, the

output signal is shifted 180° compared to the input signal, but there is a significant disturbance in the

(b)

Figure 3.28 The phase shift circuit with SMA connector, a. Front side and b. Back

side
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output waveform (These signals are shown in the oscilloscope). Furthermore, the gained loss is also
considerable as the input signal has a Vp-p of 100mV while it is nearly about 30mV for the output of
phase shifter, showing great loss within cables, circuits and connectors (All of the output signals from

the signal generator came from a T- junction).

To reduce the loss and obtain proper signals, we replaced the BNC connectors with SMA ones (Figure

3.28).

In Figure 3.29, the output signal produced by the phase shifter with SMA connectors illustrated in Figure
3.28 is shown which clearly gives a smoother output signal with notably less losses (a T-junction has
been used to gives us two outputs from the signal generator). Although the output signal is smoother, the
phase shift is about 165°, measured by oscilloscope. This result encouraged us to consider changing the
cable to obtain better performance. By testing the designed phase shift circuit using an SMA connector

on the VNA device, we see that the measured phase shift is 168.78° at 915MHz illustrated in Figure

3.30.

To obtain closer practical results to simulation, we made another phase shifter PCB board with shorter
and thicker tracks which can improve the performance of the phase shift circuit as shown in Figure 3.31.
The result of testing this board is presented in Figure 3.32, where the approximate phase shifting at

915MHz, as VNA shows, is improved to be around 173° .
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Voltage (mV)

Time (ns)

Figure 3.29 The output voltage (V1) of signal generator (first waveform), the output voltage
(V2) of the phase shift circuit with SMA connector (secone waveform), Vi: 20mV/div, V2:

50mV/div. Time: 1ns/div
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Figure 3.30 The output phase of the phase shift circuit with SMA connector measured by

VNA
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(b)
Figure 3.31 The PCB board of phase shifter with smaller package, (a) Front, (b) Back

The laboratory environment to test the PCB board of the phase shifter is also shown in Figure 3.33. As
different parameters affect the phase shift process, including the length and thickness of tracks on the

PCB board, we decided to also prepare cables that can provide 180° phase shift. The series of a cable
with the size of 12.6cm with two other 14.8cm cables, provide the phase shift of 29.05° , measured by

the VNA, as shown in Figure 3.34. Also, in Figure 3.35, the laboratory environment for measuring the

phase shift of these cables is illustrated.
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Figure 3.32 The output phase of the new phase shifter PCB board on VNA

Figure 3.33 The laboratory environment to test phase shifter PCBs with VNA.
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Figure 3.34 The phase shift of 29.05° of three cables of one 12.6cm and two 14.8cm.

We prepared another cable of 29.8cm which provides -151.76° phase shift (Figure 3.36) which together
with the combination of three cables, shows 179.81° phase shift (very close to the desired phase shift
of 180° ). For better understanding, the measurement of the 14.8cm cable on VNA is illustrated in Figure
3.36, while in Figure 3.37, the laboratory environment for testing the cables is presented. Then, as shown
in Figure 3.38, at the output of the signal generator, we used a splitter to produce two signals with the

same amplitude. One of the outputs of the splitter is connected to the 29.8cm cable and the other one is

linked with the integration of three cables.

3.7.2 Implementation and Measurement Results of Proposed Rectifiers

In previous sections, we have proposed new methods to gain the desired voltage in the output stage of
the RF to DC system. One of the main blocks of this system is the rectifier which is tested practically in
the laboratory. At the first stage, we tested the proposed 1-stage rectifier with two input signals (with 180

° phase difference) composed of Schottky diodes and 10nF capacitors. The rectifier is tested with
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different input power ranges between -10dBm and 2dBm, which is the available range on signal

Figure 3.35 The testing equipment for the integration of three cables.
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Figure 3.36 The phase shift of -151.76° of cable 29.8cm.
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generator.

Figure 3.37 The testing equipment for the 29.8 cm cable.

Figure 3.38 The picture of splitter with two outputs connected to the signal generator.
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Figure 3.39 The two inputs of rectifier with 179.8 degrees phase shift (S0mV/div and 1ns/div).

In Figure 3.39, two input signals of rectifier are measured by the oscilloscope, as it is clear from this

figure, the phase difference between two inputs is 179.8° . The output of the rectifier for the input of -

10dBm is shown in Figure 3.40, which is about 320mV. The components that we used in this circuit are
Schottky diodes (SMS7630-079LF), 10nF capacitors, 200nH inductor (which is in parallel with the input
source to make DC path) and output resistor of 3kQ. In Figure 3.41, the schematic of the 1-stage rectifier
is shown, where point A is defined, which we further use to show the voltage of this point compared with

the output voltage for the range of input powers ranging from -10dBm to 2dBm. In Figure 3.42, the PCB

67

Najmehossadat Nourieh
School of Physics, Engineering and Computer Science, University of Hertfordshire



High Efficiency Low Power Rectifiers and ZVS DC to DC Converters for RF Energy Harvesting | 2022

board of 1-stage rectifier used to test in the laboratory is presented, where a SMA connector is used to

see the DC output signal on the oscilloscope.
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200 k3

Time (ns)

Figure 3.40 The output voltage of rectifier (with phase shifter) shown 320mV

(200mV/div and 100ns/div).

AC

-iXc

AC signal with 180 degree phase shift

Figure 3.41 The schematic of the rectifier where point A is defined.
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Figure 3.42 The PCB board of the designed 1-stage rectifier.
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Figure 3.43 The output of 1-stage rectifier (with phase shifter), where the gained voltages

of point A and output are shown for input range of -10dBm to 2dBm plotted in MATLAB.
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TABLE 3.1 PARAMETERS OF THE PROPOSED RECTIFIERS

1-stage rectifier 7-stage rectifier
Schottky diode SMS7630-079LF SMS7630-079LF
Capacitor 10nF 10nF
Input voltage From -10dBm to 2dBm From -10dBm to -6dBm
Output voltage From 318mV to 1700mV From 1220mV to 1550mV
Output resistor 3kQ 20kQ
Frequency 915MHz 915MHz

In Figure 3.43, the practical gained voltages at the output and point A for the range of input powers from
-10dBm to 2dBm are plotted by Curve Fitting in MATLAB, where for the input signals of -10dBm, -
8dBm, -6dBm and -4dBm the output is 318mV, 420mV, 560mV and 760mV respectively, as well as
1010mV, 1300mV and 1700mV for -2dBm, 0dBm and 2dBm in turn. Furthermore, the red graph

illustrated with diamond points is plotted to show the voltages of point A in the range of inputs where

Figure 3.44 The PCB of the 7-stage rectifier prototype
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30mV, 40mV, 52mV and 65mV were measured correspondingly for -10dBm, -8dBm, -6dBm and -
4dBm. In addition, for input of -2dBm, 0dBm and 2dBm, the voltages of 75SmV, 140mV and 270mV are

obtained.

Following the tested 1-stage rectifier, the implementation and the practical results of the 7-stage rectifier
were analysed. As shown in Figure 3.44, a PCB board of the proposed 7-stage rectifier with two inputs
with 180° phase difference composed of Schottky diodes and 10nF capacitors, is manufactured. As
shown in Figure 3.45, we tested the rectifier for input power of -10dBm, -8dBm and -6dBm; which are

the safe available input power for Schottky diodes (Note: diodes can probably be damaged in higher
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Figure 3.45 The output voltage of 7-stage rectifier (with phase shifter)
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voltages). In this figure, we measured the voltages of different stages on the board, the numbers 1 to 7
refer to stages 1 to 7 respectively. The blue graph presents the outputs for the inputs of -6dBm while the
red and yellow graphs show the results for -8dBm and -10dBm. At the main output of the rectifier that is
at the end of the 7" stage, for input powers of -10dBm and -8dBm, we gained 1220mV and 1330mV,
whereas 1550mV was attained for -6dBm. In addition, the efficiency of this circuit, considering the output

resistor of 20kQ2, for -10dBm is 74% while it is 56% and 47% for -8dBm and -6dBm.

In Figure 3.46 to Figure 3.48, the gained outputs of the circuit for different inputs measured on the
oscilloscope are shown. Furthermore, in Figure 3.49, a plotted graph for practical output results of 7-

stage rectifier via different inputs is given.
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Figure 3.46 The output of the 7-stage rectifier (with phase shifter) for the input of -

10dBm (500mV/div and 1ns/div).
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Figure 3.47 The output of the 7-stage rectifier (with phase shifter) for the input of -

8dBm (500mV/div and 1ns/div).

ﬂ\QTELEDYNE LECROY
{Fverywhereyoulook™

Voltage (V)

o G

top

Time (ns)

Figure 3.48 The output of the 7-stage rectifier (with phase shifter) for the input of -

6dBm (500mV/div and 1ns/div).
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Figure 3.49 The practical results for output voltage vs different input signals.

3.7.3 RF Energy Harvesting Practical Test

After testing the proposed rectifiers with the signals produces by signal generator, we connect the
designed circuits to an antenna to investigate the function of circuits with ambient signals. In this regard,

the antenna that is used is T1.92.2113.

