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Abstract

Wireless Power Transfer (WPT), as well as Energy Scavenging and Harvesting, are
becoming an active and attractive area of research for scientists and engineers due to the
ever-growing need for flexible, sustainable, and unfailing sources of energy. Furthermore,
WPT is seen as an environmental solution and a cost-effective approach since it drastically
reduces the need to replace and recycle dead batteries.

Among existing WPT techniques, RF electromagnetic (EM) techniques, performed
through a rectenna, have been retained because of their benefits in transporting power over
long distances. Among the rectenna blocks, the diode-based rectifier configuration is the
one that significantly influences the performance of WPT systems in terms of maximum
Power Conversion Efficiency (PCE). However, such configurations have noticeable
limitations like their inability to operate over wide input power range while maintaining an
acceptable PCE level.

So, to efficiently address the above issues in diode rectifiers, an analysis was first
performed to highlight the parameters that prevent the rectifier to operate over a wide range
of input power while achieving high PCE at 915 MHz, in the Industrial-Scientific-Medical
(ISM) band. From that, different approaches have been proposed to operate over wide range
of input power including adaptive/reconfigurable topology, active load modulation, and
harmonic trapping. In addition, with the aim to further maximize the rectifier PCE, a dual-
band rectifier operating at 915 MHz and 2.4 GHz was designed.

The fabricated adaptive rectifier exhibits 40% of PCE over a wide dynamic input
range of incident RF power levels from -6 to +25 dBm with a maximum PCE of 66% for an
input power of +15 dBm. Note that an average error of 1% was observed between simulated
and measured results.

Finally, a printed patch antenna was designed to evaluate the harvester as rectenna. It

achieved a gain of 3 dB4i, a directivity of 5.3 dBi and a radiation efficiency of 57%.
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Chapter 1.  Introduction

1.1. Motivations

Nowadays, WPT and energy scavenging have been attracting researchers and
industrials due to the ever-growing need for flexible, sustainable, and unfailing sources of
energy. In addition, with recent advances in Wireless Sensor Networks (WSN), e.g. the
Internet of Things (IoT), such intelligent systems are further highlighting this necessity
[1][2]. The aim of WPT is to allow devices to operate over an extended period of time
without having to charge/replace their batteries, a critical issue because of the inherent costs
and difficulties to reach inaccessible areas. Furthermore, WPT is seen as an environmental
solution and a cost-effective approach since it drastically reduces the need to recycle dead

batteries [2].

WPT techniques can be classified into two main classes (i) inductive and magnetic
resonant coupling methods to transfer power over short distances (few centimeters) and (ii)
RF electromagnetic techniques to transport the energy over long distances (few meters)
[3][4]; the latter being considered in this work due to their benefits in powering miniaturized

portable devices over longer distances.

WPT through electromagnetic has been applied in diversities of applications and
fields such as Radio Frequency Identification (RFID) [5], WSN, Wearable and Implantable
Medical Devices (WIMD) [6], Structural Health Monitoring (SHM) [7], and IoT [8], to
name a few. Such applications can involve a wide range of power levels depending on the
targeted applications and the distance from the controlled source: RFID (uW to mW), bio-
implants (mW to W), wirelessly charging systems for user electronic devices (few W). In
this work, we aimed to provide a system to operate over a wide range of input power levels
to enlarge its panel of applications. In fact, there are diversities of RF energy sources to
power devices through electromagnetic techniques including ambient and dedicated energy
sources. Dedicated energy sources have been retained due to their advantages such as

consistency, reliability, and the fact that they can be optimized to improve the overall PCE.
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Consequently, WPT process is accomplished through a rectenna, which mostly
contains an antenna, a rectifier, a matching network, and an output load. Once the RF wave
is received by the receiving antenna, it will be converted to DC voltage to either directly
power devices or store the energy in batteries.

In recent years, several approaches have been explored to improve the efficiency of
WPT systems [9]-[16]. However, optimizing the rectifier’s performance remains the most
widely used approach to maximize the PCE of a WPT system. The usual procedure to
design a rectifier for WPT starts by selecting the appropriate active device, typically a diode
[17]-[20]. Based on their biased techniques, diode rectifiers can be classified into two main
clusters namely, zero-biased diode configurations and non-zero-biased configurations. The
latter requires an external source to operate, which is not appropriate in harvesting energy
and WPT applications. Among zero-bias diodes, P-N junction and Schottky barrier devices

are the most widely used.

At the circuit level, numerous diode rectifier configurations have been suggested to
improve PCE including conventional configurations like series/shunt diodes configurations,
voltage doublers, and bridge diode rectifiers. However, all these topologies have noticeable
limitations, such as the inability to achieve a high PCE over a wide range of input powers.
This is mainly due to restrictions in diode properties including the incapability for a diode
to simultaneously exhibit low threshold voltage and high breakdown voltage, resulting into
a degradation in power efficiency in RF-DC conversion [4]. The effect of breakdown
voltage, identified as early breakdown voltage [21] can be, in fact, one of the significant

issues affecting the rectifier’s efficiency.

Indeed, the PCE of conventional diode-based rectifiers can be influenced by the
internal diode model components such as the junction resistance R;, the junction capacitor
C;, the diode parasitics (R, Ls, and Cp), as well as key internal diode parameters like the
saturation current /; and the voltage breakdown V.. Therefore, it turns out to be critical to

outline and understand the effect of such parameters on the Power Conversion Efficiency.

From that, enhanced techniques have been implemented to address such

conventional diode-based rectifier issues including adaptive/reconfigurable topology, active



Chapter 1. Introduction 3

load modulation, and harmonic trapping. Also, to further increase the rectifier input power

range, a dual-band circuit was designed.

Finally, with the aim to evaluating the whole rectenna system performance, a patch
antenna was implemented making use of metasurface and artificial magnetic conductor

(AMC) materials as ground plane as well as printed inks.

1.2. Research Contributions

The aim of this research work was to enhance and overcome the inability of
conventional rectifiers to operate over an extensive range of input powers while achieving
relatively high PCE. So, to efficiently address such issues in conventional rectifiers, the

following contributions can be highlighted:

e A detailed theoretical analysis was performed to investigate the impact of the above
mentioned diode model elements and key parameters towards the rectifier PCE. To
the best of our knowledge, this is the first time that such theoretical approach was
conducted. To achieve so, a generic configuration of a shunt diode rectifier was

considered.

e An adaptive reconfigurable rectifier was designed [22][23] to operate within the ISM
frequency band at 915 MHz. Starting from a concept described in [24] for devices
operating at 100 MHz, the proposed adaptive reconfigurable rectifier uses a transistor
FET as switch to combine between low and high input power levels in order to obtain
high efficiency over a wide RF input power range. Once fabricated and tested, the
rectifier exhibits 40% of PCE over a wide dynamic input range of incident RF power
levels from -6 to +25 dBm with a maximum PCE of 66% for an input power of 15
dBm. Note that an average relative error of 1% was observed between simulated and

measured results.

e To further enhance the PCE performance, an active load modulation block [25] was
designed and added to the adaptive reconfigurable rectifier to prevent the circuit to
reach its voltage breakdown by controlling the load value in real-time [26][23]. The

design achieved 40% of PCE over a wide dynamic input range of incident RF power
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levels from -6 to +32 dBm, i.e., an improvement of 15% compared to the adaptive

configuration alone.

e An harmonic trapping technique was implemented to suppress the unwanted
harmonics and thus, improve the output DC power [27]. Therefore, an efficiency
higher than 40% was achieved over a wide dynamic range of RF input power levels
ranging from -9 dBm to +28 dBm while increasing the PCE by 10% at high input

powers.

¢ In addition, a dual-band adaptive rectifier was designed to harvest and collect more
power by considering another potential source of power at 2.45 GHz [28]. It achieved
an efficiency above 40 % over an extensive-ranging of input power from -11 dBm to

25 dBm and -4 dBm to 21 dBm at 915 MHz and 2.4 GHz, respectively.

e Then, an efficient low-cost metasurface-based printed patch antenna was used to
evaluate the system as a rectenna (rectifying antenna) [29][30], with a gain of 3 dBi,

a directivity of 5.3 dBi and a radiation efficiency of 57%.

Finally, the designed adaptive/reconfigurable rectifier was fabricated, the active
load, harmonic trapping, and dual-band configuration implemented, and the obtained results

successfully compared to existing designs found in the literature.

1.3. Thesis Outlines

This thesis is divided into five chapters. After this introductory Chapter, Chapter 2
presents an overview of the WPT concept. In addition, design considerations are discussed
and the basic rectifier operation in WPT systems described. In addition, the issues of
conventional diode-based rectifiers to operate over a wide input power range while
achieving high PCE are investigated; besides, existing solutions proposed in the literature

to improve the PCE limitations are reviewed.

In the third chapter, the theoretical analysis of diode-based rectifiers operation and
their efficiency limitations are investigated to understand the critical components that affect
the overall PCE of the circuit and, thus, how to enhance it. To do so, different parameters

are varied and their impact evaluated.
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Chapter 4 introduces different approaches used to overcome the inability of

conventional rectifiers to operate over an extensive range of input power levels and improve

their overall power conversion efficiency. In addition, the design and implementation of

proposed rectifier configurations are presented, and their results successfully compared to

existing designs found in the literature.

Chapter 5 summarizes the thesis, clarifies the major contributions and points to

potential future works.
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Chapter 2.  Wireless Power Transfer Overview

In this chapter, an overview of WPT is presented and the existing transport power
techniques reviewed, highlighting the electromagnetic (EM) technique as the approach to
select due to its advantages for transporting power over long distances. Thus, diverse RF
energy sources are described including the ambient and dedicated energy sources, the latter
being preferred in this work. Possible applications are then explored. In addition, design
considerations and RF power transmission parameters are considered including power range
and operating frequency. Furthermore, a link budget set to estimate the power level that can

be transmitted, received, harvested, and the maximum distance to be reached.

Then, the WPT RF system is introduced including the transmitter and the rectenna.
In a rectenna system, the rectifier block is considered as the key element to improve and
maximize the overall PCE for WPT and harvesting energy. Therefore, the main rectifier
parameters are introduced including efficiency, sensitivity and output load. Note that
Schottky barrier devices have been selected due to their high saturation current, low series
resistance, and high breakdown voltage. In addition, the limitations of conventional diode-
based rectifier configurations are highlighted, i.e., the inability to operate over a wide
dynamic input power range with high efficiency, and different alternative rectifier

configurations investigated.

2.1. Wireless Power Transfer Principle

The concept of WPT is to wirelessly transfer power. WPT, as well as Energy
Scavenging and Harvesting (ESH), are becoming an active and attractive area of research
for scientists and engineers due to the ever-growing demand for flexible, sustainable, and
unfailing sources of energy. In addition, with recent advances in wireless sensor networks,
e.g. the Internet of Things, wearable and implantable medical devices and structural health
monitoring, such intelligent systems are further highlighting this necessity [1][2]. The aim
of WPT is to allow devices to operate for a longer period of time without having to

charge/replace their batteries, a critical issue because of the inherent costs and difficulties
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to reach inaccessible areas. Furthermore, WPT is seen as an environmental solution and a
cost-effective approach since it drastically reduces the need to recycle and dispose of dead
batteries [2].

WPT can involve a wide range of power levels depending on the targeted
applications: radio frequency identification (uW to mW), bio-implants (mW to W),
wirelessly charging systems for using electronic devices (few W) or electrical vehicles
(several kW) [31]. Recently, different organizations are working toward the standardisation
of WPT technologies including Wireless Power Consortium, Power Matters Alliance, and
Alliance for Wireless Power [32]. Following these standards, several products have been
commercialized: charging electronic devices such as cellphone station pads [33] or
powering home electrical equipment like TVs, lamps, and desktops [34]. Charging
electrical vehicles has been also receiving consideration from automobile manufacturers
[35]. In addition, independent companies such as Qualcomm, WiTricity, and Energous

have developed different WPT techniques to achieve and enhance WPT systems [36][37].

2.2. EM Wireless power classifications

WPT can be classified into two main groups depending on the frequency operation
and the distance that can be accomplished: (i) inductive and magnetic resonant coupling
techniques to transfer power over short distances (near field) and (ii) RF electromagnetic

techniques utilized to transport and harvest the energy over long distances (far-field) [22][3].

