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AN ABSTRACT OF THE THESIS OF

Aline Jean Eid for Master of Engineering
Major: Electrical and Computer Engineering

Title: Multiport RF Enerqy Harvesters

RF energy harvesting allows the transformation of wireless RF energy into
collectable dc power and constitutes the basis of green wireless charging and energy
transfer technology. Various components, such as deployed sensors and small portable
devices benefit from this technology to power their continuous operation. Harvesting
low powered RF signals and rectifying them into a notable dc output is a challenging
task. Such task requires understanding of the rectifying component’s limits to maximize
the desired outcome.

The aim of the work presented in this thesis is to design an efficient RF energy
harvesting system for low input power levels operating over the Wi-Fi 802.11 b/g band.
We propose a novel design of RF harvesters and rectifiers solely based on using zero-
bias Schottky diodes. Our design objective is to identify the most suitable technique that
results in an increased output dc power while maintaining the same transmitted power
from the RF source. A tradeoff analysis is executed between various matching networks
for better rectification efficiency and dc output.

Our designed rectifiers prove the ability to harvest and rectify the RF signals
with a very good efficiency across a multitude of frequencies. We have then integrated
these circuits into a multiport RF energy harvesting system that relies on two combining
architectures: RF combining and dc combining. The multi-port rectifier system
demonstrates excellent harvesting capabilities with an increased output dc voltage in
both combining scenarios. We also discuss the harvesting of very small RF energy from
ambient Wi-Fi signals that are collected from commercial Wi-Fi routers. The rectifier is
tested in ambient conditions and efficiency results display a comparable performance to
harvesting from dedicated RF signals.

In this thesis, Support Vector Machines (SVM) is also employed to yield a
system that can predict with a good accuracy the location and level of maximum power
available at a certain day and time. In summary, the limits of Schottky diode’s
rectification abilities are pushed, while investigating optimal matching networks. The
systems designed are deployed in a multiport scenario when combined input and output
are used. Such system, not only harvests from dedicated RF signals but also collects

Vi



ambient Wi-Fi signals with a machine learning prediction ability of the maximum
available power.

vii



CONTENTS

ACKNOWLEDGMENTS. ..., V
ABSTRACT .. VI
LIST OF ILLUSTRATIONS ..., XI
LISTOF TABLES ..., XV
Chapter

I. INTRODUCTION ....ooiiiiiiiiiiiee e 1

II. BACKGROUND OF RF ENERGY HARVESTING

SYSTEMS AND KNOWLEDGE ........ccccccciiiiiiiiiiiee, 3)
AL INETOTUCTION. ... 5
B. RF Energy Harvesting using Schottky Diodes and Transistors................ 6
C. Integrated Techniques in an RF Energy Harvester............ccccoovvvinnnnne 8
D. RF Energy Harvesting from Ambient RF Sources..........cccccocevvvevvvenenne. 13
E. Application of Machine Learning in Antennas and RF Circuits Design 17
Fo SUMMAIY ..t 20

I11. A LOAD INDEPENDENT TAPERED RF HARVESTER .21

o 0o @ »

INErOAUCTION. ... 21
Rectifier’s Circuit TOPOIOZY .....coveiveiiirieiinirieieise e 21
Design and Performance ReSUIES ..o 25
SUMMIATY <.ttt et b e e e st e e e e e e e srbe e e nnbeeennbeeens 35

viii



IV. ACOMPACT RF ENERGY HARVESTER WITH AN

IMPROVED MATCHING NETWORK ..., 36
AL INETOTUCTION. ... 36
B. RF Energy Harvesting System OVErvIEW ..........cccoceveieneneninieniseeeenns 36

C. Rectifier Designs with a Stub Based Meandered Matching Network .... 38

1. Shorted Shunt Stub Matching Network ..........cccccceeienineninincnnn 38
2. Open Shunt Stub Matching Network ..o, 41
3. Performance comparison between the open- and short-circuited stub

MatChing teChNIQUES .......c.eeiiiiiie e 43

D. Rectifier Designs with a Stub Based Meandered Matching Network .... 44

1. Proposed dual lines matching technique ..........cccccoeiveeiieiii e, 44
2. Improved matching network technique...........ccccooeviiiiiiiiiennen, 49

E. Rectifiers’ Performance Comparison with Respect to Frequency, Load

AN INPUL POWET ...t 52
Fo SUMMAIY .. eanaeas 57
V. MULTIPORT RF ENERGY HARVESTERS..................... 58
AL INETOTUCTION. ... 58
B. Design of the Multiport SYStem..........ccccoveveiiieiiecece e 58
C. Single Transmitter - Multiple Receivers - RF Energy Harvesting
SYSEBIM it 61
1. RF COMDINING .ottt 61
2. DC COMDBINING ...voiieiecc e 63
3. RF combining vs dc combining ..........ccocooiriiiniiieiencnesesceeees 66