As we wanted to see the output of antenna and circuits in the laboratory, we were limited to use the RFEH
in the certain area of laboratory. So, the highest power that we could gain in the environment of laboratory
is -15dBm with frequency of 916.5MHz (Note: if we test the RFEH closer to signal source such as Wi-
Fi source or telecommunication tower or in another city/country, the signal power can be varied to be

extremely more powerful or drastically weaker).
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In Figure 3.50, the testing boards are shown, where the antenna is connected to IMN, phase shifter and
rectifier. As we need to match the impedance of the circuit to antenna, we need to use the impedance

matching network. The design of the IMN is explained in Appendix 1.

Figure 3.50 The circuit combination in the laboratory with an antenna

In Figure 3.51, the signal harvested from antenna is shown which has -15dbm power, 78mV,., voltage
and its frequency is 916.5MHz (Note: This signal is the most powerful that we could get in the specific

environment of laboratory).

-
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k

Figure 3.51 The signal harvested by the antenna (20mV/div and 500ps/div)
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By testing the 7-stage circuit for the achieved signal from antenna, the output voltage is gained as 858mV,
where the output load is 32K and the efficiency is obtained 69%. As the input signal is weaker with lower
voltage, the output voltage is also lower, but the efficiency is still remained high. Figure 3.52 shows the

output voltage of 858mV.
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Figure 3.51 The output voltage of proposed circuit with antenna (500mV/div and 100ns/div)
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3.7.4. Comparison Analysis

In Table 3.2 a comparison between the proposed rectifier of 7-stage and other works is presented. In this
table, the input power, frequency and output voltage of [115, 116] and [118] are very close to the proposed
work, while the efficiency of our circuit is higher than the other three works. Although the work presented
in [117] covers nearly twice the frequency than our circuit, it has poor efficiency. Comparing the given
two works in [120] and [121] with our circuit, the applied frequency is nearly same as the proposed
circuits in this thesis, but for greater input power of 0dBm, the output voltage and the efficiency are lower
in [121] while for lower input power of -15dBm, [120] shows the efficiency of only 39%. In [119], for
the input power of 1dBm, the efficiency is 47% when frequency is 2.45GHz. Furthermore, [32] presents

a circuit which is capable of working with very low input power of -30dBm, but it gains very poor

TABLE 3.2

COMPARISON OF THE MODIFIED 7-STAGE RECTIFIER AND OTHER WORKS

References Input Power Output Voltage Efficiency Rout Frequency
[115] -10dBm 1.17V 69% 13kOhm 937MHz
[116] -5dBm 1.41V 63% 10kOhm 915MHz
[117] -10dBm not defined 30% ng;gg' 1.84GHz
[118] -10dBm 5.7V 33% IMOhm 902MHz
[119] 1dBm 1.71V 47% 5kOhm 902MHz
[120] -15dBm 3.32v 39% IMOhm 900MHz
[121] 0dBm 3.32v 48.19% 23kOhm 900MHz
[32] -30dBm 0.164V 10% 300kOhm 2.4GHz
This Work -10dBm 1.22V 74.4% 20kOhm 915MHz
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efficiency of 10% in frequency of 2.4GHz. Concluding all, it is shown that the proposed rectifier has

gained the best performance compared to other works.

3.8 Conclusion

Radio frequency energy harvesting systems experience a fast development because of the increasing
number of transmitter sources and range of applications. This chapter shows a novel circuit for the voltage
multiplier/rectifier at the frequency of 915MHz. The suggested circuit proposes a new method of deriving
output characteristics of the rectification circuit in terms of two main factors, voltage and efficiency. The
design consists of different stages of Dickson voltage multiplier rectifier. In this chapter, phase shifters
and different Dickson rectifiers with two input signals in one and seven stages were discussed
theoretically followed by simulation and practical results. In this chapter the prototype of 1-stage rectifier
is presented where the input voltage is between -10dBm and 2dBm and the output voltage is gained from
318mV to 1700mV. Also, the prototype of 7-stage rectifier is presented where the input voltage is -

10dBm, -8dBm and -6dBm and the output voltage is gained 1220mV, 1330mV and 1550mV.
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4 The High Voltage Gain Resonant Zero-voltage

Switching DC to DC Converters

Switched-mode power supplies can be applied to various applications, including DC to DC converters.
Usually, although a DC power supply such as a battery might be available, it is possible that the
converted output voltage is not convenient for the application being supplied. For instance, the motors
used in driving electric automobiles require high voltages, in the range of 500V, which cannot be supplied
by an individual battery. Even if a series of batteries were applied, the extra space and weight taking up
would be significantly larger to be practically efficient. A solution to this problem is to boost the available

DC voltage by a DC to DC step-up converter to meet the required level of voltages [122- 124].

In this chapter, a new non-isolated DC to DC resonant converter working under zero-voltage switching
condition has been introduced, which can work in high frequencies with high power conversion rate and
efficiency as well as low losses. The proposed converter can provide 5V output from 350mV input voltage
with efficiency of 72.8%. Furthermore, we proposed an isolated DC to DC converter which provides the
output voltage of 6V and more with efficiency of 68%. Due to the isolation, this converter is proper for
applications required more safety. All the theoretical analyses are verified by MATLAB and circuits are

simulated in PSIM.

4.1 Introduction

In many power electronic applications, there is a need for high gain DC to DC converters. A step-up
(boost) converter is one of the simplest models of switched-mode converters. As its name implies, it takes

the input voltage and increases it to the desired amount. All conventional boost (step-up) converters
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include a diode, a switch (today a MOSFET mostly used, as you can get high-quality types), a capacitor
and an inductor. As shown in Figure 4.1, this traditional type of converter can work merely with four
elements [125- 128]. Theoretically, a conventional boost converter may achieve an infinite voltage gain
when the duty cycle value is equal to 1. However, the high duty cycle results in high conduction and
reverse recovery losses in active switches and diodes respectively. Also, the switch voltage stress will be

higher as we gain higher output voltage by increasing the duty cycle.

Mode I:

In this mode, the circuit operation during the original period of the high-frequency square wave applied
to the gate of MOSFET at the start-up point, is considered. During this period, the MOSFET conducts,
setting a short-circuit from the right side of inductor to the negative terminal of the input supply. Hence,
the current flows through between the negative and positive terminals, which saves energy in its own
magnetic field. Though, there will be no flowing current in the rest of the circuit since the combination

of diode, capacitor and the load provide a great larger impedance than the route directly through the

conducted MOSFET.
VY =
L1 D1
+ p—
MOSFET
DC Q II I _—
—
Figure 4.1 The conventional boost circuit
Mode II:
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In second operational mode, the current pathway is through the low part of the switching square wave
cycle. Since the MOSFET is quickly turned off, a sudden current drop causes the inductor to produce a
back e.m.f, electromotive force (A back e.m.f. or Counter e.m.f., is the one produced across the inductor
by changes of the magnetic flux around the conductor, created by changing current in the same inductor)
in the reverse polarity to the voltage across the inductor throughout the ON period, to retain the current
flowing. This can result in two voltages, one the supply voltage called Vv and second the back voltage
of V1 across inductor. The higher voltage of Vin +VL (now that we have no current flowing through the
MOSFET), will forward biases the diode. Hence, the resulting current in diode will charge up the

capacitor to Vin +ViL-Vtdiode, and further supplies the load [125].

The circuit operates during the ON periods of MOSFET after the initial start-up. Each time when the
MOSFET conducts, the anode of the diode will be less positive than the cathode, due to the charge of the
capacitor. Therefore, the diode is consequently turned off; thus, the output will be isolated from the input;
however, the load remains to be supplied from the charge of capacitor with the voltage of Viv +VL.
Although the charge of the capacitor is reduced by the load through this period, it will be recharged

whenever MOSFET is off, thus it can maintain a relatively steady output voltage for the load

Although the conventional type of step-up converter is simple, low cost and small, for applications with

frequencies more than 100KHz, this converter produces high thermal, switching and conductive losses.

In this chapter, two novel isolated and non-isolated DC to DC converters will be discussed. Both of these
converters are working under ZVS conditions to provide high efficiency for applications with higher
required voltages (more than 1.2V, which can be achieved by the designed Dickson rectifiers we have

presented in chapter 3).

81
Najmehossadat Nourieh
School of Physics, Engineering and Computer Science, University of Hertfordshire



High Efficiency Low Power Rectifiers and ZVS DC to DC Converters for RF Energy Harvesting | 2022

4.2 Proposed Step-up Power Converter Working under Zero-Voltage Switching

The proposed converter is the modified version of the conventional boost circuit which can perfectly
work in higher frequency ranges such as MHz (In this thesis, we have considered the RF frequency of
915MHz). This chapter presents a DC to DC resonant converter with soft-switching conditions. The
resonant network is composed of a capacitor and an inductor which provides soft-switching conditions
for the main switch. By applying a ZVS method, the converter has advantages such as high efficiency,
small size and low losses. In addition, this converter also benefits from a diode-connected MOSFET
which provides ultra-low conduction loss. The output voltage/current of this circuit is 5V/25uA when the
input voltage/current is 0.35V/500uA and the power efficiency is 72.8%. The simulated results in PSIM
are also presented to verify the proposed converter. Having advantages of high efficiency, low switching,
conducting and thermal losses, low EMI and high switching frequency ranges, this converter can be
applied in different applications such as consumer electronics, biomedical devices and communications

systems [73].

The proposed converter is shown in Figure 4.2 which has four operating modes shown in Figure 4.3. The
switch MOS constitutes an inverter leg. The capacitor C> and inductor L> (along with the MOSFET
parasitic output capacitance Coy) are set to provide ZVS condition and resonance. The benefits of the

resonant converter with ZVS condition have been mentioned below.