2.2.1 Magnetic Inductive Coupling

Magnetic Inductive coupling operates by magnetic field induction and delivers the
energy between two coils from the primary coil to the secondary coil without using wires.
The primary source of energy generates a variable magnetic field across the secondary coil.
Then, the near-field process produces a voltage and current that can be utilized to power
devices wirelessly [38][39]. It transfers power in the near field region and short distance
range; additionally, it mostly operates at low frequencies. Inductive coupling has been

manufactured and applied for different applications such as charging electric toothbrushes,
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charging pads for cell phones or laptops (Figure 2.1), or implantable blood analyzer chip for

medical applications [40].

Primary coil =

3 Second coil

Powermat wireless charging
Electric toothbrush system for mobile devices

(a) (b)
Figure 2.1 WPT inductive coupling technique: (a) circuits. (b) applications [39][41]

Several factors can affect the inductive coupling efficiency including the coils
coupling tightness, specified by the alignment and the distance between the two coils. In
addition, the quality factor that represents the ratio of energy stored in the capacitor and
inductor to the energy dissipated as thermal losses, is an essential parameter to optimize the
efficiency by selecting a proper material, choosing the right shape and dimensions and
frequency operation [39]. An overview of near-field can be found in [42] along with the
drawbacks of both near and far fields in WPT applications. In addition, the misalignment
issue has been investigated in [43] for various coil structures. Moreover, the allowed degree
of misalignment acceptable for a specific application has been examined as well. In [44], a

WPT system was designed to charge electric vehicles overnight.

2.2.2 Magnetic Resonant Coupling

Magnetic resonant coupling is based on the concept of coils operating at the same
resonant frequency and coupled through non-radiative magnetic resonance coupling. Apart
from the inductive coupling technique, the primary and secondary coils in the resonant
coupling are adjusted to have the two coils resonating at the same frequency by adding a

capacitor [38][39]. Then, high transfer power efficiency can be accomplished.
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This technique has important advantages compared to the inductive coupling such
as transferring power over long distances and powering multiple devices at the same time
at different levels of powers with a single source power. In addition, the alignment is not
essential as in the inductive coupling technique [38][39]. In [45], a strong magnetic

resonance coupling has been developed to transfer power using non-radiative technique.

However, the magnetic resonant coupling has a drawback, i.e., it can be utilized to
charge home appliances and electric vehicles but not suitable for mobile applications due to
short-range charging with limited spatial freedom [46][36]. In fact, magnetic resonant
coupling has been manufactured and applied mainly for specific applications such as
charging home appliances including TV, lamp and desktop and charging electric vehicle as

illustrated in Figure 2.2-b.

Figure 2.2 WPT applications of magnetic resonant technique [39][41].

2.2.3 Electromagnetic or radio wave

The third category of WPT techniques is transferring and harvesting power through
RF EM techniques. This power transfer process is typically performed through a rectenna,
which generally comprises an antenna, a rectifier, a matching network, and an output load,
as shown in Figure 2.3. The antenna receives the RF wave to be transformed and converts
it to DC output voltage via a rectifier. This rectenna will then be used to charge batteries or
directly power devices. It has the advantage of long effective charging distance, suitable for

powering portable and mobile applications.
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Figure 2.3 RF Electromagnetic Wave technique of WPT [39]

A comparison between the different WPT techniques is summarized in Table 2.1.
Among the above WPT techniques, we retained the RF electromagnetic technique for its

ability to power devices over long distances.

2.3.  WPT history through radio wave

WPT through waves has been already experienced in the 19" century, when H. Hertz
attained power transfer by using a spark-gap radio transmitter to generate a high-frequency
power and sense it to a receiver, or when N. Tesla conducted WPT experiments at low-

frequencies, using a gigantic coil operating at 150 kHz [47][48][49].

In 1963, W.C. Brown introduced and established the WPT concept. He developed
the rectifying antenna or “rectenna”. After numerous attempts to achieve high RF-DC
efficiency, Brown attained in 1970 an efficiency of 26.5% at operating frequency of 2.45
GHz. In 1975, Brown and his team succeeded to demonstrate the largest experiment of
wireless power transfer. As shown in Figure 2.4, it contains a parabolic transmitting antenna

with a diameter of 26 m and a receiver with a rectenna array of 3.4 x 7.2 m?,

The rectenna was placed within 1 mile away from the transmitting base station. The
experiment was operating at 2.388 GHz with a transmitting power of 450 kW and achieved

30 kW of DC power at 82.5% of rectifier efficiency.
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Table 2.1 Comparison between different techniques of WPT [39]

Technique Advantages Disadvantages Effectl.ve charging Applications
distance
=Safe for humans = Short distance Few millimeters to ~ Smart and
=Simple charging few centimeters tablets (through
Inductive implementation *Not suitable for pads mat),
coupling mobile toothbrushes,
applications contactless
= Tight alignment smart cards ...
required
=Loose alignment =Not suitable for Few centimeters to TV, lamp,
between the charger mobile around a meter desktop,
and charging applications charging
Magnetic dc.evices. " L.imited charging elec{trical
resonator - Slllmul.taneoulsl'y 1 distance vehicles ...
: charging multiple
coupling devices at different
powers.
=High charge
efficiency
=ong effective »Not safe when the  Several meters to RFID, wireless
charging distance RF power hundreds of meters  sensors,
EM wave =Suitable for mobile exposure is high. implantable

application

*[ow charging
efficiency.

medical devices.

Based on Brown’s work, the Solar Space Power Satellite (SSPS) was introduced by

Glaser in 1968. SSPS’s concept is to gather the sun energy in the space through photovoltaic

solar sources and send it to the earth as RF wave to a receiving station (rectenna) as

illustrated in Figure 2.4-b. However, its large antenna size made the SSPS difficult to

transfer power for commercial applications. From that time, many studies have been

involved to use this new source of energy. Mainly, the U.S. National Aeronautics and Space

Administration (NASA) and Department of Energy (DOE) evaluated its technical

possibility and economic feasibility. Then, different SSPS systems have been proposed but

not built yet, mainly due to their inherent cost [50][51].
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% Solar Power Satellite *
Sunlight—DC—RF

Microwave Beam |

Pilot Signal

(a) (b)
Figure 2.4 (a) First succeeded experiment of WPT through rectenna in 1975 [49] (b)

Configuration of the SSPS system, consisting of ‘‘solar power satellite’” and ‘‘rectenna’’ [50].

2.4. WPT Applications through radio wave

WPT through EM waves has been applied in various fields including RFID [5][52],
wireless sensor networks [38][53], wearable and implantable medical devices [6][54],
structural health monitoring [7][55], Internet of Things [8], and Internet of Everything (IoE)
[56][57][58][59][60]. In such applications, the major challenge is the limited lifetime of the

devices. Therefore, WPT and harvesting energy can be a suitable solution to charge the

device's batteries.

As seen, the applications of harvesting energy and WPT are various, leading to a
large panel of WPT system designs. Enhancement of a specific design parameter may be
destructive for others: sacrificing distance for efficiency, size for robustness, complexity for
cost. In this work, we focused on designing a system able to operate over a wide range of
input power levels to enlarge its panel of applications with true spatial freedom and

insensitivity to location.
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2.5. RF Energy sources

There is anticipation that transferring power through RF/microwave bands will be a
suitable solution due to the fact that wireless RF/microwave sources are extensively spread
in our daily environment. Therefore, a pair of techniques can be referred to provide energy
namely, Energy Harvesting (EH) from ambient RF energy and WPT on demand from
dedicated RF sources. In both cases, careful design of RF power transfer systems is essential

to maximize the system performance for a given scenario.

2.5.1 Ambient RF energy source

The Energy Harvesting (EH) scenario in Figure 2.5 shows a number of devices in a
specific surrounding environment that harvest RF energy from different RF sources
operating at different frequencies. A radio wave is ubiquitous in our daily lives; it can be

found in the form of signals from radios, wireless LANs, mobile phones, etc. [61].

The permissible and available spectrum for harvesting energy can range from few
MHz up to few GHz [62]. The available EH power from ambient RF sources is time-varying
and unpredictable. In addition, the transmitter specifications such as output power, antenna
radiation, and polarization are unknown. Therefore, the transmitter performance should be
first estimated to deduce the power link budget of the WPT system. Consequently, at the
receiver side, the rectenna should be designed to cover such unknown specifications and its
antenna to operate over broadband/multiband frequency range to harvest and scavenge most
of the RF surrounding power [63]. The harvesting rectenna design is therefore challenging
while trade-offs between system size and performance should be considered due to the EH

system necessity to be combined with miniaturized devices [64].
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Figure 2.5 An EH scenario with multiple, randomly distributed RF sources [64].

2.5.2 Dedicated RF energy source

WPT with dedicated RF source is represented in Figure 2.6. Compared to the
ambient source (Table 2.2), this technique on the receiver side has advantages of knowing
the RF source parameters such as the operation frequency and polarization of the incident
power. In the WPT system, having a multiband or broadband receiver antenna coherent with

the RF source antenna leads to enhance and maximize the overall efficiency [47][64][63].

Dedicating RF energy source should be able to deliver the needed power to the
system when requested. Moreover, this power should follow the transmitting and receiving
power regulations in the targeted frequency band. Accordingly, implementing a dedicated
RF source is considered as a proficient technique for WPT system. It allows to know about

the energy availability and provides the ability to enhance the rectenna overall efficiency.

To conclude, harvesting energy from an ambient source is not reliable due to the
unidentified design specifications already mentioned. On the other hand, transferring power
from a dedicated energy source is consistent and can be optimized to improve the overall

PCE. We have then retained this option in our work.



Chapter 2. Wireless Power Transfer Overview 16

2.6. RF Power Transmission and Design Considerations

Setting the specifications is the first step in any system design. It can include the
transmission range, operation frequency, transmission power or link budget and design
trade-offs [65][66]. In addition, health and safety considerations of the radiating system

should be considered [67]. These rules restrictions and metrics should be then discussed.

Environmental
Monitoring

Complex Logistics
Figure 2.6 A WPT scenario with dedicated known RF source [64].

2.7. RF Power Transmission and Design Considerations

Setting the specifications is the first step in any system design. It can include the
transmission range, operation frequency, transmission power or link budget, and design
trade-offs [65][66]. In addition, health and safety considerations of the radiating system

should be considered [67]. These rules restrictions and metrics should be then discussed.
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Table 2.2 WPT system characteristics of RF energy sources [64]

Section Parameters Dedicated Energy source Ambient RF energy
Transmitter | Power generator = High-efficiency power = Not controllable
side amplifier = Multi-tone

= Optimized signal waveform

DC- to RF efficiency = Can be optimized = Cannot be optimized
Antenna = Directive = Directivity unknown
specifications » Defined polarization and = Polarization and positions
positions unknown
= Smart beaming is possible » Multiband source
Radio RF-RF efficiency = Known = Unknown
channel = Optimized = Worst case estimate
Receiver | Antenna = Directive = Nondirective
side specifications » Defined polarization and = Circular or dual polarization
position = Multiband resonator
= Single band
Rectifier = Design for a specific power = Design for a broad range of
density and RF frequencies power and frequencies
RF-to-DC efficiency = Can be optimized = Can be optimized

2.7.1 Transmission distance range

Based on the distance R between the transmitter and the receiver, the EM field region
can be classified either as near-field inductive, near-field radiative or far-field radiative

(Figure 2.7). They are a function of the wavelength, A, as seen in (2.1). The most significant

parameter in this equation is % which determines the field region [65][68] .

R < iﬂ Near Field Reactive

) (2.1)
P R < 214 Near Field Radiative

R > 22 Far Field Radiative

where ¢ (3 X 108m/s) is the speed of light in free space and f'the operating frequency.
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Figure 2.7 EM field regions [69]

2.7.2 Operating frequency

There is a wide selection of frequencies that can be utilized in harvesting energy and
WPT in both near and far fields regions. For instance, low-frequency bands are highly
valued and suitable for inductive coupling and coupling resonance operating in the near-
field region, e.g., 125-134 kHz to wirelessly charge laptops and cellphones or 13.56 MHz
to power smart/RFID cards. As for far-field, it ranges from few kHz to around 30 GHz.
UHF band is commonly used for harvesting energy due to its flexibility and relatively low

interference.