D. Multiple Transmitters - Multiple Receivers - RF Energy Harvesting
)51 (=11 O UR TR 67

E. SUMMAIY ... e 69
V1. AMBIENT RF ENERGY HARVESTING FROM WI-FI...70

AL INEFOAUCTION. ..o e 70

B. Principles of Harvesting from Ambient Wi-Fi signals............c.ccc........ 70



C. Ambient RF Energy Harvesting Experimental Setup...........cccccceevvennee. 73

1. Ambient Wi-Fi Signals Vs Dedicated Point to Point RF Signals

Energy Harvesting........cooeiviiiie i 74
2. Efficiency Response with Respect to Frequency ...........ccoccvcvveeneee. 76
3. Efficiency Response with Respect to Distance...........cccccceevveennnne, 77
D. Ambient RF Harvesting Effect on Wi-Fi USers...........ccocovnvnivninincnenn. 78
E. SUMMAIY ... e 80
VII. IMPROVING WI-FI HARVESTING EFFICIENCY USING
SUPPORT VECTOR MACHINES............cco o, 82
AL INTFOAUCTION....eeiie s 82
B. Wi-Fi Activity Prediction Methodology.........c.ccceeviiiiieiiiciic e, 83
1. Data Collection and PreproCessing .........ccccerereererenienenesenenieens 83
2. Wi-Fi activity prediction approach ..........cccccveviiiiiiiiiceccicien, 85
C. ResUlts INtErPretation..........cccooeiieieieieie e 86
D, SUMMAIY ...ttt e e e e anaeas 92
VIIl. CONCLUSION AND FUTURE WORK .........cccooveeeiine, 93



Figures
1.

2.

10.

11.
12.
13.
14.

15.

16.
17.

18.

ILLUSTRATIONS

Page
Block diagram of a basic RF energy harvesting System...........cccocvvvvirinnennnn. 2
Microstrip rectifier design. [9]......cccooiiiiii i 7
Rectenna System: (a) Proposed stacked patch antenna, (b)Fabricated rectifier

on 0.8-mm-thiek NPC-F260 and the spice parameters of diode HSMS2850.
0 PSSP 8

Origami package with harvester electronics inside. [11].......ccccooveviiiiiveiiennne. 9

(@) 3D model of the proposed rectenna, (b) Topology of the proposed
rectifying circuit with a two-branch impedance matching network. [12]........ 10

Rectenna array implementation. [15]........cccocriiiiiniiniiniice e 11

Photographs of the 1by4 quasi-Yagi array: (a) Top side, (b) Back side. [16].12

Photograph of the fabricated rectifier. [16] ........ccoccoviiiniiiii e, 12
Layout of the proposed rectenna [19] .......ccccocevveieiiieiieie e 13
Measured received power versus frequency and measured output voltage of

the proposed rectenna. [L3]......ccceiieieiieiece e 14
Rectenna experiment in ambient environment (a) [21], (b) [22] .......ccccvvuenneee. 15
Measurement of harvested DC voltage from the ambience [23] ..................... 16
Key challenge with Wi-Fi power delivery [26] ..........ccoeiiiiiiniiiiie 17
The proposed impedance transformer Network. ..........ccccovvevveveiiieiieeie e 24

Return Loss Results for different scenarios of the lines characteristic
impedances: (a) ZOL and ZOF equal to 20 Q, (b) ZOL and ZOF equal to 100 €,
(c) ZOL equal to 20 Q and ZOF equal to 100 Q, (d) ZOL equal to 100 Q and

ZOF qual t0 20 Q2. ..oiiiiiiiiiie ettt 25
Rectifier Design (a) Layout, (b) Fabricated prototype. ........cccccovvvevviivernennnnn. 26
The transition between TLs using triangular tapering technique. ................... 27

Impedance variation of a matching section with a triangular taper for d (In
WA A0 ) Yo v 1 OSSO 28

Xi



19.
20.
21.
22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

PCE and output voltage results for the proposed rectifier for RL = 2470 Q... 29
Slot antenna prototype: (a) Top view, (b) Bottom View. .........cccccvevviivinennene. 30
Reflection coefficient of the slot antenna. ............cccooieniincic 31
(a) Gain plots for the slot antenna with and without ground plane (at f = 2.45
GHz and ¢ = 0°, 0), (b) Slot antenna with a Ag/4 distant copper sheet from
DENEALN. ... e 31

Experiment 2 with the transmitting-receiving System. ..........ccccocevevieeveeinnnn, 32

Measured flat efficiency results for the proposed rectifier for Pin = -5 dBm, -

10 dBm and -15 dBm with a wide range of load values..............cccccoeevvrinnnene 33
Variation of the input impedance with respect to the load: (a) Real part, (b)

IMAGINAIY PAIT. ... e e s 35
Block diagram of the proposed RF energy harvesting system. .........c.ccccevee. 37

Rectifier design with short-circuited stub (a) Schematic, (b) Layout, (c)
Fabricated ProtOtYPR. ..c..oiveieeererieri e 40

Efficiency and output voltage results for the rectifier design with single short-
circuited stub matching NEIWOIK. ..........c.coueieiiiiiiiiiieeee e 41

Rectifier design with open-circuited stub (a) Schematic, (b) Layout, (c)
Fabricated ProtOtYPR. ..c..oieieieie et 42

Efficiency and output voltage results for the rectifier design with single open-
circuited stub matching NEIWOIK............ccoiiiiiiiiiisieeee s 43

Rectifier design along with the proposed impedance transformer network. ... 45

Smith chart representation of the proposed impedance transformer matching
NEEWOTK. .ottt et et e e e reeteere e re e e e 46

Rectifier design for the proposed impedance transformer matching network (a)
Layout, (b) Fabricated prototype. ........ccceevveeeiierie e 48

Efficiency and output voltage results for the rectifier with tapered series lines
MAatChing tEChNIQUE. ........oveee e 49

Rectifier design with improved matching network (a) Layout, (b) Fabricated
0101 (0] 3] o1 PP PP PRSPPI 51

Efficiency and output voltage results for the rectifier with improved matching
EECRNIGUE. .. 51

Measured PCE results for different load values of all rectifiers at Pin = 0dBm
AN T2 2. 45GHZ. ... 53

xii



38.