1. Zero voltage switching

a. Low switching loss

b. low capacitance loss

c. high power density

2. Resonant converter

82
Najmehossadat Nourieh
School of Physics, Engineering and Computer Science, University of Hertfordshire



High Efficiency Low Power Rectifiers and ZVS DC to DC Converters for RF Energy Harvesting | 2022

a. Increase switching frequency

b. Increase efficiency

c. Low EMI and noise.

For theoretical analyses, it is assumed that the converter is in the steady-state, all the circuit elements are
ideal, and the output capacitor C,. is large enough to keep the output voltage constant during one switch-
ing cycle. In Eq. (4.1), Eq. (4.2) and Eq. (4.3), we define various parameters which will be used in the
following discussion. The parameter w; is the angular frequency. In all operating modes Inumber=lr(tmumber).
In addition, Z,, L, C,and f. are the resonance impedance, resonance inductor, resonance capacitor and

the resonance frequency respectively.

2n 1
o2t = (4.1
nZVO2
Routzp_ (4.2)
out
L,
7= C (4.3)

-

All the operation modes of the suggested converter are simulated and verified by PSIM and MATLAB.
The inherent mechanism of this converter considerably limits the switching frequency variations to small
values (normally, 10% variations) which means that components can be selected/designed optimally.
Furthermore, the capacitor of the MOSFET which is extremely tiny will be charged very fast. Figure 4.2
shows the schematic of the proposed converter where all the components are labelled. Also, in Figure

4.3, the key waveforms of converter are presented
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In mode I, the capacitor C> should be large enough to protect the inductor L from infinite current and it

keeps the correct volt-second balance of the inductor. Here, Z, is the equivalent impedance of C;, C> and

L>. Where o, is the resonant angular frequency, Vs is the source voltage, Vou: and R,. are the output

voltage and output resistance, respectively.

L1 D2

Vch:

Cc2

MOSFET = -4
||.._ D1 —_— QG
— L2

Cout

§ Rout

Figure 4.2 The schematic of the proposed converter

MOSEET e
D1

10 11 P 13 14

Figure 4.3 The key waveforms of the proposed converter

Mode I: In this interval, at #y, the current flows through the inductors and capacitors named L;, L2, C; and

C>until when the voltage of the cathode (Vcathode) of diode-connected MOSFET, D>, reaches the threshold

voltage (Vin,diode) 1.€. Veathode™Vindiode. Thus, all the resonant elements will be charged by the input source.
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Furthermore, the capacitor of the MOSFET, which is extremely small, will be charged very fast. In this
mode, the capacitor C> should be large enough to protect the inductor L, from infinite current and it keeps
the correct volt-second balance of the inductor. Here, Z., is the equivalent impedance of C;, C> and L>
and Z; is the impedance of L; (Figure 4.4). By Eq. (4.4) the main current of converter is gained. Appling

Eq. (4.5) and Eq. (4.6), the resonant voltage and current will be calculated.

L1

P i
L,
vd:(_) MOSFET e i Cout Rout
Figure 4.4 The schematic of the first mode.
\C
I (=77 -sin(o(t)) (4.4)
L+Ly) o,
Vo ()=V, <I-Qcos(wr(t-to))> (4.5)
Zeg
Vi-Vour) . \ Vi
I; 5 ()= cos(®,(t-ty) [( =2 )sm (cos‘1 —)-— 4.6
a(Oeos(o W) (7 Lo (Vi-Vim)/ Zeg *o
(Li+Ly)o oL,
Vo (D=V(O)+Vi,(t)=V l-Z—rcos(mr(t-tO)) + Zr cos(o(t-ty)) (4.7
eq €q
Mode II:
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This mode is the combination of the two very short modes. At #;, when the cathode of the diode-connected

MOSFET (D) exceeds Vin,diode , the diode will be turned-on and the energy stored in the inductor L; will

not only be transferred to the output but will also continue charging C> and L: until the energy of L;

reaches zero. This turns D; on for extremely short time. As the capacitor C; was fully charged in previous

interval due to its small capacitance, it starts to be discharged through D; which means that the voltage

of the drain-so of MOSFET will be zero in readiness for turning on under ZVS condition in the next

mode (Figure 4.5). Appling Eq. (4.8) and Eq. (4.9), the resonant voltage and current will be calcuted.

L1 D2
— — L
I
Vdc(—) MOSFET |~ b1 ]— a % cout| § Rout
L2
L1
C2
Vdc(—) MOSFET S % Cout Rout
T L2
Figure 4.5 The schematic of the second mode.
(L1+L2)wr
Vc2 (t)zvout (1' Z— COS((Dr(t-tl))
eq

V-V ut\) . VoutLl Vout
I, (H)=cos(o,(tt,) [( =2 )sm (cos‘1 )-
. ( ' 2 ) Ll mrLZ (Vs'vout) Rout
Mode III:
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L1
bz

Cz

vde C—) MOSFET j— o C1 Cout Rout
—

Figure 4.6 The schematic of the third mode.
In this mode at 72, the MOSFET is turned-on under zero-voltage-switching condition, the main switch is
turned-on or turned-off under soft-switching condition due to have the series of C> and L2 where the spike
of the voltage or current can be absorbed by these two elements. During this mode L, is charged by the
input source and the series of the capacitor and inductor resonate together. Figure 4.6 presents the
schematic view of the circuit in this mode. Appling Eq. (4.10) and Eq. (4.11), the resonant voltage and

current will be calculated.

V-V
I (t)=sin(o,(t-t,)) [ (

VoulL A%
out) . -1 out~1 )_ out ; . t-t 4.10
1 )sm (cos oL (V.v.)) R ] sin ((Dr( > 1)) (4.10)

out

cZ(t) V [ ( 1 C S((,Or(t tZ)) r(t tZ))l (411)

q

Mode 1V:

At t3, the MOSFET is turned-off under ZVS condition. In this mode, the power of the input source goes
through the inductor L; to reach the output stage. Besides, the energy stored in the series of the inductor
and capacitor will also be transferred to the output. Hence, in this mode the existence of the series of
capacitor and inductor is not only to provide the ZVS condition, but also to store and transfer the energy

from the input stage to the output. In Figure 4.9, the schematic view of the circuit of this mode is
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presented. By Eq. (4.12) the main current of converter is gained. Appling Eq. (4.13) and Eq. (4.14), the

resonant voltage and current will be calculated.

L1 D2

C2

vde C—) MOSFET |- o1 a1 L Cout Rout
2

Figure 4.8 The schematic of the fourth mode.

Vs'\lout .
I, (0= ( . ) sin(o,(t6)) + 1, (t) 4.12)
Vs'Vout . Vout
ILZ (t): ( Ll ) sm(mr(t-t3)) - R + ILl (tz) (413)
Vs'\lout Vout
Vs ()= <L1 - )cos (00(4) - (1) (4.14)

4.2.1 The Output Stage

As we considered 5V for the output voltage and the power is about 100uW, Eq. (4.15) gives us the output
resistor of 350K Q. To also have a proper ripple in the output voltage, the equation Eq. (4.16) is considered
to set the ripple less than 0.01. Considering all the information given above, the elements of the converter

are designed and set to the closest proper value to theoretical results for simulation in PSIM software. In
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order to investigate the accuracy of all the presented equations, they are subsequently verified by

MATLAB software.

(V)
Py = 4.15
out Rout ( )
A\lout
<0.01 (4.16)

out

4.3 Simulation Results

As previously stated, the verification of this circuit is proven by simulation in the environment of the
PSIM software. In the following figures the main circuit schematic and the waveform result will be pre-
sented. In Figure 4.9, the complete design of the proposed converter in PSIM is presented, where the
value of each element is shown beside it. Figure 4.10 shows drain-source voltage and current of the
MOSFET where the ZVS condition is met. In Figure 4.11 the current of conductive diode D; is illustrated

which defines the time when the diode is on.

In Figure 4.12 the output voltage of circuit (5.05V) is presented to show both transient and steady-state

modes which shows the period it takes to reach the steady-state mode is about 58us.

In Table 4.1, the specification of this converter is shown, whereas Table 4.2 shows a comparison between

the proposed converter and similar works published before.
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Figure 4.9 The schematic of the designed DC to DC converter in PSIM
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Figure 4.10 The waveforms of the drain-source voltage and current of the MOSFET

In Figure 4.13 the efficiency of the proposed circuit in PSIM for the range of full load, half load and

light load is discussed. As it is shown in this figure the efficiency of the circuit is 72.8% for full load,
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54.1% for half load and 32% for light load (20% load).
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3 | | | |
0.00u P
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Figure 4.11 The waveforms of the current of diode D;
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Figure 4.12 The output voltage of the circuit

In Table 4.2, a comparison between the proposed converter and some recently published works is
presented, where soft-switch conditions, number of elements, common ground, voltage gain and input
power are listed. From information given in this table, the proposed converter has a voltage gain of 14

while the voltage gains in [129- 131] are 4, 7.91 and 3, respectively.
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All these converters provide soft switching and common ground operation. Referring to the input power,
it is understood that the works presented in [129] and [130] are not suitable for low input power
conversion. The circuit presented in [131] has an input power of 417uW which is around three times

more than the proposed converter.

Furthermore, the total number of components in the converters presented in [129- 131] are 10, 15, and 7
respectively. In comparison our proposed converter comprises of 6 components, consequently, having

lower losses and a smaller converter size.