Wavelength is a significant characteristic in WPT systems, which conditions the
antenna size, attenuation level, and receiver element parameters. Low frequencies lead to a
larger antenna but lower attenuation to nearby objects. In addition, they do not require high-
quality circuit elements. In contrast, higher frequencies have the advantage of smaller size;
however, the attenuation is higher and components’ sensitivity to parasitics is vastly
increased. WPT systems can be operated at the ISM bands, i.e., 915 MHz, 2.4 GHz and 5.8
GHz.
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2.7.3 Transmission power and safety considerations

To harvest or power devices wirelessly, the energy should be collected from a
dedicated power source or an ambient source. There exist certain regulations for such
sources in terms of maximum power that can be transmitted. These regulations, built to
assure health and safety conditions while operating at ISM bands, are controlled by different
associations such as the US Federal Communication Commission (FCC), the Canadian
Standards Association (CSA), and the European Commission (CE). FCC, for example,
allows transmitting in ISM bands a maximum power of 30 dBm (1W) while Maximum

Effective Isotropic Radiated Power (EIRP) is 36 dBm (4W) [65][70].

In addition to safety and health considerations, Maximum Permissible Exposure
(MPE) limit and Specific Absorption Rate (SAR) restrictions should be taken into account,
particularly in implantable and wearable devices design as discussed in [6][71][70][72].
Also, RF and microwave radiation are considered as nonionizing. A study of biological

effects of the radiofrequency electromagnetic field can be found in [73].

2.7.4 Link budget

In order to estimate the power levels that can be transmitted, received, and harvested
as well as the maximum distance that can be reached, a power link budget is essential. The
propagation in free space between the transmitter and receiver can be expressed via the well-
known Friis equation where the received available power can be estimated as in (2.2)

[27][74].

2

A
b = PthGr(

m) (2.2)

where (P;, G;) and (P,, G,) state respectively for the transmitted and received power and

antenna gain. R is the distance between the transmitter and the rectenna.
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Most of the power loss while transmitting is the free space path loss (FSPL) [75].

4Rf\?
FSPL = 10 log (”Tf) (2.3)

Therefore, the maximum received power between two antennas that spreads over a

distance R and operating at a specific frequency f can be calculated in dB as in (2.4)

P, [dBm] = P, [dBm] — FSPL[dB] + G, [dB] + G, [dB] (2.4)

Based on the FCC rules that restrain the maximum transmitter output power to 30
dBm for ISM frequency bands, the following section is allocated to the RF system power
link budget. The Friis equation was applied to estimate the power levels that can be received,
as well as the distance that can be reached. In Figure 2.8-a, the power link budget was
calculated for different operating ISM bands including 915 MHz, 2.4 GHz, and 5.8 GHz for
fixed transmitting power (30 dBm), transmitting (6dBi) and receiving antenna gain (6 dBi)

while the distance was swept up to 8m.

From that figure, we can conclude that, amongst the ISM bands, 915 MHz is the
most promised band due to its ease of accessibility, less attenuation, less sensitivity to circuit
parasitics and ease of fabrication [76][70]. As for the others bands (2.4 GHz and 5.8 GHz),
even if they exhibit the advantage of size reduction and higher antenna gain, it is at the
expense of higher attenuation, which is a key issue in WPT systems. Therefore, in this work,

915 MHz frequency band has been retained for far-field operation.
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Figure 2.8 Power link budget vs distance of RF system operation: (a) at different frequencies (b)

at different receiver antenna gains at 915 MHz.

As highlighted in Figure 2.8-b, at 915 MHz, there is a trade-off between the received
antenna gain and the distance needed to be reached beside the desired level of power. In these
calculations, the applied transmitted power was the maximum allowed (30 dBm) and the transmitter
antenna gain was set to 6 dBi to get a Maximum Effective Isotropic Radiated Power (EIRP). Note
that higher received antenna gains can provide higher levels of power for a given distance as

illustrated in the received power link budget in Table 2.3.

2.8. RF System overview

A generic WPT system is shown in Figure 2.9. It contains a transmitter and a

rectenna. In the following, a brief explanation of the different RF blocks is presented.
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Table 2.3 RF system power link budget

Received power link budget

Frequency operation 915 MHz 2.4 GHz 5.8 GHz
Wavelength (m) 0.328 0.125 0.0517
Received antenna gain (dBi) 6 | 3.5 2 0 6 dBi 6 dBi
Transmitted antenna gain 6 dBi 6 dBi 6 dBi
Transmitted power (dBm) 30 dBm 30 dBm 30 dBm
Distance (m) 8 8 8
Received Power (dBm) =7 | -10 | -11 | -14 -16 -24
Pt, Gt « P_f, Er ________________
R I 1
I Rectenna |
RF I Matching | | Rectifier Circuit | | Load/Power :
Generator Nework —D— management |
r-—t_ =

Figure 2.9. Diagram illustration of a WPT system.

2.8.1 Transmitter

In a WPT system, the transmitter design is separated from the rectenna design even
though the overall efficiency starts from the transmitter by transmitting power under
restrictions of legal regulations and physical transmission properties of the environment.
The transmitter hardware enhancement will not add improvement to the rectenna part;
however, the transmitted power waveforms possibly will expand the rectification efficiency
by increasing the antenna maximum voltage through Power Optimized Waveforms (POW),
utilized to deliver and achieve a maximum voltage, leading to a higher overall efficiency of

the rectenna.

POW uses periodic amplitude fluctuations to increase the input voltage of the

rectenna; subsequently, the efficiency is increasing [65].
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2.8.2 Rectenna

Transfer power process is achieved through a rectenna, which mostly contains an
antenna, a rectifier, a matching network, and an output load, as illustrated in Figure 2.9.
Once the RF wave is received by the receiving antenna, it will be converted to DC voltage
through a rectifier circuit to either power devices directly or store the energy in batteries.
Therefore, in recent years, research thrusts have been devoted to improve and develop WPT
systems like rectennas for specific applications. The rectenna efficiency can be improved

and developed at different levels: antenna, matching network, and rectifier.

Therefore, the receiver antenna is an important element to transfer and harvest power
through electromagnetic signals. It is responsible for capturing the incident RF signal from
either a dedicating RF energy for a specific operating frequency or an ambient RF energy

from multiple potential operating frequencies.

The matching impedance circuit is also an important element since it reduces the
loss between the antenna and the rectifier by transferring the highest possible amount of
power. In WPT and harvesting energy, designing a matching network will be more
challenging since the input impedance of the rectifier needs to be matched for a particular
frequency operation while the rectifier input impedance is varying as the input power level

changes due to the nonlinear components in the circuit.

Finally, the rectifier circuit is a critical block in WPT and harvesting energy systems.
In fact, most of the approaches that have been explored to improve the PCE of WPT systems

have been dedicated to optimize the rectifier performance.

2.9. Rectifier

The rectifier converts the RF wave into DC power. Because it is a key block in WPT
systems, it is worth to first examine the parameters that limit its efficiency and thus, review

the techniques that have been proposed to enhance this latter.
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2.9.1 Rectifier design parameters

Rectifier performance can be characterized and evaluated by various design

parameters [65] as summarized below.

+ Power Conversion Efficiency (PCE)

The RF-DC PCE is a crucial parameter to evaluate and characterize the rectifier’s
performance. PCE is defined in (2.5) as the ratio of DC output power (Ppc) over the RF
incident power at the rectifier input (P;) [77]. The Py is the dc voltage, V,,;, across the
load resistance R;. The concept is illustrated in Figure 2.10. Note that the causes of
efficiency degradation and approaches to improve it will be discussed in Chapter 3.

_ (Vour)?

PDC
n=—-x100 with: Py, = (2.5)
P, be R,

Figure 2.10 Rectifier structure illustrating the concept of efficiency. Here Prr and P, state for the

input radio frequency power and input reflected power, respectively.

¢ Sensitivity

Sensitivity is an important metric for evaluating WPT and harvesting energy
systems. It is indeed a suitable indicator to determine the Minimum Desired Signal (MDS)
or the weakest signal that can be handled. High sensitivity means the circuit is able to cover
and capture low input power levels. The rectifier sensitivity depends on the active device
threshold voltage: lower the threshold voltage, higher the sensitivity [78]. The relationship
between sensitivity and PCE is complex because this latter depends on the input power level.
Operating at the lowest possible power level (highest sensitivity) leads to reduced efficiency

[65][21].
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¢ Output Load
The rectifier is an AC/DC converter. The output voltage will drive the load for

specified applications such as charging batteries or supplying devices. Consequently, the
load resistance plays a critical role in the overall performance. As seen in (2.5), the load
resistance, R, highly affects the overall PCE and output voltage. Therefore, an optimal

value of R; should be determined to assure maximum power conversion efficiency [79].

++ Load Voltage and Current
The digital subsection of the RF circuit is fed by the output DC voltage, Vpp, and
the current Ip . The specifications of most ICs need a minimum voltage to operate properly,
usually 1V. Therefore, Vpp is a control limitation for sensitivity and lower values of input
power result in an inadequate voltage to power the digital subsection. Higher voltages can

be managed by using limiters or regulators to avoid damaging circuit components [21].

+ Overall Efficiency
The RF-DC PCE is an essential parameter to assess the rectenna performance. In the
aim of evaluating the rectenna “efficiency”, and not only the rectifier performance, the PCE
of the rectenna system is defined in (2.6) as the ratio of DC output power (Pp) delivered
to the load over the RF incident power at the antenna input (Pgr), which includes the
impedance mismatch and reflective scattering (P,) at the antenna plan [27].

(2.6)

o _ Ppc
nrectenna(/o) = P_ x 100
RF

2.9.2 Transistor vs. Diode

The rectification process can be achieved by using active devices such as transistors,
connected as diodes, or diodes. CMOS, GaAs, or GaN transistors can be utilized to achieve
the rectification process [80][81][82]. The CMOS technology is suitable for certain low
powers due to its low threshold voltage and can be maximized at narrow input power levels
while GaAs- and GaN-based transistors can be applied for rectification at high input power
levels due to their inherent capability and high threshold and breakdown voltages [83]. In
WPT and harvesting energy, having a rectifier working at low power is required. Therefore,

among these transistors varieties, the CMOS-based rectifier proven the ability to handle
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most of the requirements to accomplish the WPT process. It is compact, of small size, and
cost-effective. However, fabrication difficulties, design constraints, and transistor threshold
voltage drop need to be taken into account particularly where the power is requisite as in
WPT. Therefore, diodes are preferred in conversion efficiency and power managing [66]-
[78], mainly because of their low threshold voltage, high saturation current, low series
resistance, and high breakdown voltage. As a result, in this thesis, diodes have been selected

to design the rectifier for WPT and harvesting system applications.

2.10. Diode Characterization

As the diodes have been retained to design the rectifier, the concept of diode

operation as rectifier should be detailed.

2.10.1 Operation concept

Knowing and determining a specific bias (DC) point is an important step for

analyzing and designing an active component in order to operate at its optimal point.

Basically, the power dissipation and voltage/current specifications can be extracted
from the device I-V curve. In reverse bias (V, < 0 V) the current across the diode is very

small. Hence, the diode is in its OFF-state.

On the other side, the forward bias happens when V, > V;;, > 0, V;;, being the
threshold voltage. Hence, the diode is ON. The zero-bias state is considered when V, = 0 V.

The current across the diode can be written as in (2.7).
Ip = —I Diode is OFF (2.7)

ID = Vp—IpRg
Ip = I <e nvr  — 1) Diode is ON

In the ideal case, the series resistance is set up to zero, leading to

Vp 2.8
Ip = I (e"‘?T - 1) 29
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where:

Ip is the current through the diode (A) V), is the voltage across the diode (V)

I, 1is the saturation current (A) Vr is the thermal voltage = kT /q (V)
R, is the diode series resistance (€2) q is the electron charge (1.60 X 1071° C)
n is the ideality factor. k  is the Boltzmann’s constant

(1.38 x 10723 J/K)

2.10.2 Diode selection

Diodes rectifiers can be classified into two main clusters namely, zero-biased diode
configurations and non-zero-biased configurations [83]. The latter requires an external
source to operate, which is not appropriate for harvesting energy and WPT applications.
Among zero-bias diodes, P-N junction and Schottky barrier devices are the most widely
used. Schottky barrier (SB) diodes have faster switching capabilities and a much higher
saturation current [83][84]. Consequently, in this thesis, the zero-bias Schottky barrier diode

was retained.