39.

40.

41.

42.
43.

44,

45.
46.
47.
48.
49.

50.

51.
52.
53.
54,

55.

56.

57.

58.

Input impedance plots with respect to load variations for the proposed rectifier

“IMN” and the 50 Q single stub MN rectifier “OS”. ........cccoovvvriininiinienns 54
Measured PCE results with respect to frequency for Pin = 0 dBm and RL
(OPTIMAL) .. bbb bbb 55
Input impedance plots with respect to frequency for the proposed rectifier
“IMN” and the 50 Q single stub MN rectifier “OS”. ........cccoeiiiniiinieiiicnnns 56
Measured PCE results with respect to input power at 2.45 GHz and RL= 1kQ.
......................................................................................................................... 57
Single element meander antenna design on HESS. ..., 59
Photo of fabricated meander antenna array. ..........ccoceveeeieerenenene s, 59
Plot of simulated and measured reflection coefficient of meander antenna
AITAY . +eetee ettt e R e R e e e e R e n e 60

Plot of simulated and measured radiation pattern of meander antenna array.. 60

RF Combining SChEMALIC. .........cooiiiiiiicieesese e 62
Four-to-one RF combining experimental SEtup. .........ccccceevveiiieiie e, 63
DC combining SCNEMALIC. .......ccueiiiiiieieie s 65
DC combining experimental setup of four rectifying circuits. ...........c...co...... 66

(a) The one to one transmitting-receiving system, (b) RF combining

EXPErIMENTAl SELUD. ..oveeieiieie et 68
RF Energy Harvesting: (a) Dedicated signals, (b) Ambient Wi-Fi signals. .... 71
Router NOrmal aCtiVIty. .......ccocvieiieie e 72
Router activity after applying the packet injection algorithm. ........................ 73
Experimental setups: (a) Ambient harvesting setup, (b) Dedicated harvesting
SBEUD . ettt 75
Efficiency comparison between Dedicated and Ambient energy harvesting
SCENMAITOS. ... ettt ettt etttk stk bbbt b bt bbbt bt et e e ettt b b 76
Efficiency results for the used rectifier. ..., 76

Measured PCE results with respect to frequency for Pr=-5dBm, Pr=- 10dBm,
AN Pr=-120BM. ..ttt 77

Efficiency plot with respect to diStance. ...........cccooveiiiiiiiien e, 78

Xiii



59.
60.
61.
62.

63.

64.
65.
66.

67.

Video streaming duration for router with and without packet injection.......... 79

Data Rates for router with and without packet injection. ............c.ccocvevvvennne. 79
Data collected for three consecutive Tuesdays in location A.............ccceveenee. 84
Power Patterns for three consecutive Tuesdays in location A...........cccceenee. 86

Comparison of actual power with predicted power using ANN And SVM in

location A for a Week Period..........cceieeiiieiiie s 87
ANN AFCHITECTUE. ... 87
Power on predicted path using SVM for a one day period. .........c.ccccevvvvennene. 90

Rectifier’s efficiency on predicted path using SVM for a one day period. ..... 91

Efficiency and output voltage results for the used rectifier circuit.................. 91

Xiv



Table

2.

TABLES

Comparison between short and open

Sample of actual vs predicted power

XV

shunt StUb MIN ...



CHAPTER I

INTRODUCTION

There has been a lot of effort spent in the past decade on researching new ways to
provide sufficient energy to power devices. Radio Frequency (RF) energy harvesting
has proven to be an attractive technique that relies on collecting ambient RF energy in
order to re-purpose it. Such technique has the potential to provide efficient and

continuous recharging possibilities.

The spectrum encompasses frequency bands that extend from the very high
frequency range (VHF) (30-300 MHz) to ultra-high frequency (UHF) (300-3000 MHz)
while the term microwave is typically used for frequencies between 3 and 300 GHz [1].
RF signals originate from the propagating electromagnetic waves of TV stations, mobile

phones, radio stations, Wi-Fi routers and other sources that are abundantly available.

The work in this thesis focuses on expanding the potential of RF harvesting and
rectification efficiencies through a series of techniques that understand and extend the
limits of the rectifying component. The goal of this work is to collect ambient RF
energy, convert it into dc power and supply small electrical and portable devices with
charging capabilities. Not only this new technique eliminates the need for manually
replacing batteries, but it is also an environment friendly solution since it enables the
“recycling” of ambient energy. In fact, RF energy harvesting allows wireless devices to

become self-sustaining [2].

The main element in an RF energy harvesting system is the rectenna which is a

combination of the rectifier and the antenna. This concept which was first introduced in



1964 by William C. Brown [3] refers to an antenna that is integrated with an RF
rectifying circuit. The antenna that is the front end of the receiver is connected to an
efficient rectifier for RF-to-dc power conversion. Figure 1 shows a block diagram of a
basic energy harvesting system, where an antenna harvests ambient electromagnetic
energy. The harvested energy is rectified and filtered. The recovered dc either powers a
low powered device directly, or is stored in a capacitor or battery for higher power low
duty-cycle operation. This process can be directed towards the charging of battery
dependent devices such as mobile devices or distant sensor networks. Such technique is
the basis of what is now known as wireless charging or wireless power transfer from RF

energy and constitutes a great advantage for any mobile or distant device.