TABLE 4.1
COMPONENTS OF THE PROPOSED CONVERTER
Component Value Component Value
Vs 0.35V R, 0.5Q
Vo 5.05V C, InF
fs 915MHz Rout 350kQ
L, 150k Cout 100pF
L. InH = 100nF
Efficiency
Ci 0.1pF 72.8%
Power
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Figure 4.13 The efficiency of the circuit for the range of full load to light load

TABLE 4.2
COMPARISON OF THE PROPOSED CONVERTER WITH OTHER HIGH STEP-UP CONVERTERS

Number of Components

School of Physics, Engineering and Computer Science, University of Hertfordshire

Soft
Voltage Common Input
Converters
Gain Switching | Ground Power ) ]
Active Passive
[129] 4 4 4 100W 4 6
[130] 7.91 4 4 500W 8 7
[131] 3 4 4 417uW 5 2
Proposed 14 v/ v/ 100pW 4 2
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4.4 The Proposed Isolated Resonant DC to DC Converter Working under ZVS
Condition

In this section, we propose a new isolated ZVS resonant DC to DC converter which has the advantages
of producing higher output voltage and isolation for the applications where isolation and safety are very
critical. This circuit also has the capability of producing wider range of output voltages which can cover
more applications requirement. The schematic circuit of the proposed combination is presented in Figure

4.14 and the key waveforms are shown in Figure 4.15.

I 4 di
Q ||: Ci —

Qs Ro
i _'_FL, .
Vs M —> +
®
M

m |

Co § Vo

-

v

Figure 4.14 The propose isolated DC to DC circuit

This proposed circuit benefits from isolation, zero-voltage switching condition and resonance that each

of these specifications adds advantages to the proposed circuits [139-141].

1. Zero voltage switching

a. Low switching loss

b. Low capacitance loss
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c. High power density

2. Resonant converter

a. Increase switching frequency

b. Increase efficiency

c. Low EMI and noise.

3. MOSFETs in rectification part

a. Low conduction loss

t’s t's to 1 213 tats te t7

< >

Figure 4.15 The key waveform of the proposed converter
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b. Low thermal loss

4. Isolation

a. By changing the wounded wire layers we can boost the voltage very well

b. Buck or boost application

c. Increase safety as the output is separate from the input

d. Wide range of output voltages

2n n?v,?
mr=2nfr=f, R = P 4.17)
B= V°—Az— L. 4.18
—nvs—n 25 g (4.18)
C 1+a
(FCIJ:CZ, B= " , M=/ 1+0m, (4.19)

This converter has seven operation modes which are explained in the following paragraphs. In Eq. (4.17)
to Eq. (4.19) several parameters, which will be used in the following discussion, are defined. The param-
eter B is the converter normalized voltage gain, B=nA = nV,/Vs whereas o and £ are used to simplify
the equations. Shown in Figure 4.14, the conduction angles of Q; and O are defined as ¢ and @2 respec-
tively. In all operating modes Inumber=lr(tnumber). Furthermore, the parasitic inductance is also used as reso-
nant inductance since its total value is around nH which will be added to the 25uH resonant inductance.

In addition, Z, and f; are the resonance impedance and the resonance frequency respectively.

Mode I:

In the interval before 7y, the diode d; is conducting to provide ZVS condition for Q; to be turned on at t.
Thus, the energy from input source is transferred to output via Q;, L;, C;, transformer and Q3. Also,
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resonant capacitor C,is charged through resonance with L, until #;. Appling Eq. (4.20) and Eq. (4.21), the

resonant voltage and current will be calculated.

V()= V,(1-B)[1-cos (o, (t-t) )] (4.20)
A

L(H)= Z—S[(I-B) sin(o; (t-tp) )] 4.21)

Mode II:

When the switch Q; is turned off at #;, the remained current available in L, will flow through capacitors
C7 and C>. Hence, the voltage at node V,, (Eq. (4.22)) will be decreased from Vs to zero. The resonant

current is gained by Eq. (4.23).

Vm(t)=Vs [1+a(1-B) (1-cose)-aV(1)] (4.22)
L(0)= \ZL [[(1-B)cos, /(V1+a)] sin(o, (t-t,)) + [(1-B) sin @, Jcosp, (w4 (t-t;))] (4.23)
Mode III:

At 12, the diode d is direct biased under ZVS condition at which the current flows until it reaches zero
level at the time ;. In this interval, the signal for switch 0> should be ready to turn this switch on in the

following mode. The voltage of this mode is gained by Eq. (4.25).

= -1 12
Ts=1/w, (tan™ ( (V2+B))) (4.24)
Vi= \/(-2(1-B)c0s<p1+(1-B)2+1+1/a) (4.25)
Mode IV:
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At 13, the energy stored in resonant capacitor (C,) will be transferred to output stage through the elements

L, and Q. Appling Eq. (4.26) and Eq. (4.27), the resonant voltage and converter current will be

calculated.

V(D)= V,(1-B) I3sin(o,(t-t3)) (4.26)
()= (B-V3) sin(o,(t-t3)) 4.27)
L= (B-V;) > = B? (4.28)
Mode V:

At t4, the diode D, is turned on under ZVS condition and the current i, flows through it. The energy
remained in L, provides ZVS condition to turn the switch Q; on. Hence, the switch 0> will be turned off
at s under ZVS condition. In this mode the energy stored in L, is transferred to the output stage. By

calculation of Eq. (4.29), the resonant voltage is obtained.

Vi()=Vs [1+a(1-B) (1-cos(o(t-t)))] (4.29)
1()=Bo(t-t;)+1, (4.30)
Mode VI:

In this mode, the voltage of node M (called V) will reach the zero level which leads to set the voltage of
diode d; to make it ready to be turned on in the next mode and provide the ZVS turn-on condition for
switch Q;. Appling Eq. (4.31) and Eq. (4.32), the resonant voltage and converter current will be gained.

At t5, Q> is turned off.

V:()=Vs [1+a(1-B)sin(w,(t-ts))+cos(m.(t-t5))] (4.31)
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(4.32)

Mode VII:

In #6, d; 1s turned on under ZVS condition and the resonant current flows through it until it reaches the
zero level at ¢7. In this mode, the gate signal of Q; will be ready to turn it on in the next interval mode.
By calculation of Eq. (4.33) and Eq. (4.34), the resonant current and voltage are obtained.

[, ()=(1+B)sin(o (t-ts))+1s (4.33)

V()= V,[(1-B)(1/Va) sin(o,(t-ts) ) + Beos(o, (t-tg))] (4.34)

In Table 4.3 the specification of the converter is presented.

TABLE 4.3
PARAMETERS AND COMPONENTS OF THE CIRCUIT
Symbol Full-Load
Vs 0.35V
Vout 6.07V

Pin 100uW
fs 242kHz

C: InF

L. 25nH

C 0.25nF

C 0.25nF
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4.5 Simulation Results

In the following figures the simulation results of the proposed converter in PSIM are presented in Figure
4.16 to Figure 4.20. In Figure 4.16 the schematic of the simulated converter is shown while in Figure

4.17 and Figure 4.18, the drain-source voltages of Q; and O are illustrated respectively where the on

Ir T L
s (<)
A
o E
W

Figure 4.16 The schematic of the proposed isolated DC to DC converter
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Figure 4.17 The voltage of drain-source in Q;
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Figure 4.18 The voltage of drain-source in Q>
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Figure 4.20 The output voltage of the circuit

period of these two switches are defined. Then, the voltage of V¢, is presented in Figure 4.19 (the peak
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voltage of C, is 0.5V), and the graph for output voltage (6.07V) is shown in Figure 4.20. To run

MOSFETs, the gate signals are set to turn on Q; and Q> for 39% and 44% of the cycle.

5.6 Performance Comparisons of Suggested Converters with Other Works

Table 4.4 compares the proposed converters with other published works. This comparison shows the
better performance of the proposed converter, as the input power of proposed converter is greatly lower
than other works with higher voltage gain. Comparing to [134] which has input power of 22uWatt with
the efficiency of 62.30% and voltage gain of 2, the proposed isolated converter has the efficiency of 68%

while it is 73% for the non-isolated proposed converter. The voltage gain for isolated and non-isolated

TABLE 4.4
COMPARISON OF TWO PROPOSED CONVERTERS AND OTHER WORKS

Previous works Input Power Input Voltage Voltage gain | Efficiency

[132] 10mWatt 2V 1.5 77%
[133] 16mWatt 3.2V 1.3 55%
[134] 22.4uWatt 0.7V 2 62.30%
[135] 100mWatt v 2 40%
[136] 120mWatt 1.2V 2.75 97.50%
[137] 330mWatt 3.3V 2.12 77%
[138] 500mWatt 10V 1.5 78%

Isolated DC to DC 100uWatt 035V 1734 68%

converter
DC to DC converter 100uWatt 0.35V 14.42 72.8%

proposed circuits is 17.34 and 14.42 respectively.
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4.7 Conclusion

In this chapter, a new non-isolated DC to DC resonant converter working under zero-voltage switching
condition has been introduced, which can work in high frequencies with high power conversion rate and
efficiency as well as low losses. The proposed converter can provide 5V output from 350mV input volt-
age with efficiency of 72.8%. Furthermore, we proposed an isolated DC to DC converter which provides
the output voltage of 6V and more with efficiency of 68%. Due to the isolation, this converter is proper
for applications required more safety. All the theoretical analyses are verified by MATLAB and circuits

are simulated in PSIM.
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S The Combination of Phase Shifter, Rectifier, and

DC to DC Converters

Radio frequency energy obtained from free space typically possesses low power density as the electric
field power density declines proportional to distance from the RF source [142], this is an issue that most
of recent works try to resolve to make this greatly available power source applicable for different appli-

cations.