2.10.3 Diode Behaviour as Rectifier

When the diode operates as a rectifier, the maximum output DC voltage is restricted

by the voltage breakdown, V},., and can be expressed as (2.9)

Vor (2.9)

V =
o,DC 2

Note that, due to output DC signal saturation, the input AC signal amplitude is limited.
So, the diode breakdown voltage determines the maximum peak voltage of the input
waveform and thus, having a diode with high breakdown voltage is desirable to operate at
high power. For a given load R;, the maximum output DC power is determined as [85]

Vpr? (2.10)
PDC,max = 4R,
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2.11. Diode-Based Rectifier Topologies

In microwave diode rectifiers, various topologies have been proposed including
simple structures such as series and/or shunt diodes, voltage doublers (charge pump) and

bridge diode rectifiers [19].

The most common configuration is a zero-bias single diode because it is simple,
easy to fabricate, and cost-effective. The full-wave rectifier has a better performance than
the half-wave; however, it needs a transformer, which makes it improper to utilize. The
voltage doubler is a decent candidate because the output voltage will increase at a certain
point as the number of stages increases, but at the expense of size and cost. In WPT and
harvesting energy systems, it is significant to obtain and select a proper configuration to

operate a system with high efficiency over a wide dynamic range of input power levels.

In fact, conventional diode-based rectifier configurations have known limitations
due to their inability to operate over a wide dynamic input power range, mainly due to
constraints in the semiconductor breakdown voltage and by operating out of the optimum
power range, thus leading to a radical drop in the RF-DC efficiency. This effect is known

as early breakdown voltage and can be seen in Figure 2.11 [21].

80
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Early Breakdown
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Figure 2.11 Early breakdown voltage illustration

Therefore, several works have been reported to improve the performance of

rectifiers and address their device restrictions. Also, varieties of frequency bands rectifiers
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have been proposed, including single-band, multi-band, and broad-band rectifiers

[91[10]{20][86][87][88].

A solution to the sensitivity of the input impedance rectifier versus the input power
level and output load has been firstly proposed in [11] by introducing the resistance
compression network (RCN) concept to improve the overall rectifier efficiency (by attaining
a small variation of the input impedance while changing the input power level and output
load); however, the targeted input power range is still narrow. The proposed RCN has been
implemented for a single frequency as in [12][89] as well as for dual-band operation to

further maximize and enhance the overall system efficiency [1][90].

In [3] and [19], a tunable architecture rectifier was designed to operate over a wide
dynamic range of input power levels, but at the expense of complicated and bulky designs.
Different rectifiers have been designed at different operating power level capabilities and
combined with a single-pole four-throw (SP4T) RF switch structure to extend the operation
over a wide range of input powers. Also, the rectifier optimized in [13] at different incident
power levels can be connected in parallel to extend its operating range. Furthermore,
maximum power point tracking (MPPT) approaches have been utilized to improve the

rectifier PCE over a wide range of input powers [14][91][92][93].

Additionally, to solve the breakdown voltage issue of zero-bias Schottky diodes, two
types of transformers have been proposed for impedance matching: series-divider-

transformer (SDT) and parallel-divider-transformer (PDT) [15].

Correspondingly, an extended power range topology was suggested in [21] and [16]
by using a simple configuration of a diode connected in series with a pHEMT transistor to
extend the breakdown voltage. However, it needs to be improved to cover wider input power
levels. Furthermore, to still improve the rectifier overall PCE, harmonics terminations have
been proposed to reject unwanted generated harmonics [94][95][96]. In [97], a nonlinear
model has been proposed to rectify and recycle the harmonics with the aim of increasing the
RF-DC power conversion efficiency. Moreover, an automatic load control has been
proposed in [98] to improve the PCE by changing the load according to the input power

variation. Furthermore, a rectifier array has been presented to extend the range of
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rectification process as in [99]. Also, to extend the power range of the rectifier, an

asymmetric power divider has been proposed in [100].

Moreover, an adaptive reconfigurable rectifier working at 100 MHz has been
proposed in [24] to solve the failure of conventional rectifiers to operate over a wide range
of input power levels. Likewise, an adaptive load block proposed for the bridge rectifier
configuration to improve the overall efficiency has been discussed briefly in [25]. Moreover,
an automatic load control has been proposed in [98] to improve the PCE by changing the

load according to the input power variation.

Indeed, the efficiency of conventional diode rectifiers can be optimized by adjusting
various parameters including frequency operation, input power, saturation current, voltage
breakdown, series resistance, device parasitics, capacitor and inductor quality factors,

matching network and output load.

Therefore, it turns out to be critical to outline and understand the effect of such
parameters and their impact limitations on the circuit performance, which will be

highlighted in Chapter 3.

2.12. Summaries and Conclusion

In this chapter, WPT concept was introduced, following by its powering
classifications techniques (i) near-field magnetic inductive coupling and magnetic resonant
coupling for short range and (ii) far-field EM wave for long range. This work focused on
the EM wave technique due to its advantages of long distance charging and powering
devices. From that, different RF energy sources were described such as the ambient and
dedicated energy sources. The dedicated source was chosen for this work due to mentioned
benefits over ambient RF source. In addition, possible applications were explored within
the scope of EM-based WPT. The aim application of this work is to have a system operating

for a wide range of input power levels to broaden its panel of applications.

In addition, design considerations and RF power transmission parameters were

discussed including the transmission range, operation frequency, and safety considerations.
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Moreover, a link budget was set to estimate the power level that can be transmitted, received,

harvested and the maximum distance to be reached.

Moreover, the RF system was briefly introduced including the transmitter and the
rectenna, where the rectifier is one of its fundamental components. Then, the main rectifier
parameters were introduced including efficiency, sensitivity and output load. Thus, the
diodes, and particularly the Schottky barrier devices, have been selected to achieve WPT
due to their low threshold voltage, high saturation current, low series resistance, and high

breakdown voltage.

In addition, the issue of conventional diode-based rectifier configurations was
raised, i.e., the inability to operate over a wide dynamic input power range with high
efficiency. From that, several existing rectifier configurations were discussed to improve

the overall PCE of the WPT system while operating with a wide range of input power levels.
To summarize, the following conclusions have been raised:

* EM Wave through a rectenna has been retained with dedicated RF energy

source for energy transfer.

* 915 MHz has been retained as operating frequency due to its ease of
accessibility, less attenuation, less sensitivity to circuit parasitics and ease of

fabrication.

* The diode-based rectifier configuration has been selected as a result of its
advantages of operating for low threshold voltage and high voltage

breakdown.

* The inability of conventional diode-based configurations to operate over
wide range of input powers was highlighted, raising the issue of proposing

enhanced solutions to overcome this limitation.

Therefore, in the flowing chapter, different approaches have been proposed and
implemented with the aim of improving the PCE while operating over wide range of input

powers.
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Chapter 3. Rectifier Analysis and Limitations

3.1. Introduction

Designing a rectifier with high PCE and capable of operating over extensive
dynamic input power levels, is crucial for WPT and harvesting energy. Therefore, it is
important to, first, determine the parameters that can affect the overall performance of a
diode-based rectifier, and then to investigate their impact on its Power Conversion
Efficiency. In fact, since trade-offs should be made, it is essential to understand how the
above parameters govern the rectifier performance in order to optimize its operation over a

wide input power range.

3.2. Diode Model

We first started by considering a generic configuration of a rectifier as shown in
Figure 3.1. In this figure, the well-known diode Spice model [101] highlights the diode
elements that affect the circuit performance such as the junction resistance R;, the junction
capacitor C;, the diode parasitic, (Rs, Ls, and Cp), as well as key internal diode parameters
like the saturation current /; and voltage breakdown V.. The output load (assumed to be R>)
should be also considered [85], while R; has been included to control the current flowing

through the diode.

Therefore, in this study, we had to sweep these parameters within a predefined range
to determine their influence on the circuit PCE. To do so, we had to review the most widely
used commercial Schottky barrier diodes in WPT applications as reported in Table 3.1
[101][102]. From the datasheets of these diodes, we, then, came up with a practical range
of values of their parameters for operation in the 915 MHz ISM band (Table 3.2); the

objective being to have a diode with high saturation current (/;), and high breakdown voltage
(Vbr ) .

In fact, these two parameters are considered as the most significant parameters

affecting the rectifier efficiency. When the rectifier active device is driven in reverse bias,
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the electric field near the junction can reach its maximum allowable value. Once the

breakdown occurs, the current will suddenly increase while the dc output voltage remains

almost constant, producing a major loss in the output dc power [85][84].

As for the saturation current, it controls the threshold voltage, V;;, which can be

defined as the voltage value from where an active device can operate and detect the signal

at low input power level. In fact, the threshold voltage is inversely proportional to the

saturation current [83][85].
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Figure 3.1 Half-Wave rectifier configuration and its equivalent circuit (Spice model) [101]

Table 3.1 WPT Diode Parameters (SPICE model)

Diode Diode Type
Parameters | HSMS280x | HSMS281x | HSMS282x | HSMS285x | HSMS286x | SMS7360
Vin(V) 0.38 0.45 0.42 0.15 0.35 0.14
R:(Q) 30 10 6 25 5 20
V- (V) 75 25 15 3.8 7 2
I4(A) 3E-8 4.8E-9 2.2E-8 3E-6 5E-8 5E-6
Cjo(pF) 1.6 1.1 0.7 0.18 0.18 0.14
Rj(Q) % oK oK % oK %
Ls(nH) N/A N/A N/A 2 2 1.5
C,(pF) N/A N/A N/A 0.1 0.1 N/A

** These values depend on the saturation current and bias current as in equation (3. 1)



Chapter 3. Rectifier Analysis and Limitations 34

In the above table, each diode has a different set of characteristics and its optimal
power operating range. For instance, HSMS-280x from Avago Technologies has the highest
voltage breakdown, but at the expense of higher resistance. In applications that did not
require high voltage, the HSMS2860 and HSMS282x with low series resistance can provide
higher current. In WPT, having a system able to capture and sense low level of power is
crucial; therefore, the HSMS2850 and SMS7360, from Skyworks Solutions, Inc, with high
saturation current are good candidates for operating at low level of input power. Since the
junction capacitance controls the cut-off frequency and the diode switching, diodes with
small C; is preferable as in the HSMS2850, HSMS2860 and SMS7630. Therefore, by
selecting the proper diodes to operate at low and high input power levels, low threshold

voltage and high breakdown voltage can be accomplished.

3.3. Preliminary Simulations

In this first set of simulations, some parameters were not considered (Table 3.2). In
fact, since we had to develop a code in Matlab [103] to solve numerically the equations

governing the circuit, the purpose of these preliminary simulations was to validate our code.

Table 3.2 Range of the Parameters Considered in the First Set of Simulations

Diode Parameters | Range of value Default value
Rs(Q) 0-50 0
Vi (V) 2-75 0
I4(A) 5E-11 - 3E-6 5E-6
Cjo(pF) 0.1-2 0

From that, we assumed, for simplification, that the diode is operating in linear mode.

In this case, R; is directly related to the diode saturation current as [101].

_833x1075nT

, (3.1)
J I+ 1,
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where I and [, are the saturation current and external applied bias current (in A). So, to
avoid redundancy, we only considered /;. As for the parasitics Ly and C,, we can see from
Table 3.1 that their values remain quite close (around 2nH and 0.1 pF, respectively).

Consequently, they have been considered, at first approximation, as constant. Finally, we

fixed the load to 50 ohms (R, () = 50 Q).

Then, we analyzed the circuit in both DC, time-domain (TD) and harmonic balance
(HB) to determine how these parameters can affect the circuit performance and thus, the

overall PCE of the rectifier.

3.3.1 Initial simulations

From (2.7), the equation governing the circuit in Figure 3.1 can be expressed as:

VL VD_IDRS 1 1
Yin _ e 1 +V(_+_) (3.2)
R, s (e ' ) R, "R,

with nV7 =26 mV at 300° K. In order to validate our approach, the above equation was
solved in Matlab [103] for a frequency of 915 MHz, with R; = 100  and R; = 50 (). Note
that the input voltage V;,, was setto 5 V.