RF IN

' Rectifier Energy Storage

DC OUT

i
>

L 4

A

E

Power Management Circuit

Figure 1: Block diagram of a basic RF energy harvesting system

RF and microwave wireless power transfer systems can occur at three different
levels and regions: near-field power transfer that consists of tens of watts with a limited
distance of a meter-range, microwave power transfer (MPT) equivalent to tens of
milliwatts that can go up to a few meters distance, and ambient microwave power

harvesting (MPH) which denotes signals up to hundreds of microwatts, but without a



distance limitation if the receiver is in the proximity of a concentrated area of RF
transmitters or base-stations. Among these three types, this work focuses on a
demonstration of harvesting very small RF energy from the ambient environment. The
core enabling part of an RF harvesting system is the rectifying circuit. This is due to its
role in converting the limited available RF power into an exploitable dc energy. For that
purpose, efforts were redirected toward pushing the maximum efficiency of the

rectifying circuit in order to enable it to handle a lower input RF power [4].

At low RF power levels proper selection of the Schottky diode and appropriate
design of the impedance matching network are necessary to overcome the limitations of
the low power input. A boost converter can also be used at the output to increase the
collected dc voltage level. However, in this work, different techniques are applied to
increase the output dc power of the harvesting system without altering the input RF

power levels.

In a far field, very low power densities of RF energy can be extracted from the
environment since the propagation energy drops down rapidly as distance from the
source is increased. Since the investigated harvesting systems are intended to operate
within an ambient environment, the antenna front end of the rectenna system must

exhibit a wide beam with a relatively good gain.

The purpose of this work is to present methods that could be approached for
increasing the efficiency of the harvesting system at lower power levels. The techniques
include optimized matching network topologies, combining architectures, ambient
harvesting and learning algorithms implementation. For this reason, the research
proposed in this thesis is first based on theoretical analysis, simulations carried out

using three software packages: Ansys Electronics Desktop (AEDT), Advanced Design



System (ADS) and MATLAB, in addition to measurement data that results from
numerous experimental setups. Measurement result verify and validate the analytical

and simulated predicted data.

This thesis is composed of eight chapters that are divided as follows: Chapter Il
carries out a survey of RF energy harvesting knowledge and systems. It serves as a
general description of the techniques that are presented in literature. Chapter il
introduces a novel rectifying circuit resulting in a load independent efficiency response.
Chapter IV employs a tradeoff analysis between various matching techniques for a
better rectification efficiency. This work results in a compact, tapered RF energy
harvester with an improved matching technique. Chapter V discusses combining
architectures and ends up in the implementation of three multiport RF energy harvesting
systems. In chapter VI, ambient RF energy harvesting is discussed and results in a
harvesting system from wireless routers. In chapter VI, machine learning techniques
are employed for a smarter harvesting performance. Finally, chapter V111 ends with a
conclusion that summarizes the results that this research has achieved and highlights

future directions.



CHAPTER II

BACKGROUND OF RF ENERGY HARVESTING SYSTEMS

AND KNOWLEDGE

A. Introduction

In this chapter, a survey of RF-dc microwave rectifiers’ research is executed. The
aim of the survey is to take a closer look at rectenna elements proposed by various
specialized researchers in order to gain insight into rectenna designs, rectifier
geometries, matching networks, performance parameters, simulation and measurement
techniques.

The surveyed literature is divided into four categories where the first category
presents the most popular rectifying elements in literature. Some work covers the
Schottky diode configurations, performance and limitations whereas other research
presents those of a transistor.

Section Il. B of this chapter discusses the various RF energy harvesting systems
that resort to Schottky diodes and transistors. Section Il. C addresses the design of RF
energy harvesters using various techniques such as the integration of 3D structures,
novel fabrication techniques and flexible materials. Other approaches are presented in
this section, aiming for an increased efficiency with the implementation of multiport or
multifrequency operation rectifying systems. Section Il. D moves from the traditional
dedicated RF transmission sources to ambient harvesting from RF sources available
everywhere. Finally, section Il. E introduces some of the work that merges the

application of machine learning algorithms in RF and antennas designs.



B. RF Energy Harvesting using Schottky Diodes and Transistors

Different types of devices operating as rectifiers are listed, however the focus is
mainly directed towards Schottky diodes and transistors. In [5], [6], limitations
accompanied with the use of Schottky diodes are clearly presented along with a study
on the maximum attained efficiency at low input power levels. Ideally the Schottky
diode conducts no current (OFF state) until the input voltage exceeds the diode voltage
threshold or the breakdown voltage. Above or below these input voltage values, the
diode conducts infinite current. It is important to note that losses can arise due to the
junction capacitance, series resistance, threshold voltage, and reverse breakdown. This
is intensively detailed in [5] where the best predicted efficiencies given by the
SMS7630 and VDI W-Band ZBD diodes present, respectively, 4.7% and 6.7% power
conversion efficiencies at a —35dBm input power level.

The CMOS technology for the design of RF rectifiers is investigated in [7]. A high
sensitivity rectifier is achieved with 40% efficiency at -17dBm. Another alternative of
the Schottky diode-based designs is the diode-connected MOSFET Dickenson charge
pump due to its desired process compatibility with the CMOS circuits. However, these
designs suffer from the efficiency loss induced by a large threshold voltage leading to
relatively low PCE values. Therefore, the work done in [8] reveals the superiority of the
heterojunction tunnel field-effect transistor HTFET RF rectifiers and their capability to
result in a high PCE at a low RF input power range.