In this chapter, two combinations of high voltage gain circuits are introduced for low power applications
such as RF energy harvesting (RFEH). The first combination consists of a phase shifter, 1-stage rectifier
and resonant ZVS DC to DC converter which has the output voltage of 6V with the efficiency of 71%.
The second, consists of a phase shifter, 1-stage rectifier and isolated resonant ZVS DC to DC converter

with output voltage and efficiency of 5V and 65% respectively.

5.1 Introduction

The availability of many ambient energy harvesting techniques such as thermal, solar, vibration, RF,
wind, etc., is now one of the interesting topics of research community since last decade [143]. In this
thesis, a special attention has been paid to the RF energy harvesting circuits. Although RFEH is one of
the least powerfull sources of practical electrical energy, it has many advantages, which make it superior
to other ambient energy harvesting solutions. RFEH can provide a regular energy source, specifically for
indoor areas, where natural light is not strong enough. Furthermore, it is proven in the survey [144] that
there is no large-scale fluctuation in the RF power levels which makes it more reliable. Besides, RF
sources are always available regardless of time and they are negligibly affected by weather conditions,

unlike wind and solar energy. Another advantage could be the tiny size of the RFEH without any movable
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part, making it simpler to use for specific applications. Therefore, RFEH is easy to manufacture and

maintain, and more cost effective than solar panels or other energy harvesting systems [145].

In RFEH circuits, one of the main blocks is rectifier. Rectification is the most popular purpose of diodes,
which refers to the conversion of AC to DC. In power harvesting circuits, the RF signal recovered in an
antenna has a sinusoidal waveform. The signal will be rectified and boosted to satisfy the appropriate

voltage/current demands of the considered applications [146, 147].

The metal-oxide semiconductor field-effect transistor (MOSFET) technology overcomes the weaknesses
of diodes and is becoming an essential alternative solution for boosting and rectifying. Having MOSFET
technology, the Dickson multiplier can be integrated in an Integrate Circuits (IC) by substituting diodes
with PMOS or NMOS. Relatively, the low threshold voltage and high-power conversion rate are the main

points of this design [148, 149].

Voltage multiplier is a particular type of rectifier which rectifies and boosts AC input to DC output. In
some cases, where the rectified output power is not enough to meet the power requirement of the appli-
cation, there is a necessity to boost the output DC by using rectifiers, which is further called voltage

multiplier [150, 151].

In this chapter, we will propose two combinations of both rectifier and voltage multiplier with their anal-
yses. The first suggested combination is to have 1-stage of modified Dickson rectifier followed with a
novel non-isolated DC to DC boost converter which can produce high voltages with satisfying efficiency.
The second proposed solution is to have an isolated DC to DC boost converter following the 1-stage
Dickson rectifier with two input sources. Both applied 1-stage Dickson rectifiers work with a phase
shifter (which provides two input signals with 180° phase difference). All the suggested combinations
are analysed theoretically and verified by simulation results. Each of these suggestions has its own pros
and cons that make them suitable for a range of applications. Finally, we compare all the proposed RF to

DC circuits in this thesis with each other.
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Figure 5.1 The schematic of the proposed combination of rectifier and resonant converter

5.2 1-Stage of Modified Dickson Rectifier/Multiplier with LC Boost Converter

As discussed in the chapter 3, considering the trade-off between the number of stages in Dickson rectifier
and the efficiency (the input power delivery to the rectifier circuit), we propose two other combinations

of circuits for the purpose of having a wider range of applications requiring higher output voltages.

For this combination, we will use the 1-stage modified Dickson rectifier working with a resonant ZVS
step-up converter which has the capability of boosting the voltage by more than 1.2V (we set it to gain
an output voltage of 5V). This circuit has advantages such as working under ZV'S condition which enables

the circuit to work at high frequencies such as 915MHz (the desired frequency of this thesis).

In the following paragraphs, we will discuss the theory and simulation of the proposed combination. The
schematic of the suggested circuit is given in Figure 5.1. In this section, we present the theory analyses

of the proposed combination where the simulation verification of each mode is given.

As it has been discussed in chapter 4, the proposed resonant converter has four main modes where the
initial input source can be replaced by the output of given 1-stage rectifier in chapter 3. Hence, the oper-

ation modes of the new combined circuits will be verified in section 5.21 below.
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5.2.1 Operation Modes of The Proposed Combination of Rectifier and Resonant Converter

The different operation modes of the combination of proposed rectifier with diode connected MOSFETs
and the ZVS resonant converter are theoretically analysed in the following. The parameter w; is the an-
gular frequency. In all operating modes Inumber=lirtnumber). In addition, Z,, L, C-and f; are the resonance

impedance, resonance inductor, resonance capacitor and the resonance frequency respectively.

21 1

cor=2nfr=?= — (5.1)

R, —n2V°2 5.2

Ol,lt_ Pout ( . )
L,

Z= ol (5.3)

-

Considering Eq. (5.1) to Eq. (5.3), all other equations were calculated.

Mode I:

The MOSFET was turned-off in the last mode of the previous period under ZVS condition. At #), when
the cathode of diode D2 exceeds Vi, diode, it 1s turned-on and the energy stored in inductor L; is not only
transferred to the output stage, but also continues charging C> and L by transferring energy from input
source which is produced by the proposed rectifier at its output capacitor. By Eq. (5.4), Eq. (5.6) and Eq.

(5.7), main current of converter and resonant current and voltage are obtained.

(2VH,(5X+2Zp) ) -V

I, ()= 7 sin( o, (t-t)) (5.4)
eq
I o=l -L (5.5)
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(2VeH,(5X+2) ) ~Vour

I ' ( 1 ) 7 (>0
= Sin | COS - .
L2 Ll (DrLZ (Vs'vm) Zeq
: (L1+ L))o,
Vi (291, 20)) 1 o, 140) o) )

Mode II:

In this mode, at t;, the current flows through inductors and capacitors named L;, L>, C; and C>until when
the voltage of the cathode of diode D> reaches Veamnode™Vin. All the resonant elements will be charged by
the input source. Furthermore, the capacitor of the MOSFET which is extremely tiny, is charged very
fast. In this mode, the capacitor C> should be large enough to protect L> from infinite current and it keeps
the correct volt-second balance of the inductor. In this mode, we have considered Z., as the equivalent
impedance of the circuit. When the capacitor C; is fully charged, it starts to be discharged and the current
will be reversed due to the reverse current coming from the energy stored in the series of C> and L2 (which
are discharged through the capacitor C;). Besides, the voltage of the drain-source of the MOSFET will
be zero to be ready for turning the MOSFET on under ZVS condition in the next mode. Appling Eq. (5.9)

and Eq. (5.11), the resonant current and voltage are gained.

. (Ll LZ) O
Ve, (D)= (2VS+IS(-JXC+ZD)) < — o os(o,(t-t,)) (5.9)
eq
. (Li+Ly) o,
Ve 0=V (0+Via= (2V, (X +Zp) ) | 1-——— cos (o, (t- ()| 510)
eq q
(2Ve, (45X +Z0) ) Vour Vouli  \ V
I =cos(o,(t-t;) sin (cos‘1 out ) o 5.11
b2and €2 ( ! ! ) Ll (DrLZ (Vs'Vout) Rout ( )
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Mode III:

In this mode at 7>, the MOSFET is turned-on under zero voltage switching condition, due to having the
series of C2 and Lo, as the spike of voltage or current can be absorbed by these two elements. During this
mode, L, is charged by the input source (which is the output of rectifier) and the series of capacitor and
inductor resonate together. Eq. (5.12) shows the resonant current at the end of third mode while Eq. (5.13)

is the resonant current calculated for this mode.

) (Li+Ly) o,
Vo =2V (X +2p) ) |1- lz 20 cos(or(t-1,)) + = (t- tz))l (5.12)
€q q
2V AL (X AZp) ) -V VoL
I1,= sin(o,(t-t,)) ( i LC D)) ™ \sin| cos™ out -1 -
1 ol ((2VS+IS('ch+ZD)) 'Vout>

V

out sin(mr(tz-tl)) (5.13)
Rout
Mode IV:

In this mode, the power of the input sources goes through the inductor L; to reach the output stage.
Besides, the energy stored in the series of inductor and capacitor will be further transferred to the output
stage too. Hence, in this mode, the existence of the series of capacitor and inductor is not only to provide
the ZVS condition, but also to store and transfer the energy from input to output. By Eq. (5.14), Eq. (5.15)
and Eq. (5.16), main current of converter, resonant current and voltage are obtained.