3.3.2 List of simulations

In order to study the parameters listed above, we summarized in Table 3.3 the

different analyses we performed. In fact:

- Analyses #1 and #2 were set to examine the effect of the series resistance on the

time domain and the [-V DC characteristics, respectively.

- The purpose of the analyses #3 and #4 was to explore the impact of the voltage
breakdown toward the response of the output voltage in time-domain and the I-

V characteristics in the DC analysis.

- Analyses #5 and #6 were preformed to show the effect of the saturation current

on the time domain and DC characteristics.
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power for different voltage breakdown values.

Table 3.3 Lists of implemented TD, DC and HB analyses

36

Finally, the analysis #7 was set to evaluate the PCE as function of the input

Analysis Parameters | Parameters kept | Simulation type Expected conclusion
No swept fixed (default (DC, TD, HB) based on Matlab
value) simulations
1 RS Vbrv Cjo> 157 RL TD As RS T= VDC l
2 VbT Rsacjoa IS: RL TD As Vbr T= VDC T
3 IS R57Cj07VbT B RL D As IS T = VDC T
4 RS Vbr: Cjoa IS: RL DC As RS T= ID l
5 Vpr Rsacjoa I, Ry, DC As Vbr T= VDC T
6 IS RS:CjO:VbT > RL DC As IS T= Vth l
7 VbT Rsacj'():IS: RL HB As Vbr T= VDC T

3.3.3 Time Domain and DC Analysis

Time-domain voltage waveforms and diode I-V DC characteristics provide a good

knowledge to understand the rectifier operation and analyze the effect of such parameters

on the output voltage and the I-V DC characteristics.

To do so, (3.2) was implemented in Matlab to study the influence of the diode’s

series resistance, R, voltage breakdown, V},., and saturation current, I on the output voltage

in time-domain. Then, the numerical results data were successfully compared to the

responses from the Keysight’s Advanced Design System (ADS) simulator (Figure 3.2).

With the aim of analyzing the I-V DC characteristics numerically, we therefore

considered the well-known current diode equation (2.7) as an implicit equation;

implemented in Matlab, it was successfully compared to the results extracted from ADS

(Figure 3.3).
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From the obtained results (Figure 3.2 and Figure 3.3), we can see that:
a) Analyses #1 and #4:

A lower series resistance, R;, provides a higher output DC voltage, leading to a

higher PCE (see section (3.4.1)).
b) Analysis #2 and #5:

A higher voltage breakdown, V,,,., allows to handle more output voltage at high input
power levels which helps increasing the DC output. Moreover, as Vj,. increases, the PCE

becomes border to operate over a wide range of input powers, as discussed in section (3.4.2).
¢) Analysis #3 and #6:

The saturation current, I, directly controls the diode’s threshold voltage (Vi) or
turn-on state. A higher I allows detecting signals with low input power, thus leading to

higher PCE, as discussed in section (3.4.3).

3.3.4 Harmonic Balance Analysis

In this section, the behaviour of the rectifier was investigated using the harmonic
balance (HB) simulation tool, with the aim of evaluating the effects of the retained

parameters on the overall PCE. Let the input voltage, V;,,, in Figure 3.1 be expressed as:
Vi, =V, sinw,t (3.3)
In case of an input voltage magnitude, V,, < Vi, the diode is OFF, and the output
voltage can be expressed as

Vout =V sinat =V, = Ve =0 (3.4)

In case of V, > Vi and V,, < Vi, the diode is ON and the output voltage displayed
in Figure 3.4. In order to calculate the DC output voltage, the waveforms have been divided
into four parts (I, I,, I3, 1) to perform the integral and find the output DC voltage (more
details can be found in Appendix A).
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Figure 3.2 Time domain input vs. output voltage: analyzing the shunt rectifier for different series
resistance, Ry, voltage breakdown,V},. and saturation current, I;. (the dash lines represent the ADS

simulation and the solid lines the numerical results obtained through Matlab).



Chapter 3. Rectifier Analysis and Limitations 39

015} | | | ]
0.1
Analysis #4 < RsIncreasing
- -]
Rs= 10. to 50 0.05 -
Step size: 5 Q
0
-1 -0.5 0 0.5 1
vd(V)
AD 1.0 -
0.8
0.6—_
0.4+
g 0.2—_
Analysis #5 % 0.0
Vp,=4t024V 0.2
Step size: 5V -0.4 d o increale
0.6
-0.8
'1.0WIIIIJI‘IIIIIIIIIIIIII
-25-23-21-19-17-15-13-11 -9 -7 -5 -3 -1 1
vd (V)
1 T
I
]
0.8 1
I
I
Analysis #6 z 0.6 I
[,=5E-5, 5E-6, S5E- -] sDecrease :
7,5E-11 A 041 |
I
0.2 1
1
/
0 . . . .
0 0.2 0.4 0.6 0.8 1
vd(V)

Figure 3.3 -V curve characteristics: analyzing the shunt rectifier for different series
resistance, Ry, voltage breakdown,V},., and saturation current, /. (the dash lines represent the

ADS simulation and the solid lines the numerical results obtained through Matlab).
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Figure 3.4 Output voltage of the half wave rectifier at 1, > Vi, and V,, <V,

Therefore, the total output DC voltage can be written as

14 14 (3.5)
Ve, =—%+V,(x-2a)+—-(1-cosa)
de T T
with
. -V, )
a=sin"' | —% (36)

In case of V}, > Vi and V}, > Vjyr, the diode is ON and the output voltage is limited
by the voltage breakdown as illustrated in Figure 3.5.
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Figure 3.5 Output voltage of half wave rectifier at Vj, > Vipand V,> V5,

In order to calculate the DC output voltage, the waveforms have been divided into

four parts (4, B, 1,,15,1,) to integrate and obtain the DC voltage. The total output DC

voltage can be written as

14 14 (3.7)
V, =—=%(1=cos B)+V, (z=2p)+V,(x—2a)+—=(1-cos )
S 7
with
ﬂ[V_] G8)

d) Analysis #7:

In order to verify its Power Conversion Efficiency, the circuit configuration was
simulated in the Keysight’s Advanced Design System simulator for different voltage
breakdown values and the results effectively compared to the numerical data obtained by

solving (3.5) and (3.7) in Matlab, as shown in Figure 3.6.
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Figure 3.6 Half wave rectifier efficiency as a function of input power for different voltage
breakdown values, Vi:= 20 to 60 V; step size:10 V (the dash lines represent the ADS simulation

and the solid lines the numerical results obtained through Matlab)

Because the above numerical results of the time domain (TD), DC analysis and the
harmonic balance (HB) agree with the extracted simulation data with an average error less

than 1%, we can conclude that the code we implemented in Matlab is now validated.

3.4. Rectifier PCE Limitations and Effects

For this new set of simulations, once our approach was validated, we have then to
consider the diode junction capacitance C;, junction resistance R;, and the output load R,
along with the previous parameters. Indeed, the junction capacitance, C;, affects the total
efficiency due to its nonlinearity effect and adds a loss to the system resulting into efficiency
degradation [85][104]. The nonlinear junction capacitance can be modeled and specified as
in (3.9) by using the spice parameters including zero-bias junction capacitance Cjo, junction

potential V; and grading coefficient M.

C (3.9)
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As for the nonlinear junction resistance, R;, its behaviour can be extracted from the

scattering parameters and the DC-current-voltage [83][85][101]. Finally, the output load or

load resistance was also varied to allow a thorough set of trade-offs among these parameters.

Therefore, the impacts of these parameters on the circuit performance need to be

investigated as they are related to each other as in (3.10).

Ppc 3.10
n(%) = P_t =1 (Rs' Vir Is, Cjo, R;, RL) ( )

Figure 3.7 shows the PCE of a rectifier at different input power levels; the efficiency
at low input power increases monotonically until reaching its maximum then it drops
dramatically as the input power became higher due to the rectifier voltage breakdown
[85][105][106]. Consequently, the schematic view of the half wave rectifier in Figure 3.8 is

utilized to measure and evaluate the overall PCE.

0, A ;
100% C_)(Ai - Higher Order Harmonics
& |y Effect Viyr Effect
=
2 I
£ \ Diode |
w Maximum |
Efficiency |
1 >
ﬂ Input Power
4R,

Figure 3.7 Relationship between efficiency and different limitation parameters [85]

To avoid potential power loss in the harmonics, the harmonics generated from the
nonlinearity components are first assumed to be negligible. Therefore, we summarized in

Table 3.4 the different analyses we performed and their predictable conclusions.
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Figure 3.8 Harmonic balance setup of the half wave rectifier (ADS view)

Table 3.4 Lists of implemented HB analyses for PCE

Analysis | Parameters | Parameters kept Expected conclusion on PCE
No swept fixed
1 Rs Vir Is, Cjo, R; R, | As Ry T = PCE degraded
2 Vir Rs,Cio, Is, Rj, R | As Vp,,- T = wider range of input power
3 I Rs,Cio,Vpr, R, Ry, | As I; T = low signal can be detected
4 Gio Rs.Vpr, Rj, Ry | As Cjp T = PCE degraded due to cut-off frequency
5 R; Rs.Cjo.Vir, Rjs R, | As R; T=> Pp¢ reduced
6 RL RsaVbrv Cjo; IS, R] As RL Tl = PCE Optimized

3.4.1 Analysis #1: Series resistance (Rs)

In this analysis, the effect of series resistance towards the PCE is studied as in Figure

3.9-a and Figure 3.9-b. As noticeable, as Ry increases, the overall efficiency degrades since

the current flowing through the diode is reduced as shown in the I-V DC characteristics and

the produced DC power as in (3.11) is reduced as well. Moreover, the overall efficiency as

a function of series resistance and input power, P;, , is shown in Figure 3.10 [83].

2
VD C

Vpc2 (3.11)

P, =
PC™ R, +R,

"R, +R +R,
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Figure 3.10 Overall PCE as a function of series resistance and input power (Pin =-20 to 49 dBm

step size: 7 dBm)

3.4.2 Analysis #2: Breakdown voltage (V)

In this analysis, having a rectifier with high breakdown voltage is required to achieve

high efficiency. The effect of the voltage breakdown on the overall PCE is shown in Figure

3.11-a and Figure 3.11-b. As noticed, as the voltage breakdown increases, the overall

efficiency becomes broader and able to handle a wider input power range, thus achieving

higher efficiency.
100
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Figure 3.11 Voltage breakdown effect on the overall PCE (a) two-dimensions (2D). (b) three-

dimensions (3D). (V=20 to 100 V. Step size: 10 V)

3.4.3 Analysis #3: Saturation current I

Figure 3.12 shows that a diode with high saturation current is desirable in WPT
applications to manage low signals [84]. In addition, the effect of the saturation current on
the overall PCE is illustrated in Figure 3.13-a and Figure 3.13-b showing that loss at low
input power is due to lower saturation current and vice-versa. Moreover, the overall

efficiency as a function of saturation current and input power, P;,, is shown in Figure 3.14.
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Figure 3.12 Diode characteristics for three different reverse saturation currents [84]
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We can conclude from analyses # 1, #2, and #3, that the series resistance helps
maximizing the PCE while the voltage breakdown affects the input power range. As for the
saturation current, it plays a role in selecting the minimum detectable input power.
Consequently, in order to operate for a wide range of input powers while achieving high
PCE, a high saturation current is desirable to operate at low input power, a low series
resistance is required for achieving high PCE and a high voltage breakdown is needed to

handle wider input power range.

3.4.4 Analysis #4: junction Capacitance

Since the junction capacitance controls the cut-off frequency of the diode as
illustrated in (3.12) [85][104], the effect of the junction capacitance on the PCE for different
frequencies is shown in Figure 3.15, with Cjo=1 pF, Ry = 25 Q. As in Figure 3.15, as the

frequency increases, the overall efficiency degrades due to the cut-off frequency.