Other efficient rectenna designs are proposed in literature and rely only on the use
of Schottky diodes. They resort to different diode configurations such as single diode in
series [9], in shunt [10] or multiple diodes in voltage multipliers topologies [11], [12],

[13]. For example, an 868 MHz-single-series rectifier circuit shown in Figure 2 is



discussed in [9]. Its corresponding efficiency is 47% for a 0dBm input power and a load

of 9530 Q.

matching RF-to-dc
network converter

load

Figure 2: Microstrip rectifier design. [9]

In [10], a wideband and efficient rectenna suitable for 2.4 GHz-band RF energy
harvesting from Wi-Fi applications is presented. The rectenna system shown in Figure 3
consists of a driven patch and four parasitic patches along with the rectifying circuit.
The harvester exhibits a high efficiency in the band of 2.41-2.47 GHz with the power
level as low as -20 dBm. Especially, at 2.472 GHz, the measured efficiency of rectifier
is 4.3%, 24.3%, 48.5%, 63% for different input powers of -30, -20, -10, 0 dBm,

respectively.



E— P Parasitic patch 1,

Upper Substrate g, h2 ]
Driven patch 1,

Lower Substrate g, hl
e | s 6N

Coaxial connector

Side view

(@)

Diode —> .
HSMS2850

(b)

Figure 3: Rectenna System: (a) Proposed stacked patch antenna, (b)Fabricated rectifier on 0.8-mm-thiek
NPC-F260. [10]

C. Integrated Techniques in an RF Energy Harvester

Some of the work presented in literature employ novel 3D structures using inkjet
printing such as a cube enabling simultaneous harvesting or a flexible wearable RF
energy harvester. In the design presented in [11], two patch antennas operating at 2.4
GHz are fabricated on the surface of a 3D cube. This printed cube using Inkjet printing
is reduced in size with sides of 4.2cm x 4.2cm as shown in Figure 4. Each of these two
antennas is connected to a rectifier circuit consisting of a voltage doubler configuration
of HSMS285 zero bias diode. For this design, dc combining is used therefore the output

is combined at a single dc terminal that drives the load. As a result of the measurement



done, a voltage level of 100mV is obtained at -15dBm input power and a load of 2 kQ
when one port is excited. When both ports are excited for the same input power 150mV

is measured at the output.

Figure 4: Origami package with harvester electronics inside. [11]

Other examples cover the integration of various techniques in order to increase the
input power to the system such as addressing multiband operation [12], [13], as well as
building arrays instead of single element systems [14], [15].

In [12], a novel broadband rectenna for ambient wireless energy harvesting is
presented over the frequency band from 1.8 to 2.5 GHz. It consists of a novel broadband
dual-polarized cross-dipole antenna which has an embedded flower-shaped slot filter for
harmonic rejection to further improve the rectenna efficiency. The antenna as well as
the matching network are built on a low-cost FR4 substrate. To insure a maximum
power transfer between the antenna and the rectifier, a novel two-branch impedance

matching circuit is proposed. It consists of a 50Q microstrip line with an H-shaped slot



filter on the ground plane. For the rectifier, a modified voltage doubler configuration is
designed using the Schottky diode SMS7630. The rectenna design is shown in Figure 5.
The measured power sensitivity of this design is down to —35dBm where efficiency is
5% and reaches 55% when the input power to the rectifier is —10dBm. The measured
maximum efficiency is about 70% at 2.15 GHz when the input power to the rectifier is

0dBm.

A
‘ * <+— Cross dipole antenna
‘ > FR4 substrate

/ s 70x70 x 1.6 mm? I

Feeding line
4~ Ground plane

Duroid 5880 substrate
32x 32 x 1.575 mm?

+—Rectifier
Via hole

(@ (b)

Figure 5: (a) 3D model of the proposed rectenna, (b) Topology of the proposed rectifying circuit with a two-
branch impedance matching network. [12]

The single rectenna element presented in [12] is now transformed into a multiport
system as shown in Figure 6 by the implementation of a rectenna array operating on
several frequency bands between 1.8 GHz and 2.5 GHz [15]. The measured efficiency
of the rectenna array is increased from 20% to 70% when the ambient power density

varies between -30 dBm and -10 dBm.

10



Figure 6: Rectenna array implementation. [15]

An array implementation is also targeted in [16] with a novel dual band rectenna
that harvests ambient RF power of GSM-1800 and UMTS-2100 bands efficiently. The
antenna design is initiated with a 1 by 2 sub-array of quasi-Yagi antenna and is then
extended to a 1 by 4 array as seen in Figure 7. This array has a high gain of 10.9 and
13.3dBi at 1.85 and 2.15 GHz. Such gain leads to the reception of higher power for
rectification due to the fact that the effective aperture area of an antenna is proportional
to its gain. As for the designed rectifier shown in Figure 8, the Schottky diode HSMS
2852 from Avago is used in a series configuration. Since the operation is at both 1.8 and
2.1 GHz bands, a dual-band rectifier with the corresponding matching network is
implemented. For single-tone input, the efficiency can reach 34% at 1.84 GHz and input
power of -20dBm. Measurement results show that a power conversion efficiency of
40% and an output dc voltage of 224 mV is achieved over a 5 kQ resistor when the

dual-tone input power density is 455 pW/m2.
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@ (b)
Figure 7: Photographs of the 1by4 quasi-Yagi array: (a) Top side, (b) Back side. [16]