(2VS+IS(-jXC+ZD)) “Vout

IL1= Ll Sil’l((,l)r(t-t:;)) + ILI (tz) (514)
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2V A (X +Zp) ) -Vyy v
IL2= ( i S( ]_(,:1 D)) o Sil’l((,l)r(t-t:;)) - Rout + ILI (tz) (515)
out
2V A+ (41X +Zp) ) -V, \V4
Vo= ( s S(ngzm D)) out oS ((Dr(t-t3)) ) Czl:ut t (t-to) (5.16)
T ou

5.2.2 Simulation Results of The Combination of Phase Shifter + 1-Stage Rectifier and DC/DC

Converter

To verify the operation of this suggested combination, in the following paragraphs the results of simu-
lated circuit in the environment of PSIM will be given. In Figure 5.2, the schematic of simulated circuit
is presented. In Figure 5.3, the waveform of current /¢ is presented (it changes from -0.18uA to +0.18uA)

while in Figure 5.4 the waveform of voltage V> is given (the peak voltage is 0.58V). Respectively, the
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Figure 5.2 The schematic of the simulated circuit in PSIM
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waveforms for /;; (moves between 0.155uA and 0.185uA) and Vpswmosrer are given in Figure 5.5 and

Figure 5.6 respectively.

Relatively, in Figure 5.7, the output voltage (5V) of the combination of the proposed circuits is presented.
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Figure 5.3 The simulated waveform for Ic: and I
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Figure 5.4 The simulated waveform for V¢2
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Figure 5.7 The output voltage of the proposed combination showing the steady state time

5.2.3. Practical Results of The Proposed Combination of Phase Shifter + Dickson Rectifier with

non-Isolated Resonant DC to DC Converter Working under ZVS Condition
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In this section, the practical results of non-isolated DC to DC converter are presented. As it is shown in
the simulation of the circuit in PSIM, the value of main inductor L; =15nH, L= 1nH, C>= 100p, Rou=
350K, diode, MOSFET and gate driver are SMS7630-079LF, LNDI150N3-G and FL73282. The
switching frequency is also chosen to be 220kHz. The LND150n-3 is a high voltage N-channel depletion
mode (normally-on) transistor utilizing Supertex’s lateral DMOS technology. The gate is ESD protected.
We need to use this type of MOSFETs as it always on until we apply very low voltage to the to turn it
off. Hence, the energy consumed to turn MOSFET on and off is considerably low. By choosing this type
of MOSFET (LND150N-3), the maximum calculated loss to run MOSFET is 11uWatt (I;=Qg¢/tor=11uA
, so the calculated power will be P-I;+V,; = 11uWatt). The threshold voltage of MOSFET to be turned off
is -1V, which is lower for our application as /;is around 1mA. However, we apply -1V (which will make
more loss and therefore lower efficiency) to be sure the on/off time of MOSFET is compatible with the
considered switching frequency. For Vg=-1V, Qg=16nC and the turn off time of MOSFET is 1.45uS.

Therefore, the energy consumed by MOSFET to be turn on and off is 11uWatt.

In order to reduce the power loss in MOSFET, it is strongly recommended (for the future works) to use
self-driven method with the Same type of MOSFETs, if the circuit will be applied in energy harvesting
applications. Then, the circuit will be independent which can generate the gate signal from the harvested

energy.

In Figure 5.8, the laboratory environment to test ZVS DC to DC converter along with 1-stage rectifier
and phase shifter is shown. The initial input power and voltage is considered to be -10dBm and 100mV
respectively. The circuit has been tested for different input power of -10dBm, -8dBm and -6dBm. As all
three circuits are designed to work with -10dBm, we cannot apply more powerful signal more than -
6dBm to not damage components. We used the specified cables as phase shifter (which is discussed in

Chapter 3).
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Figure 5.9 presents the output voltage of proposed combination for input power of -6dBm, -8dBm and -
10dBm. For input power of -10dBm, the output voltage is 4.75V, for -8dBm and -6dBm it is 5.2V and

5.95V respectively.

Figure 5.10 shows practical performance of DC to DC converter with 1-stage rectifier for range of
different output voltages. For the input power of -10dBm, the output voltage for resistor of 350kQ is
4.75V and the efficiency is equal to 63.1%. Then, the input power of -8dBm increases the output voltage
to 5.2V, but the efficiency is dropped to 49%. Moreover, for the input power of -6dBm, the output voltage

and efficiency are 5.95V and 40.2% respectively.

In Figure 5.11, the ZVS condition of proposed circuit is shown. As it is defined in figure, MOSFET turns

on and off under ZVD condition, which means the switching loss is close to be zero.

Figure 5.8 The PCB board of proposed combination

114
Najmehossadat Nourieh
School of Physics, Engineering and Computer Science, University of Hertfordshire



High Efficiency Low Power Rectifiers and ZVS DC to DC Converters for RF Energy Harvesting | 2022

65

Input Pwer (dBm)
do

_10 | 1 | | | |
46 48 5 52 54 56 58 6

Ouinut Voltase (W)

Figure 5.9 The output voltage of circuits for -10dBm, -8dBm and -6dBm.
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Figure 5.10. The input power via efficiency for -10dBm, -8dBm and -6dBm.
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Figure 5.11. The drain-source current and voltage of MOSFET which show ZVS turn-on and

turn-off condition (500ns/div , ImA/div, 100mV/div)

5.3 The Proposed Combination of Phase Shifter + Dickson Rectifier with Isolated
Resonant DC to DC Converter Working under ZVS Condition

As we have discussed before, the suggested 7-stage Dickson rectifier has restriction on the range of pro-
duced output voltage leading to limit the appropriate applications. To solve this issue, we have proposed
the combination of phase shifter, 1-stage of modified Dickson rectifier following an isolated resonant DC
to DC converter which gives us more capability to produce higher output voltages, providing larger range

of applications for this RF energy harvesting system.
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In this section, we will propose a new combination of Dickson rectifier with two input sources working
with an isolated ZVS resonant DC to DC converter which has the advantage of isolation in the applica-
tions where it is more critical. The schematic circuit of the proposed combination is presented in Figure

5.8.

In this combination, shown in Figure 5.12, the output power of 1-stage rectifier will be used as the input

source of DC to DC converter. The operation of rectifier with dual input sources (with 180° phase shift)

was discussed in previous chapter. In this chapter, we will focus on the operation of converter working

along with the rectifier. The parameters, a and £ are used to simplify equations and B is the converter

normalized voltage gain, B=nA=nV,/V;. The parameters ¢; and ¢ are the conduction angles of Q; and

Q: respectively. In each operation mode Inumber = ir(taumber)-
2t 0’V

=2nf=—, R =
©r o Tr, © Pout

(5.17)

J_CrecZ

L WJ}* e

Crecl Crec3

AC
Phase shift: 180°

Figure 5.12 The schematic of the proposed combination
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V, L,
B=n—=nA,Z= |— (5.18)
Vs " UG
C, 1+a
= = =/1+
o C1+C2’B " , M=/ 1+0m, (5.19)
Mode I:

In the mode before #;, the diode d; was conducting to provide ZVS condition for switch Q; to be turned
on at #;. Thus, resonant capacitor C, is charged through resonance with L, until ¢;. Appling Eq. (5.20) and

Eq. (5.21), the resonant voltage and current are achieved.

V.(0=QVH (- Xc+Zp)) (1-B) [ 1-cos (o, (t-ty) )] (5.20)
1L.(O)= (2VS+IS('ZjXC+ZD)) [(1-B) sin(o, (t-t5))] (5.21)
Mode II:

When the switch Q; is turned off at #;, the remained current available in L, will flow through C; and C>.

Hence, the voltage at node V5, (Eq. 5.22) will be decreased from Vs to zero. Eq. (5.23) shows resonant

current.

V(D)= V(- Xc+Zp)) [1+a(1-B)(1-cosp)-aV(t)] (5.22)
L(t)= QVS“*ZTCJFZD)) [(1-B)cos, /(V1+a)] sin(oq (t-t,)) + [(1-B) sin @, Jcosp, (0, (t-t;))] (5.23)
Mode I1I:

At t,, the diode d> is direct biased under ZVS condition at which the current flows until it reaches zero at

t3. In this interval, the signal for Q> will be ready to turn Q> on in the next operational mode.
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Ts=1/w, (tan™" (

) (5.24)

2
(V2+B)

V3= \/ (-2(1-B)cosp, +(1-B)*+1+1/a) (5.25)

Mode 1V:

At 13, the energy stored in resonant capacitor will be transferred to the output stage through L, and 0> Eq.

(5.26) and Eq. (5.28), show the resonant voltage and the current at the end of this mode.

V()= QVH (- XctZp)) (1-B) (sin o, (t-t3)) (5.26)
I(t)= (B-V3) sin o, (t-t3) (5.27)
I,= (B-V;) 2 — B? (5.28)
Mode V:

At 4, the diode D, is turned on under ZVS condition and the current i, flows through it. The energy
remained in L, provides ZVS condition to turn the switch O off. Hence, the switch Q> will be turned off

at ¢s under ZVS condition. In this mode, the energy stored in L, is transferred.

Vi()=QVH, ([ Xc+Zp)) [ 1+a(1-B) (1-cos(o(t-t;)) )] (5.29)
I(t) = Bor(t —t,) +14 (5.30)
Mode VI:

In this mode, the voltage Vi, will reach zero level and the voltage of d; is set to be turned on in the next
mode. Appling Eq. (5.31) and Eq. (5.32), the resonant voltage and current are achieved.
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V:()=QVH(jX+Zp)) [1+a(1-B)sin(w.(t-t5))+cos (m,(t-t5))] (5.31)
Ig=- flsz—(HjB) (5.32)
Mode VII:

In 5, the diode d; is turned on under ZVS condition and the resonant current flows through it until it
reaches the zero level. In this mode, the gate signal of Q; will be ready to turn it on in the next mode.