1 (3.12)
21RC;

fe =

N 3 o ~
1) =) =) =)

Efficiency
w
o

0 1 1 1 1 1 1
-20 -10 0 10 20 30 40 50

Pin(dBm)
Figure 3.15 Junction capacitance (C;) effects on the overall efficiency (frequency varied from

915 MHz, 2 GHz, 3.5 GHz and 5 GHz).
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3.4.5 Analysis #5: Junction resistance

Due to its nonlinearity, the junction resistance behaviour should include harmonics.
In order to assess the effect of harmonics towards the overall efficiency, the harmonics level
was swept from 10 to 30 dBm below the fundamental. As noticed in Figure 3.16, as the
levels of the 2" and 3™ harmonics are far below the fundamental frequency, the overall
efficiency is improved. However, when they start increasing, the output DC power degrades
as in (3.11). Then, as the 2" and 3™ harmonics are terminated by a circuit trapping, a

noticeable improvement in the PCE can be shown as in Figure 3.16-g.
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Figure 3.16 Efficiency of the 2" and 3™ harmonic as a function of the harmonic level for
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harmonic. (e)-(f) the effect of the 2" and 3" harmonics. (g)-(h) the effect of trapping the 2" and

3 harmonics.
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3.4.6 Analysis #6: Output load

Once the RF wave is rectified, the output DC power is used by the load [83]. Let
R, = R; + R, be the diode video resistance (i.e., the small-signal low frequency dynamic
resistance of the diode). The maximum dc power transfer efficiency is obtained for low
video resistance as in (3.13). Therefore, an optimal output load, R; should be applied to
achieve maximum power conversion efficiency. Using a maximum power point tracking
(MPPT) circuit that will show an optimum load to the rectifier, the dc power transfer losses

can be strongly reduced (Figure 3.17).

1 (3.13)

100

Efficiency (%}

T T T T T T T T T
20 15 10 5 0 5 10 15 20 25 30 35
Pin (dBm)

Figure 3.17 Rectifier efficiency vs power for different loads. (R = 50 to 200 Q. Step size: 50 Q)

3.5. Discussions

Figure 3.18 summarizes the limitations of conventional diode-based rectifiers in
terms of efficiency. In this figure, different parameters were varied for a shunt rectifier
diode. From Figure 3.18-a, we can notice that the series resistance is inversely proportional
to the overall efficiency while in Figure 3.18-b, a high voltage breakdown is important to

operate at high power levels. In Figure 3.18-c, a high saturation current is required to operate
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at low power levels. Figure 3.18-d shows that the operating frequency is limited by the
junction capacitance while Figure 3.18-e shows the effect of the harmonics. Finally, Figure

3.18-f shows that the PCE is quite sensitive to the output load.

Accordingly, a low series resistance is required for achieving high PCE, a high
voltage breakdown is needed to handle wide range of input powers and a high saturation
current is desirable to operate at low input power levels. Besides, trapping harmonics can
significantly improve the overall PCE. Finally, an optimum load is desired to maximize the
rectifier PCE. Therefore, in the next chapter, various approaches (i.e., adaptive
reconfigurable configuration, active load modulation, harmonic trapping) will be
implemented to design a rectifier of high PCE capable of operating over a wide range of

input power levels.
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Figure 3.18 Efficiency performance effect for different diode parameters on shunt rectifier
configuration: (a) varying series resistance. (b) varying breakdown. (c) varying the saturation

current (d) varying frequency operation. (e) varying harmonics level. (f) varying load resistance.

3.6. Conclusion

In this chapter, the analysis of diode-based rectifiers operation and their efficiency
limitations were investigated to understand the critical components that affect the overall
PCE of the circuit and, thus, how to enhance it. To do so, different parameters were varied,
including the diode’s junction resistance, junction capacitor, and series resistance as well as

its key internal parameters like its saturation current and voltage breakdown.

To perform this study, we first implemented a code in Matlab and validated it with

simulation data from a commercial circuit simulator (i.e., ADS).

Then, we swept the above listed parameters to give us suitable trade-offs to

efficiently design an enhanced rectifier, which we will present in the next chapter.
The following remarks can be made:

e The most important diode parameters that allow high PCE while operating over
wide range of input powers are high voltage breakdown, V., and high saturation

current, Is.
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e The diode parameters that maximize the PCE are low series resistance, Rs and

junction resistance, R;.

Therefore, trade-offs should be made between the above parameters to optimize the
design of a rectifier that can operate over a wide range of input powers while maintaining

relatively high PCE.

Accordingly, different approaches to overcome the inability of conventional
rectifiers to operate over an extensive range of input powers and improve their overall power

conversion efficiency have been proposed and will be implemented in the following chapter.
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Chapter 4. Harvester Enhancement:

Approaches and Results

4.1. Introduction

After investigating the parameters that affect conventional diode-based rectifier
operation, we propose in this chapter different approaches to overcome the inability of
conventional rectifiers to operate over an extensive range of input power levels and improve

their overall power conversion efficiency.

Therefore, an adaptive reconfigurable rectifier was designed and implemented
[22][27] to operate within the ISM frequency band at 915 MHz. Starting from a concept
described in [24] for devices operating at 100 MHz, the proposed adaptive reconfigurable
rectifier uses a Field Effect Transistor (FET) as switch to combine between the low and high
input power regions in order to obtain high efficiency over a wide range of RF input power

levels by operating at both low threshold voltage and high voltage breakdown point.

To enhance efficiency and prevent the circuit to reach its voltage breakdown in the
adaptive/reconfigurable rectifier, an active load modulation block [25] was then added [26]
and a harmonic trapping technique utilized to enhance the PCE at high input powers.
Additionally, with the aim of further increasing the output DC voltage, a dual-band adaptive
rectifier was designed to harvest and collect power from different energy sources at both

915 MHz and 2.45 GHz.

Finally, to evaluate the harvester system (rectenna), a patch antenna, making use of
metasurfaces and artificial magnetic conductor (AMC) materials as ground plane and

printed inks for WPT harvesters, was introduced.

4.2. The Adaptive/Reconfigurable Rectifier

Since a single diode cannot cover the entire desired power range for WPT

applications (-20 dBm to +30 dBm), different diodes with both low threshold voltage and
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high breakdown voltage should be combined. The proposed adaptive reconfigurable
rectifier is depicted in Figure 4.1. It uses three shunt Schottky diodes and one n-channel
depletion-mode hetero-junction FET transistor, which aims the rectifier to work as a switch
among both low and high input power levels for each diode proficiencies. Note that the

transistor is connected in parallel with the shunt diodes D2 and D3.

| | MV

D3

NE3210S01
T1
D2

D1

Figure 4.1 The proposed adaptive rectifier circuit.

When the input power level is low, the voltage V¢ across the transistor is close to
zero, thus turning the transistor ON and allowing the current to pass through the channel,
hence short-circuiting D2 and D3 (high power diodes). In this case, the current path goes
through T1 and D1 (low power diode). As the input power rises, the transistor is turning
OFF and D2 and D3 are working along with D1. Therefore, by selecting the proper diodes
to operate at low and high input power levels, low threshold voltage and high breakdown

voltage can be achieved simultaneously [22][19]. At low input power,

Ty is ON , Vo1 < Vinps (4.1)

Ves > Venrs { D,, D, are shorted , the current is OFF

T, isON, Vpy > Vinpe

Ves > Venrs { D,, D, are OFF , the current is ON

(4.2)

Vout =Vin— (Vp1 + Vpsr)



Chapter 4. Harvester Enhancement: Approaches and Results 60

As the power increases, the voltage increases and T; turns OFF

} 4.3
Vout =Vin— (Vp1 + Vpy + Vp3) (4.3)

The adaptive rectifier operation can be also explained by using the I-V diode

characteristics and the PCE starting from Figure 4.2.

i
0 K p3 A\
NE321oso14t|
D T1 ZS P " T1 1 0 ZS T1
% D1 D1 i D1
(a) Stack two Diodes (b) Stack three Diodes (c) Adaptive System

Figure 4.2 Outlines of an adaptive rectifier circuit.

In fact, as shown in Figure 4.3 and Figure 4.4, stacking two or three diodes will
provide the ability to increase the breakdown voltage compared to a single diode; however,
as observed, the threshold voltage will increase as well. Therefore, by applying the adaptive

system as in Figure 4.2 -c, low threshold, and high breakdown can be attained.

4.3. Active Load Modulation

To further enhance the ability of the adaptive/reconfigurable rectifier to work over
an extensive range of input power levels, an active load modulation has been implemented
to actively modulate and vary the output load (Figure 4.5). This is because the output DC

power is mainly dependent on the voltage breakdown and the output load as in (2.10).
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Figure 4.3 1-V curve of the adaptive rectifier technique compared to conventional diode rectifier.
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Figure 4.4 PCE of the adaptive rectifier technique compared to conventional diode rectifier.

As shown in Figure 4.6, the efficiency is sensitive to the load. It is indeed one of the
crucial parameters that affects the overall power efficiency. Thus, the concept of active load
modulation will enable the active component (e.g., transistor) to adjust the circuit load and

improve the circuitry efficiency for a predefined input power range.
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The design keys for the active load modulation are to achieve high voltage at low
input power to maximize the efficiency and reduce the output voltage at high input power

to prevent the rectifier’s breakdown voltage to occur.

Therefore, an optimal output voltage can be extracted for a certain input power level
by selecting the proper output load as in (4.4). At low input powers, large output load is
desirable to produce high output voltage and increase the overall PCE. Once the input power
increases, it is appropriate to minimize the output load to avoid the rectifier reaching its
voltage breakdown, thus maintaining relatively high PCE over a wide range of input power

levels [98].
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Figure 4.5 Adaptive rectifier circuit with active load configuration.
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Figure 4.6 Adaptive rectifier efficiency vs power for different loads.

As shown in Figure 4.7-a, the proposed active load circuit contains three resistors
(R1, Rz, and R3) and a switching transistor. The NPN epitaxial silicon transistor NE68133
[107] has been selected to adjust the load impedance value amongst low and high input

powers. It performs the concept of active load as a switch between low and high impedances.

R1 § R3 R1 R3 R1 R3
RT
R2 BJT R2 R2
(a) active load circuit (b) OFF-state (c) ON-state

Figure 4.7 Simplified operation of the active load equivalent circuit configuration.
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For low power levels, the output voltage is small and the transistor is in OFF-state.

Consequently, the load impedance, as depicted in Figure 4.7-b, can be described as in (4.5).

Req oFF state = R1 + Ry (4.5)

Once the input power rises, the transistor switches to its ON-state as shown in Figure

4.7-c. The load equivalent impedance changes as

R _ (R +Ry)(Rs + Ry) (4.6)
eq ON state Rl + Rz + R3 +RT

Note that at high driving voltages, the transistor equivalent resistance (Rt) can be

neglected compared to R3[25], leading to a simplified load equivalent impedance expression

R{R3+R3R3 4.7)

R =
eq ON state Ry+Ry+Rs

Therefore, by applying the active load modulation, a high and low load impedance
can be achieved to produce high output voltage at low power and prevent the rectifier to
reach its voltage breakdown at high input power, thus maintaining high PCE over a wide

range of input power levels.

4.4. Trapping the Second Harmonic

Because of their nonlinear transfer function, active components, such as diodes and
transistors, can generate harmonics that degrade the rectifier PCE [76]. As discussed in
section 3.4.5, supressing harmonics can enhance the rectifier output DC voltage. Thus, a

harmonic rejection block was introduced by adding an LC circuit trapping.
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Figure 4.8 An adaptive rectifier circuit with a trapped second harmonic network.

4.5. Dual-band harvester

With the aim of further increasing the output DC voltage, a dual-band matching
network was then designed (Figure 4.9) to collect more RF energy from RF sources

operating at two different ISM bands, the aim being to attain a high-PCE in each band.

The dual-band network (Ci, C2, Cs, L1, and L») is based on an L-C impedance
matching network to allow 50Q2 to operate as an input impedance matching amongst the
receiver antenna and the rectifier at both 915 MHz and 2.4 GHz. In fact, the resonant circuit
(C1, Co, and L) is intended for 915 MHz while the circuit with C; and L> was designed to
resonate at 2.4 GHz.

[ AL RAAR
| | L2 | I L3 i
C1 C2 |
|D32S c4
|
|
|
|

NE3210S
D2 & m

Figure 4.9 Configuration of a dual-band adaptive rectifier circuit.
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4.6. Adaptive RF WPT Harvester Design Considerations

After completing the circuit configuration, the next step is to select the appropriate
Schottky barrier diodes. As discussed in Chapter 3 (section 3.2), to simultaneously operate
for both low threshold voltage and high voltage breakdown while minimizing the series
resistance loss, the HSMS2850 and HSMS2860 diodes have been selected [12][13]. Also,
to improve efficiency, an impedance matching circuit was included between the antenna
and the rectifier (Figure 4.10). Figure 4.11 shows the optimum value of the load resistance,

i.e., Rp = 1 kQ, that maximizes efficiency while maintaining a wide input power range.