Figure 8: Photograph of the fabricated rectifier. [16]

The harvested energy is supplemented in some cases by additional resources as
discussed in [17]. A proposed harvester consists of a dual port rectangular slot antenna,
a 3-D printed package, a solar cell, an RF-dc converter, a power management unit
(PMU), a microcontroller unit, and an RF transceiver. In addition to the antenna and
rectifying device selection, the choice of the matching network topology is at the base
of any successful RF design. Recent work has focused on this intermediate stage
between the antenna and the rectifier such as through optimizing the length and width of
a matching stub in order to achieve the highest efficiency [18], [19], [20].

For example, in [19], the idea of conjugate matching a rectifier to the antenna is
introduced. The RF harvesting component consists of an antenna, a rectifier, an RF
matching circuit and a dc collection circuit with dc load. Initially, the W-Band ZBD
Schottky diode from VDI is chosen. An antenna with a high impedance is chosen to

minimize the size of the matching circuit which is the folded dipole in this case. An
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inductive feed is used to match the antenna to the highly reactive diode as seen in Figure
9. The maximum rectified power is 15.05 pW. As previously mentioned, the high
impedance required for the W-band ZBD diode becomes a problem for high efficiency
energy harvesters. A modified version of the rectifier uses the Skyworks SMS7630-079
GaAs Schottky diode. The impedance required for maximum efficiency is lower in this
case, about 50+j250Q obtained by load-pull simulations. The rectified power is
increased by 20% compared to the VDI diode prototype, with a maximum rectified

power of 18.05 uW at approximately 25° from the symmetry plane.

30(mm)

Figure 9: Layout of the proposed rectenna. [19]

D. RF Energy Harvesting from Ambient RF Sources

Wireless energy harvesting (WEH) from ambient electromagnetic fields is an
emerging technology that can be exploited as a power source for many small electronic
devices. A number of key challenges are identified but the optimum design of rectennas
for ambient WEH is challenging. For example, in [13], ambient RF energy harvesting is

tested on a novel six-band dual circular polarization (CP) rectenna. A public square is
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chosen to evaluate the rectenna as an outdoor ambient environment. The square is not in
the line of sight of any high-power RF sources such as DTV towers and mobile base
stations. The received ambient signal levels as a function of frequency are shown in
Figure 10. For cellular mobile bands, the signal level in outdoor measurement is
between —35 to —25dBm. Due to the limits of the Wi-Fi router distribution, the received
Wi-Fi signals are only available at low levels around —37 dBm at the indoor
environment. This rectenna’s overall measured conversion efficiency is up to 26% for

the for a wide range of load between 10 and 75 kQ.
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Figure 10: Measured received power versus frequency and measured output voltage of the proposed rectenna.
[13]

Ambient energy harvesting at GSM bands (900 MHz and 1800 MHz) is discussed
by many researchers. For example, a dual band rectenna is introduced in [21] for that
purpose. The efficiency of the rectenna is 40.8% and 20% at 1834 MHz and 890 MHz,
respectively with an incident power of — 20 dBm. This rectenna provides the possibility
of harvesting the ambient electromagnetic energy for powering low power electronic

devices as seen in Figure 11(a). The same dual band operation is discussed in [22]. The
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RF energy harvesting system shown in Figure 11(b) is built and tested in the ambient
environment. The trial test shows that an excess of 0.5V can be harvested from the

environment without a source nearby.

(a) (b)

Figure 11: Rectenna experiment in ambient environment (a) [21], (b) [22]

In addition to the work presented above, a triple-band rectifier design is proposed
in [23] for the ambient RF energy harvesting. The circuit operates at three frequency
bands - GSM 1800, UMTS 2100 and LTE 2600, and is able to achieve high RF-to-DC
conversion efficiency, reaching 35% at input power of -20 dBm. From the voltage
reading of 0.381 V and load RL of 5.6k (Figure 12), the equivalent harvested power is
approximately 25uW. The same topic is addressed in [24] that proposes another
technique for simultaneous wireless communication and power transfer. In order to
obtain a sufficient energy, a broadband rectenna is adopted to harvest the ambient RF
energy over six frequency bands at the same time. The objective is to maximize the

energy efficiency at the output of the rectifying system.
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Figure 12: Measurement of harvested DC voltage from ambient. [23]

It can be noticed that the work presented in the literature about ambient RF energy
harvesting focuses more on available RF sources far from the one collected from
commercial Wi-Fi routers. The reasons behind such interest is discussed in [25] and
[26]. In [25], a new class of RF energy harvesters called “waveform aware harvesters”
is suggested. These rectifiers are optimized for their performance with non-CW signals
which will form significant advantages in ambient energy harvesting, where the
available RF energy is in the form of communication waveforms of a variety of types.
The work presented in [25] presents an initial proof-of-concept demonstration of a
waveform aware harvester optimized for harvesting energy at 2.4 GHz from Wi-Fi
(802.11b/g) signals with a realistic traffic model. It also provides an optimized recovery
of harvested energy from single 802.11b/g transmission bursts on the order of 1 ms in
duration.