Calculating Eq. (5.20) and Eq. (5.21), the resonant voltage and current are achieved.

L ()=(1+B) sin( o, (t-ts)) +1g (5.33)

V(0= QV+H (X c+Zp) [(1-B)(1//a) sin( o, (t-ts) ) + Beos(o,(t-tg))] (5.34)

The verification of given formulas and analyses gained from MATLAB software have been given in

Appendix 2.

5.3.1 Simulation results of the combination of Phase Shifter, 1-Stage Rectifier and An Isolated

DC to DC Converter in PSIM Software

In this section, all the simulation results obtained for the proposed circuit combination are presented. In
Figure 5.13, the schematic of the proposed circuit designed in PSIM software is presented. Figure 5.14
shows the waveform of output voltage (6V). In Figure 5.15, the simulation results of Virain-source of Q1 and

drain-source current are presented to show ZVS condition is met for this switch.

Respectively, in Figure 5.16, the simulation results of Viin-source 0f Q2 and drain-source current are

presented to show ZVS condition is met for this switch.
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In this chapter, two combinations of high voltage gain circuits are introduced for low power applications
such as RFEH. The first combination consists of a phase shifter, 1-stage rectifier and resonant ZVS DC
to DC converter which produces the output voltage of 6V with the efficiency of 71%. The second, con-
sists of a phase shifter, 1-stage rectifier and isolated resonant ZVS DC to DC converter with the output
voltage and efficiency of 5V and 65% respectively. These two circuits are theoretically discussed, and

the simulation results are presented to verify their operation.
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6 Conclusion and Future Work

6.1 Conclusion

The sources for WEH are available in many forms, such as solar power, wind energy, thermal energy,
electromagnetic energy, kinetic energy, etc. Among them, electromagnetic energy is abundant in space
and can be retrieved without limitation. Electromagnetic waves come from a variety of sources such as
satellite station, wireless internet, radio station, and digital multimedia broadcasting. A radio frequency
power harvesting system can capture and convert electromagnetic energy into a usable direct current

(DC) voltage.

This PhD research proposed new RF to DC circuits to amplify the voltage of low power sources in
different applications such as radio frequency energy harvesting (RFEH). The presented circuits were
discussed in theory, simulation and implementation phases. The presented works are novel energy-
efficient circuits including phase shifter, modified Dickson rectifier with one and seven stages and
isolated/non-isolated resonant ZVS DC to DC converters. These circuits maximized the energy harvested
from RF sources and converted it to DC output with the desired range of voltages for different
applications. Proposing the novel techniques to harvest energy from radio waves, is involved in designing
novel circuits capable of gaining energy from RF sources and converting RF to DC (rectifier) which
could also amplify the voltage, followed by DC to DC converters with specific output voltages. In this
thesis, the analysis and design of the dual input rectifiers (1-stage and 7-stage), isolated and non-isolated

DC to DC converters, and phase shift circuit were presented.

The key units of an RF power harvesting system are the antenna and rectifier circuit that allows the RF
power or alternating current (AC) to be converted into DC energy. The processing of battery wastes is a

critical problem. Most batteries end up in landfills, leading to the pollution of the land and water
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underneath. The most effective solution for reducing battery wastes is to replace them with possible
alternatives. Applying WPH technology will help to reduce the dependency on batteries, which will

ultimately have a positive impact on the environment.

In this thesis, comprehensive analysis and discussions of various designs of rectifiers, isolated and non-
isolated DC to DC converters and phase shifters in addition to their trade-offs for RF energy harvesting
purposes are included. After discussions, simulation results and analysis are presented of some recent

works are presented.

This thesis shows a novel analytical model for the voltage multiplier/rectifier at the frequency of
915MHz. The suggested model proposes a new method of deriving output characteristics of the
rectification circuit in terms of two main factors, voltage and current. The design consists of different
stages of Dickson voltage multiplier rectifier. In chapter 3, phase shifters and different Dickson rectifiers
with two input signals in one and seven stages were discussed theoretically followed by simulation and
practical results. In this chapter the prototype of 1-stage rectifier is presented where the input voltage is
between -10dBm and 2dBm and the output voltage is gained from 318mV to 1700mV. Also, the
prototype of 7-stage rectifier is presented where the input voltage is between -10dBm and -6dBm and the

output voltage is gained from 1220mV to 1550mV.

In addition, a new non-isolated DC to DC resonant converter working under zero-voltage switching con-
dition has been introduced, which can work in high frequencies with high power conversion rate and
efficiency as well as low losses. The proposed converter can provide 5V output from 350mV input volt-
age with efficiency of 72.8%. Furthermore, we proposed an isolated DC to DC converter which provides
the output voltage of 6V and more with efficiency of 68%. Due to the isolation, this converter is proper
for applications required more safety. All the theoretical analyses are verified by MATLAB and circuits
are simulated in PSIM. The two DC to DC converters have advantages such as zero voltage switching

(a. Low switching loss, b. Low capacitance loss, c. High power density), resonance (a. Increase switching
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frequency, b. Increase efficiency, c. Low EMI and noise), and diode-connected MOSFETs in rectification
part (a. Low conduction loss, b. Low thermal loss). For the isolated converter the advantage of isolation
gives more safety to the system for the applications which circuit safety is very critical (such as medical

application).

In this thesis, two combinations of high voltage gain circuits are introduced for low power applications
such as RFEH. The first combination consists of a phase shifter, 1-stage rectifier and resonant ZVS DC
to DC converter which produces the output voltage of 6V with the efficiency of 71%. The second, con-
sists of a phase shifter, 1-stage rectifier and isolated resonant ZVS DC to DC converter with the output
voltage and efficiency of 5V and 65% respectively. These two circuits are theoretically discussed, and

the simulation results are also presented to verify their operation.

As shown in Table 6.1, the 7-stage diode-based rectifier with dual input signals (produced by phase shifter

to have 180° phase difference) provides an output voltage of 1220mV with the efficiency of 74%, where

the combination of phase shifter, 1-stage diode-connected MOSFET rectifier with two inputs, and
isolated DC to DC converter can produce 6V with 65% of efficiency. Furthermore, the combination of
phase shifter, 1-stage diode-connected MOSFET rectifier with two inputs, and non-isolated DC to DC

converter provides output voltage and efficiency of 5V and 71% respectively.
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TABLE 6.1
COMPARISON OF ALL PROPOSED CIRCUITS IN THIS THESIS

Test Environment Number of Elements Input Power(uWatt) Input Voltage(mV)  Putput Power(uWatt Output Voltage(V) | Efficiency
Isolated DC/DC converter Simulation 10+External gate driver 100 350 77.28 6.07 68%
DC/DC converter Simulation 8+External gate driver 100 350 81.76 5.05 73%
1-stage Dickson rectifier with diode Practical circuit 7 100 100 34.13 0.32 34.13%
7-stage Dickson rectifier with diode Practical circuit 29 100 100 74 1.22 74%
1-stage Dickson rectifier with diode-connected MOSFET Simulation 7 100 100 38.5 0.34 38.50%
7-stage Dickson rectifier with diode-connected MOSFET Simulation 29 100 100 79.38 1.26 79.38%
1-stage Dickson rectifier with diode-connected MOSFET . . .

+ 0,

+ Isolated DC/DC converter Simulation 17+External gate driver 100 100 65 6 65%
1-stage Dickson rectifier with diode-connected MOSFET Simulation |5+External gate driver 100 100 7 5 1%
+ DC/DC converter
I-stage Dickson rectifier with diode-connected MOSFET Practical circuit 15+External gate driver 100 100 63.1 4.75 63%
+ DC/DC converter
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6.2 Future Work

This thesis basically offers three combinations of different circuits to be used for low power applications
specifically RF energy harvesting systems. Along with the proposed circuits, this thesis suggests future
improvements on the suggested system to develop the whole system offering a wider range of

applications.

6.2.2 Dickson Rectifier

For the proposed Dickson rectifier, we used diode-connected MOSFET as a rectifying component, we

also applied two input signals with a 180° phase difference. For this circuit, if we use the ON resistance

of the MOSFET by generating the proper gate signal to turn transistors on, the drop voltage on each

rectifying device should be less.

Furthermore, we can run all the MOSFETs by generating signals from coupled inductors, using the
inductor in phase shift circuit. In this system, we will apply self-driven method to generate proper signals

for turning MOSFETs on.

To enhance this circuit, if the MOSFETs are run to transfer energy, a control system will be required to

also analyse feedback loops, controlling all rectifying devices.

6.2.3 Isolated DC to DC Converter

The proposed isolated resonant DC to DC converter provides zero-voltage-switching condition for all
switches. This step-up converter is offered to boost the voltage for specific applications. In order to
further enhance this circuit, the main improvement should be design of self-driven method to run the
main switch and get rid of external gate driver.
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To have better function, we can increase the switching frequency to have smaller size components which

consequently produce less losses and operate more efficiently with smaller package.

Moreover, the design of the transformer can be developed to be smaller by trying different kinds of
transformer cores and setting smaller gaps between two sides of the core which can significantly affect

the leakage inductance and capacitance of the transformer.

Another potential future work could be the study on the control circuit which can relatively work with
feedback loops to control both switches in the primary side of transformer. Furthermore, by applying
synchronous rectifier at the secondary section of this converter, the advantages such as less losses and

higher efficiency can be achieved.