As for the input, a matching impedance network should be also designed to ensure
the highest transfer of power from the source of impedance (Z;) to the circuit of impedance

(Zin). In our case, the input impedance was found to be 55 + j360 ().
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Figure 4.10 Bloc diagram of the WPT system
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Figure 4.11 Optimum load vs input power level.
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4.7. Experimental Validation

Next, the adaptive reconfigurable rectifier with active load modulation trapping was
optimized at 915 MHz for high conversion efficiency over the desired range of RF input
power. The circuit was implemented by using the Keysight’s Advanced Design System
(ADS 2017) commercial circuit simulator [ 108]. A layout co-simulation was performed on
a 31 mil-thick Rogers 5880 substrate and transistors NE3210S1 and NE68133 from
California Eastern Laboratories (CEL) used [107]. In addition, the diode SPICE models (for
HSMS2850 and HSMS2860) were extracted from Avago Technologies datasheets [101].
The S-parameters of the passive components (capacitors, inductors, and resistors) were

taken from the datasheets [109].

As for the tests, the equipment utilized include a network analyzer (E57071C), a
signal generator (E4432C) and a digital multimeter (1233A) from Keysight (Figure 4.12).

The design specifications are summarized in Table 4.1.

Figure 4.12 Rectifier test bench
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Table 4.1 Specifications of the adaptive rectifier with active load modulation

Parameters Description
Frequency operation 915 MHz
Substrate Rogers 5880 substrate
Substrate Thickness 31mil
Diodes HSMS2850, HSMS2860
Capacitances Cy, Cpyt 0.4 pF, 100 pF
Inductance, L,y 36 nH
Rectifier Configuration Adaptive Active load
Transistors NE3210S1 NE3210S1, NE68133
Load 1 kQ (0.3 to 1.3 kQ)

4.7.1 Adaptive/ Reconfigurable rectifier

The adaptive/reconfigurable rectifier circuit (Figure 4.13) achieved a co-simulated
maximum power conversion (PCE) of 66 % at +15 dBm input power, as well as a value of
about 40% over a wide input dynamic range of RF power levels from -6 to +25 dBm (Figure
4.14).

The simulated results have been successfully compared to the measurements with
an average relative error less than 1%. However, due to the test bench limitations, only

measurements up to +20 dBm were performed as shown in Figure 4.14.
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Figure 4.13 Adaptive rectifier circuit: (a) Co-simulation layout view (without the active load

modulation block). (b) Rectifier printed circuit board.
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Figure 4.14 Simulated and measured Efficiency parameters at 915MHz for the designed

adaptive rectifier with Ry = 1 kQ
As seen in Figure 4.15, the return loss (S11) of the adaptive rectifier is well matched,

over -20 dB, and centered at the designed frequency of 915 MHz. The rectifier achieved 4
V output voltage with an input power of +15 dBm (Figure 4.16).



Chapter 4. Harvester Enhancement: Approaches and Results 70

N
10 \“

\}
\
\
-15 \

)
o
- L)
5 \\
-20 \‘
-25 :
e —— Simulated
un l = = = \leasured
-30 [ T
8 8.5 9 9.5 10 10.5 1
Freqency (Hz) x10°

Figure 4.15 Simulated and measured S11(dB) parameters at 915MHz for the designed adaptive

rectifier.
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Figure 4.16 Simulated and measured output DC voltage at 915 MHz for the designed adaptive

rectifier.
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The load resistor, optimized for high efficiency, is of 1 k€. The inductor (L) and
capacitor (Cou:) have been placed after the rectifier circuit to act as low-pass filter for the
rectified output. The series capacitor (Ci) has been utilized to match the rectifier circuit to
the 50Q2 WPT single-ended antenna via the SMA connector. The adaptive/reconfigurable
power rectifier uses a layout area of 31x15.6 mm?, making it suitable for low-cost and

compact power WPT harvesters.

4.7.2 Active load modulation

Figure 4.17 shows the adaptive rectifier with the active load modulation layout.

Active Load

SMA Connector

——-

Figure 4.17 Adaptive rectifier circuit with active load configuration: Co-simulation layout view.

In addition, a comparison of the obtained efficiency while using active load

modulation vs. fixed load values is presented in Figure 4.18.

As expected, by including the active load, the circuit exhibits a higher co-simulated
efficiency, over 40 %, and within a wider dynamic range of input power levels (-7 dBm to
+32 dBm) compared to fixed loads. The NPN epitaxial silicon transistor NE68133 allows
adjusting the load impedances amongst low and high input powers. Hence, the active load

resistors were adjusted to attain high efficiency over the desired wide range RF input power
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levels (R1 =1 kQ and R> = R3 = 0.3 kQ). Therefore, the load varies from 0.3 k€ to 1.3 kQ.
The output DC voltage attained around 3.25 V for an input power of +15 dBm (Figure 4.19).
The adaptive active load modulation achieved a return loss of -22 dB at the designed
frequency of 915 MHz for an input power of +5 dBm, as depicted in Figure 4.20. The area

size of the reconfigurable active load modulation rectifier is 30 x 17 mm?.
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Figure 4.18 Adaptive rectifier circuit with active load configuration: Efficiency with active load

and fixed passive load values
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Figure 4.19 Adaptive rectifier circuit with active load configuration: output DC voltage.
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Figure 4.20 Adaptive rectifier circuit with active load configuration: S11(dB).

4.7.3 Trapping harmonics

In order to enhance the adaptive rectifier PCE and output DC voltage as well to
decrease the nonlinearity effects of the embedded active devices, a harmonic rejection block

was designed by adding an LC trapping circuit, as explained in section 3.4.5.

The achieved RF-DC efficiency (PCE) of the adaptive reconfigurable rectifier is
presented in Figure 4.21 with a peak PCE of 72% measured at +9 dBm of input power. In
addition, a rectifier’s efficiency better than 40% was achieved over a wide dynamic range
of RF input power levels ranging from -9 dBm to +28 dBm. As can be seen from Figure

4.21, supressing harmonics will indeed enhance the rectifier overall efficiency.

4.7.4 Dual band adaptive rectifier

With the aim of further optimizing the DC output, a dual-band circuit was designed
as shown in Figure 4.9. The dual-band network (C1=0.4 pF, C>= 20 pF, C3=0.6 pF, L1=25
nH and L,=13 nH) was optimized to operate in the ISM bands of 915 MHz and 2.4 GHz. It
achieved a maximum efficiency (PCE) of 72 % at 915 MHz and 67% at 2.4 GHz, as shown
in Figure 4.22-a. In addition, the load resistor was optimized to achieve an efficiency above
40 % at R = 1 kQ over an extensive-ranging of input power from -11 dBm to +25 dBm and

-4 dBm to +21 dBm at 915 MHz and 2.4 GHz, respectively (Figure 4.22-a).
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Furthermore, the power conversion efficiency vs. the operation frequency at an input

power of -5 dBm is shown in Figure 4.22-b.
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Figure 4.21 Simulated efficiency of the adaptive rectifier versus input power with/without
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Figure 4.22 (a) Adaptive rectifier efficiency at 915 MHz and 2.4 GHz. (b) RF-DC conversion
efficiency over frequency for R=1 kQ and Pin= -5 dBm.

The dual-band rectifier accomplished over -15 dB return loss (S11) at both 915 MHz
and 2.4 GHz (Figure 4.23-a). It is capable of rectifying 4 V for 15 dBm input power at 915
MHz and 4.5 V for 15 dBm at 2.4 GHz for a load of 1 kQ (Figure 4.23-b). The output

capacitor (Cout) and inductor (Lou) were retained to operate as output low-pass filter.
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Figure 4.23 (a) DC output voltage vs. RF input power at 915 MHz and 2.4 GHz. (b) Return loss

(S11) for the dual-band rectifier.

To conclude, as reported in Table 4.2, the overall measured rectifier performance
was demonstrated through successful comparison with existing published designs. The
proposed design demonstrated an extensive range of input power levels to address the issue
of conventional rectifiers by simultaneously utilizing the adaptive reconfigurable

configuration along with the active load modulation approach.

4.8. Rectenna analysis

After introducing the rectifier, we explore in this section the antenna block to be

connected to the rectifier to make it a rectenna for WPT applications.

4.8.1 Antenna

Indeed, the antenna is an important element to transfer and harvest power through
electromagnetic signals. It is responsible for capturing the incident RF signal from either a
dedicating RF energy for a specific operating frequency or an ambient RF energy from

multiple operating frequencies.



Chapter 4. Harvester Enhancement: Approaches and Results 77

Table 4.2 Rectifier Performance Comparison

- Technology Frequency Maximum Pin (dBm) range for PCE > 40%
(GHz) efficiency (%) (Simulated: S, Measured: M)
[1] Resistance compression networks | 0.915/2.45 60 -15to 5 (M)
[9] Schottky diode 2.4/5.8 65 -6 to 13 (M)
[2] |Proposed multi-stage voltage doubler 0.915 70 -12to 16 (M)
[21] Extended power range 0915/1.8 62 -10 to 18 (M)
[98] Automatic Load Control 2.45 70 3to 18 (S)
[110] Shunt diode 2.45 7 -20 to 10 (M)
[111] Full-wave Greinacher rectifier 2.45 75 -16 to 7 (M)
[112] Full-wave Greinacher rectifier 1.8-2.5 70 -20to 5 (M)
. Adaptive shunt diode 0.915 70 -6 to 26 (M)
v’f(l)l:( Adaptive shunt diode with active 0.915 66 -6 to 32 (S)
Dual Band adaptive rectifier 0.915/2.45 70/ 62 -

In WPT, the antenna performance depends on the RF energy source from where the
receiver antenna captures the signal. Thus, in the ambient RF source, the antenna should be
designed with some unknown specifications such as the transmitter power, antenna
radiation/polarization, and operation frequency. Consequently, the rectenna antenna should
(1) operate over a broadband/multiband frequency range to harvest and scavenge most of the
RF surrounding power, (ii) have a polarization suitable for worst-case circumstances, and
(ii1) exhibit a low Polarization Loss Factor (PLF) [113]. While in a dedicated RF source, the
receiver antenna has advantages of knowing the RF source parameters such as the operation
frequency and polarization of the incident power. Therefore, the antenna should be designed
to be coherent with the transmitter specifications to enhance and maximize the overall

efficiency.

In WPT, various parameters need to be considered while designing the antenna such
as frequency, polarization, gain, and return loss. In addition, the antenna feeding mechanism
(such as probe, aperture, or planar line) plays also a role in improving the overall WPT
system. Moreover, the antenna size and substrate materials should be taken into account for

possible integration into a chip circuit [64][114].
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Different antennas have been proposed for WPT applications, such as linear/circular
polarized antennas [115][116][117], multi-band frequency antennas [118][119], harmonic
suppression antennas [120][121], electrically small antennas [122][123], and fractal
antennas [119] . Because rectennas can receive RF signals operating at different frequencies,
multiband or wideband devices can enhance the output voltage [113]. Antenna arrays [121]

can be another alternative to increase the rectenna’s performance.

In WPT applications, the most important aspect in the receiving stage is the ability
of the receiving antenna to maximally collect the incident power per footprint regardless of
the wave polarization. Consequently, compared to conventional antennas, metamaterial and
metasurface antennas can increase the power harvesting energy efficiency in WPT systems
[126]. Therefore, in this work, a metasurface has been utilized and implemented as the

ground plane of a patch antenna.

4.8.2 Metamaterials antenna

Metamaterials are synthetic electromagnetic devices engineered to handle the
permittivity and permeability of the material through an electromagnetic field [127].
Metasurfaces are considered as the 2D surface of 3D metamaterials. Metamaterials and
metasurfaces are backward-wave (BW), negative-index materials (NIM) media. These
materials have specific properties, i.e., permeability, permittivity and refractive index with

negative values [127].

The elements in metasurface are electrically small, scattered and distributed as a
periodic structure. To get the set of desired properties of a given metasurface, its elements
should work at their resonant frequency. The resonance frequency of an individual unit cell
of'a metamaterial or metasurface is primarily indicative of its capability to store energy. The
most significant characteristics of a metasurface structure are the thickness and periodicity,

and it should be small in comparison to the operating wavelength.