In [26], the key challenges faced in harvesting from an actual Wi-Fi router
highlighted. There is a fundamental mismatch between the requirements for power
delivery and the Wi-Fi protocol. Figure 13 shows the voltage at the harvester in the

presence of Wi-Fi transmissions. This figure clearly explains how the silent periods
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present during Wi-Fi transmissions limit the ability of the harvester in meeting a

minimum voltage.

0.4

minimum threshold voltage

0.3

Voltage (in V)

time (in ms)

Figure 13: Key challenge with Wi-Fi power delivery. [26]

In [26], POWi-Fi is introduced as a solution for harvesting from actual Wi-Fi
signals. Existing Wi-Fi chipsets are implemented to cater for this purpose. At a high
level, a router running PoWi-Fi imitates a continuous transmission while minimizing the
impact on Wi-Fi performance. To accomplish this task, it injects small amounts of
superfluous broadcast traffic on multiple Wi-Fi channels (e.g., channel 1, 6, and 11)
such that the cumulative occupancy across the channels is high. A multi-channel
harvester that efficiently harvests power across multiple Wi-Fi channels is also
designed. This transmission mechanism at the router introduces additional power traffic

on each Wi-Fi channel without interfering with other Wi-Fi networks.

E. Application of Machine Learning in Antennas and RF Circuits Design
“Machine learning (ML) is a branch of artificial intelligence that systematically

applies algorithms to synthesize the underlying relationships among data and
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information” [27]. Machine learning helps in developing programs that improve their
performance for a given task through experience and training. The work in [27]
discusses the theories, concepts, and applications of efficient learning machines.
Machine learning algorithms can be introduced to the RF energy harvesting domain,
since applying such techniques insures optimization of the efficiency and maintenance
of reliability.

For example, in [28], two machine learning techniques, linear regression (LR) and
decision trees (DT) are implemented to model the harvested energy using real-time
power measurements in the radio spectrum. To ensure a reliable performance, energy
prediction modelling is a key component for optimizing energy harvesting because it
equips the harvesting node with adaptation to energy availability. Numerical results
show that (LR) outperforms (DT) by attaining a minimum of 85% prediction accuracy.
These models are useful for defining the scheduling policies of harvesting nodes. In
[29], the learning algorithms are used to overcome the problems imposed by harvesting
sufficient RF energy at low powers. Most of power management systems are not
efficient at ultra-low power sources due to power consumption in control circuitry. The
solution for this issue can be either power consumption reduction which is limited by
physical constraints or harvesting from another energy source. This paper presents the
use of particle swarm optimization technique where the converter efficiency is used as
the fitness function while the circuit’s inductor and the activation time (on-time) are
chosen as optimized parameters. This leads to an optimized power management circuit
that improves the efficiency of the dc-dc converter by 9.25% in comparison with
conventional power management circuits over a wide range of input power. This allows

the harvesting of more power from RF sources and hence a higher dc output voltage.
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The matching network residing inside the rectifying circuit can also be optimized
to improve the rectification process and reach higher efficiencies. For example, in [30],
a genetic algorithm and a data mining method are used for this purpose. The proposed
matching circuit can potentially have higher dc output power at 92.0% and 69.6 % of
potential load combinations with a maximum matching performance improvement of
21.4 % and 37.6 % compared to conventional matching methods.

The matching network optimization is also targeted in the work presented in [31].
The maximization of the received power from compact multiple antenna systems in
random RF fields is investigated using two novel impedance matching approaches. The
first approach is based on optimal impedance matching where convex optimization is
used to propose a sparse optimal impedance matching technique. The second approach
is obtained by further relaxing the sparse optimal impedance matching method to obtain
a suboptimal impedance matching (SOM) method referred to as multiport ladder
matching (MLM). Simulation results show that the sparse optimal impedance matching
approach provides the maximum received power while MLM captures more power than
in conventional single-port matching (SPM). Additionally, they can maintain an
acceptable bandwidth, which indicates the effectiveness of the sparse optimal and
multiport ladder impedance matching approaches.

The integration of machine learning in the design of antennas and RF circuits has
led to smart and efficient designs. Not only is it adding an advantage to the design of RF
energy harvesters but also to the electromagnetics area in general. This contribution is
presented in several approaches in literature such the use of neural networks and SVM
in cognitive radio applications [32], smart antennas and antenna arrays structure [33] -

[35].
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F. Summary

This chapter introduces different rectifiers’ designs presented in the literature
where several rectifying elements and techniques are implemented. The surveyed
designs are grouped into four sections. Section B discusses the limitations accompanied
with the use of Schottky diodes in a rectifier along with a study on the maximum
attained efficiency at low input power levels. The implementation of CMOS based
rectifiers is also discussed where good sensitivity can be obtained especially at low
power levels. However, the focus of the work presented is based on expanding the
capabilities of Schottky diode based RF rectifiers. Section C discusses the
implementation of several techniques in an RF energy harvester such as flexible
materials, 3D inkjet printing, multiband operation and multiport systems. In section D,
several papers are presented to describe the harvesting from ambient RF sources such as
GSM, 3G, LTE bands. Also, challenges accompanied with harvesting from ambient
wireless routers are listed and a PoOWiFi router is proposed to overcome some of these
challenges. Section E is concerned about the role of machine learning in the
optimization of RF energy harvesting systems and many other applications such as

cognitive radio and smart antenna designs.
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CHAPTER IIT

A LOAD INDEPENDENT TAPERED RF HARVESTER

A. Introduction
Generally speaking, an RF energy harvesting system relies on an efficient and
well-designed rectenna, which is a combination of an antenna and an RF rectifying
circuit. A crucial parameter is the RF-to-dc power conversion efficiency (PCE). It
defines the status of the rectifier and determines how efficiently a rectenna system
transforms RF energy into dc power. The power conversion efficiency (PCE) is given

by Eqg. 1 as follows.