6.2.4 Non-Isolated Resonant DC to DC Converter

In chapter 4, a new resonant DC to DC converter is introduced. This converter has high voltage gain with
relatively high efficiency comparing to other works. An important development for this circuit can be the
self-driven method to run the main switch of this circuit. It can be easily applied if we use coupled
inductors for the main inductor in the initial section. We can also use the resonant inductor to be coupled

with another one and produce the signal to run the MOSFET.

In addition, by studying the combination of the resonant capacitor and inductor, another potential future
work is to increase the resonant frequency which consequently requires smaller components with better

operation.
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Appendix 1

Shown in Figure 1, in this section the combination of the rectifier and phase shift circuit together will be
discussed. To design the appropriate impedance matching network, the equivalent impedance of these
two circuits should be substitute and in the circuit combination, the final impedance will be calculated to

be further considered in the Smith chart method.

IMN RECTIFIER

PHASE SHIFTER B

Figure 1 The whole scheme of the IMN, phase shifter and rectifier together in the

¢ 3438.789] B 6.14-6.204 +—{ A

3438.789] 3438.789] 0.876-j0.836

Figure 2 The impedance of the phase shifter and rectifier together in the proposed

In Figure 2, the substituted impedances of the rectifier and phase shift circuit has been illustrated which

gives us the view of a star and a delta (Y and A). To obtain the equivalent impedance of the proposed
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combination viewed from the IMN output, we must first convert the star to delta. Shown in Figure 3, the

impedance values will be simplified using the conversion of star to delta.

Eventually, by analyzing the gained impedances, the final impedance seen from the IMN output is cal-

culated as 1.76+j1717.62.

C 16.24j3401.16 A

(3438.789j) 11(-952084.69-956040.5) (12.28+3426.38) 11{0.876-j0.836)

Figure 3. The simplified impedance of the phase shifter and rectifier together

In the following paragraphs, we show a more intuitive approach to impedance matching by using Smith

charts. Generally, as a standard, electrical engineers try to match the source/load to either 50Q2 or 75Q.

A Smith Chart is possibly one of the most practical tools to obtain and design the impedance matching

network.

As an example, the impedance Smith chart includes four different types of circles that traverse a constant
resistance (r), constant susceptance (b), constant conductance (g) or constant reactance (x). Every point

on the Smith chart defines an impedance.

First, we calculate this matching circuitry using the methodology explained above. The antenna imped-
ance is equal to Zan = 50Q2, and the normalized impedance of antenna is zane =1.0, which is the spot right

in the middle of the Smith Chart shown in Fig. 6.13. While Zisaq = 1.76 + j1717.62, by computing the
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normalized load impedance, we get Zipad = 0.035 + j34.352, S0 z* 10aa = 0.046 - j34.279. This is what we
will end up with, since, if we end up with z* 10aa = 0.035 - j34.352, the +j34.352 and — j34.352 will cancel
each other out, and the antenna will be pure resistive to the load (z = 0.045), thus it allows maximum
power transfer. This is a properly simple transformation and only two elements are necessary to handle

the function: a shunt inductor Lshunt and a series capacitor Cseries.

Since there is a shunt inductor, it is easier to deal with admittance and conductance. The start point here
is y = 1 for the normalized impedance of the antenna. Therefore, we have g = 1 and b = 0. A shunt
inductor will not change g, but will add a value to b. Hence, we traverse the g =1 constant conductance
circle until we meet a point that will help us with the next move. Anticipating that, the next move will be
adding a series capacitor, we try to get to a point which has the desired r = 0.035 value. The effect of
having a shunt inductor is moving cross the constant g = 1 and ending up at y = 1- j4.543. From this
move, we understand that the shunt inductor added the value of —j4.543 to the susceptance, and the cor-
responding value of inductor will be calculated from 2nfL= (1/4.543) * 50. The value of L is Lshunt =

1.922nH.

Second, we will determine the series capacitor. For this, it is easier to use impedance and resistances. To
convert the current impedance we calculated, we can either look at the intersecting impedance point or
calculate the formula z=(1- j4.543)!, which gives us z = 0.035 + j0.209. From this point, we try to go to
z =10.035 +j34.352. This traversal keeps r = 0.035 constant and reduces the value of j34.561 from im-
pedance. The value of a capacitor that can realize, can be calculated from 2nfC= 1/X. where X, =
50/34.561. By using these equations, the series capacitor is calculated as C= 120pF as shown in Figure

4.

Calculating the shunt inductor and the series capacitor the design of the impedance matching network

has been finished and the whole IMN is shown in Figure 4.
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120 pF

1.922 nH

Figure 4. The impedance matching network.
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Appendix 2

%Values of the all the components are added.
clear all

Lr=25e-009;

Cr=1e-009;

C1=0.25e-009;

C2=0.25e-009;

Vs=0.35;

Vo=6;

n=10;

wr=1/(sqrt(Lr*Cr));

fr=wr/(2*pi);

Zr=sqrt(Lr/Cr);

Cs=C1+C2;

a=Cr/Cs;

wa=sqrt(1+a)*wr;

B=n*(Vo/Vs);

10=Vs/Zr;

p1=(1.95848¢-5-1.89649¢-5)*wr;
p3=6.39¢-8*wr;
g=sqrt(((1-B)"2)-(2*(1-B)*cos(pl))+(1/a)+1);
pd=acos(B/((2*B)-g));

%Equations of voltage, current and time of seven modes of converter.

%Equations of voltage, current and time of first mode.

[1=(1-B)*sin(p1);

V1=(1-B)*(1-cos(pl));
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T1=pl/wr;
%Equations of voltage, current and time of second mode.

T2=(sqrt((sin(p1)"2)*((1-B)"2)+((2*(1-B)*cos(p1))/a)-((1+a)/a”2))*(1+a)*sin(p 1)) +((1-B)*(cos(p1)"2))-
((1+a)/a)*cos(p1));

12=((1-B)*sin(p1))*cos(wa*T2)+(((1-B)*cos(p1))/sqrt(1+a))*sin(wa*T2);

V2=(((1-B)*sin(p1))/(sqrt(1+a)))*sin(wa*T2)-(((1-B)*cos(p1))/(1+a))*cos(wa*T2)+(1-B)-(a*(1-
B)*cos(pl))/(1+a);

12 F=sqrt((sin(p1)"2)*((1-B)"2)+((2*(1-B)*cos(p1))/a)-((1+a)/a"2));
V2 F=(1-B)*(1-cos(pl))+(1/a);

%Equations of voltage, current and time of third mode.
T3=(atan(12/(V2+B)))/wr;
V3=I2*sin(wr*T3)+(V2+B)*cos(wr*T3)-B;
[3=I2*cos(wr*T3)-(V2+B)*sin(wr*T3);

13_F=0;

V3_F=sqrt(((1-B)"2)-(2*(1-B)*cos(p1))+(1/a)+1)-B;
%Equations of voltage, current and time of fourth mode.
T4=pd/wr;

V4=(g-(2*B))*cos(wr*T4)+B,;

[4=((2*B)-g)*sin(wr*T4);

14_F=-sqrt((((2*B)-g)"2)-(B"2));

V4 F=0;

%Equations of voltage, current and time of fifth mode.
T5=p3/wr;

V5=0;

15=14+(B*p3);

%Equations of voltage, current and time of sixth mode.
T6=(acos(((I5*(-sqrt((15°2)-(1+(2*B))/a))*a)+(B*(1+B)))/((B*2)+((15°2)*a))))/(sqrt(a)*wr);
V6=0;
16=15*cos(sqrt(a)*wr*T6)+(B/sqrt(a))*sin(sqrt(a) *wr*T6);
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16 F=-sqrt((15"2)-((1+(2*B))/a));

%Equations of voltage, current and time of seventh mode.
17_F=0;

V7=0;

T7=(sqrt((I5"2)-((1+(2*B))/a)))/(wr*(B+1));

disp(');
disp(' N
disp('f ='num2str(fi/le3)' (KHz) ~ a='num2str(a)'");

disp([' Phil ="' num2str(p1*180/pi) '(deg) Phi3 = 'num2str(p3*180/pi) ' (deg)']);

disp([' V1 ="num2str(V1*Vs) ' (V) 11 ='num2str(I1*10) '(A) T1="num2str(T1*1e6) "' (us)']);
disp([' V2 ="num2str(V2_F*Vs)' (V) 12 ="num2str(I2_F*I0) ' (A) T2 ="num2str(T2*1e6) ' (us)']);
disp([' V3 ="num2str(V3_F*Vs)' (V) 13 ='num2str(I3_F*10)'(A) T3 ="'num2str(T3*1e6) ' (us)']);
disp([' V4 =" num2str(V4_F*Vs)' (V) 14 ="num2str(I4 F*10)'(A) T4 ="num2str(T4*1e6) ' (us)']);
disp([' V5 ="num2str(V5*Vs) ' (V) I5 ="num2str(I5*10) '(A) T5="num2str(T5*1e6)"' (us)']);
disp([' V6 =" num2str(V6*Vs) ' (V) 16 ='num2str(I6_F*10) ' (A) T6 ="'num2str(T6*1e6) ' (us)']);

disp([' V7 ="num2str(V7*Vs) ' (V) 17 ="num2str(I7_F*10) ' (A) T7 ="'num2str(T7*1e6) ' (us)');

disp('**********************************************')

b
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