Metasurfaces can be used in various applications, including absorbers, biomedical
devices, harvesters, impedance matching surfaces, and detectors. In addition, compared to
3D metamaterial structures, they allow smaller area. Also, metasurfaces provide less-lossy

configurations [126].
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The ever-higher demand for lightweight, low profile, compact, and low-cost
antennas let researchers to consider metasurface antennas. However, even if electrically
small antennas have been already proposed, they face certain limitations including gain,
bandwidth, and efficiency [127]. Therefore, by introducing a patch antenna making use of
metasurfaces and artificial magnetic conductor (AMC) materials as ground plane and
printed inks for WPT harvesters is crucial to achieve high performance, low-cost, and

flexible substrate.

4.8.3 Metasurfaces as ground plane: design and result

The unit cell of the metasurface structure is shown in Figure 4.24. Its dimensions
should be small compared to the operating wavelength in a homogenous medium and should
resonate at the desired frequency of 915 MHz, as illustrated in Figure 4.25. The proposed

device contains 30 unit cells (5x6 array) as shown in Figure 4.26-a.

The printed patch was designed as an edge-feed rectangular patch antenna and
implemented on a 62 mil FR4 substrate, with a silver ink thickness of 25 um, a ground plane
thickness of 35 um, a silver conductivity of 3.3 X 10° S/m and a permittivity of 4.6 F/m.
The patch (76 mm length x 92 mm width) is fed through of a transmission line at 85 mm
(Figure 4.26-b). As illustrated in Figure 4.27, two patch antennas with a solid ground plane
and a slotted ground plane were also designed to compare their performance with the
metasurface patch antenna. They occupy an area of 110 X170 mm? and 120 X 180 mm?,

respectively.

As for the patch antenna with a metasurface ground plane, it exhibits 3 dBi gain, 5.3
dBi directivity and 56% radiation efficiency (Figure 4.28) with a return loss higher than 25
dB at 915 MHz. The solid and slotted ground plane patch antennas achieved a gain of 1.9
dBi and 1.8 dBi, respectively (Figure 4.29), thus showing that the metasurface antenna

exhibits a significant gain improvement of 36%.
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Figure 4.24 The unit cell of a metasurface antenna ground plane.
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Figure 4.26 Patch antenna and metasurface as a ground plane.
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(a) (b)
Figure 4.27 Patch antenna (a) solid; (b) Slotted ground plane.

4.9. System Evaluation

With the aim of further evaluating the harvester (rectenna) performance, a 3-pin
coupler was utilized to combine the antenna with the rectifier. As stated in [128] “it is
utilized as monotonic frequency depended power to excite the circuit” (Figure 4.30). As
expected, the harvester achieved an efficiency greater than 40% over a range of input powers
(Figure 4.31) from -5 to +23 dBm. In addition, as shown in Figure 4.32, the achieved return

loss is over -20 dB at the center frequency.
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Figure 4.28 Patch antenna with metasurface ground plane (a) gain vs. frequency. (b) return loss
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In the calculations, we used the Federal Communication Commission (FCC)
regulations with a maximum transmitting power of 30 dBm and an Effective Isotropic
Radiated Power (EIRP) of 36 dBm at ISM band. Therefore, the applied transmitted power
was set as +23 dBm and the transmitted and received antennas gain were set as 6 dBi and 2
dBi, respectively. Table 4.3 summarizes the received power link budget and the tread-off
amongst distance and efficiency of the proposed adaptive rectifier circuits. Note that the
system using the concept of adaptive rectifier reaches an efficiency greater than 40% for

distances up to 2 meters and 49% of efficiency at 1 meter.

Table 4.3 RF system power link budget

Specifications Value

Frequency operation 915 MHz

Received antenna gain 2 dBi

Transmitted antenna gain 6 dBi

Transmitted power (dBm) +23 dBm

Distance (m) 1 2 3 4 5 6
Received Power (dBm) 0 -672 -103 -12.7 -147 -16.3
Efficiency (%) 49 42 33 28 25 20

4.10. Conclusion

In this chapter, different approaches to overcome the inability of conventional
rectifiers to operate over an extensive range of input power levels and improve their overall
power conversion efficiency have been proposed, including the adaptive/reconfigurable
rectifier and the active load modulation operating in the ISM band at 915 MHz. Then, to
further enhance the PCE, trapping harmonic network was implemented. In addition, a dual
band adaptive rectifier operating in the ISM bands of 915 MHz and 2.4 GHz has been
designed with the aim of increase the output DC voltage while considering more potential

RF energy sources.
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Furthermore, the proposed rectifier circuit performance was successfully compared

to existing designs found in the literature.

Finally, with the intention of evaluating the harvester system as rectenna, a patch
antenna making use of the metasurface as ground plane was designed and combined with

the adaptive rectifier.
The following remarks can summarize the work achieved in this chapter:

* An adaptive rectifier was designed to operate over a wide range of input

powers while maintaining relatively high PCE.

* To further increase the adaptive rectifier performance, an active load
modulation block was designed to prevent the circuit to reach its voltage

breakdown and expand the input power range.

* A harmonic trap block was added and a dual-band configuration proposed to

increase the output DC and enhance the overall PCE.

* These approaches have been implemented and their results demonstrated

through successful comparison with existing published designs.

* An efficient low-cost metasurface-based printed patch antenna was designed

to evaluate the system as a rectenna (rectifying antenna).
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Chapter S.  Conclusions and Future Works

5.1. Summary

In this thesis, a WPT system was introduced and among different approaches of
wirelessly transporting power, the RF electromagnetic (EM) option was retained due to its

advantages of transferring power over long distances.

WPT through RF EM sources is usually performed by using a rectenna which
contains an antenna, a matching network, a rectifier and an output load. The present work
focused on improving the PCE of the rectifier. As stated, conventional diode-based rectifier
topologies have noticeable limitations, such as the inability to achieve high efficiency over
a wide range of input powers due to constraints in diode properties such as the inability for
a diode to exhibit both low threshold and high breakdown voltages, thus leading to low
RF-DC efficiency.

To identify the diode parameters that can affect the rectifier PCE, a detailed analysis
was performed with the aim to operate the circuit over a wide range of input powers while

maintaining a high PCE.

From that, different approaches were proposed and implemented in the ISM band
at 915 MHz, including the adaptive/reconfigurable rectifier and the active load modulation.
Then, to further improve the overall efficiency and increase the DC output, a dual-band

adaptive rectifier operating at both 915 MHz and 2.4 GHz was designed.

A successful comparison of the performance of the proposed circuits with those

found in the literature demonstrated the above designs.

The fabricated adaptive/reconfigurable rectifier exhibits 40% of PCE over a wide
dynamic input range of incident RF power levels from -6 to +25 dBm with a maximum
PCE of 66% for an input power of +15 dBm. Note that the simulated results were

successfully compared to the measurements with an average relative error of 1%.
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By adding the active load modulation, the circuit performance was improved by
15%. Furthermore, the harmonic trapping technique helped maximizing the PCE by 10%
at high input powers.

Finally, to evaluate the harvester system as rectenna, a printed patch antenna
making use of metasurface as ground plane, was designed, implemented, and then
connected to the adaptive rectifier. The antenna achieved a gain of 3 dBi, a directivity of

5.3 dBi and a radiation efficiency of 57%.

5.2. Conclusions

With the aim of enhancing and overcoming the inability of conventional WPT
rectifiers to operate over an extensive range of input powers while achieving relatively high

PCE, the following points highlight the most important outcomes of this work:

e Dedicated RF energy source for energy transfer was retained and the ISM 915 MHz
frequency selected due to the ease of accessibility, less attenuation, less sensitivity

to circuit parasitics and ease of fabrication.

e The diode-based rectifier configuration has been selected as a result of its advantages

of operating with low threshold voltage and high voltage breakdown.

e Based on the analysis performed, the diode parameters that allow to operate over
wide range of input powers are a high voltage breakdown, V., and a high saturation
current, Is. The diode parameters that maximize the PCE are low series resistance,
R;, and low junction resistance, Rj. Therefore, trade-offs should be made between
the above parameters to optimize the design of a rectifier that can operate over a

wide range of input powers while maintaining relatively high PCE.
e Accordingly, an adaptive rectifier was designed and fabricated.

e To further increase the adaptive rectifier performance, an active load modulation
block was designed to prevent the circuit to reach its voltage breakdown and expand

the operation over range of input power.
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e A harmonic trap block was then added and a dual-band configuration proposed to

further increase the output DC and enhance the overall PCE.

e The designed configurations were demonstrated through successful comparison

with existing published designs.

e An efficient low-cost metasurface-based printed patch antenna was designed to

evaluate the system as a rectenna.

5.3. Future works

The work of this research can lead to further advances on both the system level and
the component level. Therefore, the following recommendations can be considered to

further expand the directions of research:

e Integrating the antenna to the adaptive rectifier with the aim to experimentally
evaluate the harvester performance and thus, to (i) analyze the efficiency vs. the
distance between the receiver and the transmitter, and (ii) to investigate the effect

of the antenna alignment and polarization towards the PCE.

e Further investigating the impact of diode parameters on the rectifier PCE by

considering different rectifier topologies. Thus proposing related configurations.

e Designing a multi-band system which can operate with over wide range of

frequencies to collect and harvest more output DC power.

e With the aim of trapping harmonic, a differential configuration can be applied to

enhance the PCE performance.

e Recycling and rectifying harmonics in order to further increase the output DC

power.

e Integrating the harvester (antenna + rectifier) in a chip to operate at higher
frequencies such as in the millimeter-wave band (e.g., in the objective of the future

implementation of 5G wireless systems).
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e Perform a full-wave analysis to investigate the effect of the metasurfaces as ground

plane and the resulting radiation patterns.
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Appendix A

Rectifier Efficiency of Harmonic Balance (verified model)

Ac@ /N piode () R§

Figure A.1 Shunt half-wave rectifier configuration

A. Theoretical:

The input voltage in Figure A-2 can be represented as in the following:
V, =V, sinoyt (A.1)

In case of the V}, < Vu, the diode is OFF, the output voltage is expressed as

Vout =V, sinqt =V, = Voe=0 (A.2)

In case of the V, > Vin & V}, <V,

The diode is ON and the output voltage can be illustrated in Figure 3.4. In order
to calculate the DC output voltage, the waveforms has been divided into four part

(14, 1, I, 1) to do the area integral.
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output Voltage
Input Voltage

Volts (V)

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6

time (s) X 10-9

Figure A.2 Output voltage of half wave rectifier at V, > Vin & V, < Vi

Therefore,

1 T (A.3)

11 - VdC ZT]VpSlTLth dt

0

-V V

Vi =—Lcosot| =L

dcl T ‘0 T
L=V, :Vth[(z”_a)_(”"‘a)] (A4)

Vi =V, (m—2c)

a
1 A5
13214 :Vdc ’4:Eprsinw0t dt ( )

T
1A
7T

Viaa ==>(1—cosa)

Where
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The total output DC voltage as in the following,

VTd(, =Vir T Vier T Vs Vs

V /4 (A.6)
Vy, =—L+V,(x-2a)+—L(1-cosa)
© oo T

In case of the I, > Vih & V,>Vy:, the output voltage can be illustrated as in

Figure 3.5
6 T 1 ; 1
output Voltage
; Input Voltage : :
. | E— J ,,,,,,,,,,, S S SN SE SO SR S WIS |
Vbr
LN |
T ) 2m,
=
Y
g° :
2 B nfﬂ \
) SIS S (— \ ,,,,, Vth A S S
I """"" \/ """"""""""""""""
6 i i i | i i | i

Figure A.3 Output voltage of half wave rectifier at 1, > Vin & V,>Vu,

B
1 _ (A.7)
A=V, =7prsmw0t dt
0
1 B
V., =}J-Vp sin atdt
0

V
Vier = i(l - COSIB) =V

B=V,,=V, (r-2p) (A.8)
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where
_int [ Yo
L =sin [ij
v
Vi =V (r=20)+—(1-cosa)
T
Ve, Vi YVaey YV, ¥Vae,
v _Vp 1 V. 2 V 2 Vp 1
n= o Umeos )b (7 =2p) eV, (x=2a)+—=(1-cosa) -, o)