P 2
PCE= L *1009%6= ¥ L *100% (1)
P R *P
RF L RF

where PL represents the dc power collected at the output, Prr is the RF power
captured by the antenna, Vi denotes the dc voltage at the output, and R. denotes the load
impedance.

In this chapter, a tapered dual line matching network is proposed to be integrated
in a rectifier circuit. This matching network insures that the PCE remains stable over a
large range of load impedances, while optimizing its performance at input powers that

are below or equal to 0dBm.

B. Rectifier’s Circuit Topology
The topology of the rectifier circuit discussed in this section is based solely on a

Schottky diode. The proposed rectifier that is described in the circuit diagram of Figure
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14 is composed of a dual transmission line matching network topology, a tuning stub, a
shunt Schottky diode configuration and an RF choke. The first transmission line is
characterized by an impedance (Zov), phase shift constant (L), length (L) and width
(WL). This line constitutes the “load transmission line (TL)”. The function of this line is
to transform the diode impedance (Zout) into (Z1). The second transmission line in series
is the “feed TL” that is characterized by an impedance (Zor), phase shift constant (Br),
length (L) and width (WEF). A capacitor (C) of 1 pF is integrated between the two
transmission lines in order to block the dc voltage generated by the diode from reaching
the generator. By tuning the lengths and characteristic impedances of both transmission
lines, (Zin) of the entire network is optimized to be 50 Q. The substrate used in this work
is Rogers 3203 with a thickness of 0.508 mm and a dielectric constant of 3.02. By
assuming negligible conductor and dielectric losses, the impedances (Zi) and (Zin) can

be calculated as displayed in Eq. (2) and Eq. (3):

ZI — ZOLZLH-Z“tan’BLLL

2
ZOL+jZLtanﬂL|_L (2)

7= Zoe 2 LB
Z()FJerItanﬂFLF

(3)

The lengths of both transmission lines are iteratively swept and optimized over a
full spatial period (0 to 0.5*)\g). Several characteristic impedance values are investigated
as shown in the return loss results of Figure 15 (a-d). The amount of power loss in each
design can be evaluated based on the return loss results presented in Figure 15.
Choosing the design with the best return loss leads to the minimization of losses, which

constitutes a major contribution in this design.
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The maximum value chosen for either (Zo.) or (Zor) is 100 Q to take into
consideration practical fabrication tolerances whereas the minimum impedance value is
20 Q to keep the overall design as compact as possible with minimum amount of losses.
In the first scenario, shown in Figure 15(a), (ZoL) and (Zor) are chosen to be equal to
each other and equal to 20 Q (lower than 50 Q). In the second scenario of Figure 15(b),
the two quantities are still considered equal to each other at 100 € (higher than 50 Q).
In the third scenario, given in Figure 15(c), (Zov) is chosen to be 20 Q while (Zor) is 100
Q. Finally, for the fourth scenario in Figure 15(d), (Zov) is chosen to be at 100 Q higher
than (Zor), which is chosen to be equal to 20 Q.

It is noticed that the return loss of the network is optimal when the “load” TL has a
higher impedance than that of the “feed”” TL. This corresponds to the fourth scenario
that is shown in Figure 15(d). For this case, the highest return loss is achieved for a
“load” TL length of 21 mm or 14.8 mm and a feed TL length of 7.4 mm or 32.4 mm.
These two lengths are displayed by the two peaks of the return loss curve in Figure
15(d). In order to preserve the compactness of the design, the first set of values (Feed
TL=7.4 mm, Load TL= 21 mm) is chosen for the design of the matching network.

In this design, the SMS-7630 diode from Skyworks [36] is chosen. It has a low
built-in potential of about 170 mV with an approximate forward current of 1 mA,
internal resistance Rs =20 Q and a junction capacitance Cjo = 0.14pF. The proposed
network, shown in Figure 14, aims at matching the load composed of the SMS7630

zero-bias diode to the 50 Q source.
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Figure 14: The proposed impedance transformer network.

The Schottky diode’s impedance (Zout) Varies with both frequency and input
power. For this rectifier design, (Zout) is taken equal to (229-j*252) Q for an input
power level of -10dBm at 2.45 GHz and it is matched to the source’s 50 Q impedance.
The rectifier is designed and simulated with the Agilent Advanced Design System
(ADS) software [37], using large signal S-parameters (LSSP) and harmonic balance
(HB) simulations. Non-linear models are utilized for the diodes and the passive

components are simulated with models that include parasitic effects.
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Figure 15: Return Loss Results for different scenarios of the lines characteristic impedances: (a) Zo. and Zor
equal to 20 Q, (b) ZoL and Zor equal to 100 Q, (¢) ZoL equal to 20 Q and Zor equal to 100 Q, (d) ZoL equal to 100
Q and Zor equal to 20 Q.

C. Design and Performance Results

The layout of the proposed rectifier is shown in Figure 16(a). Impedance
transformation is achieved through the feed and load TLs as discussed in section B.

Tapering techniques are implemented in order to achieve a smooth transition from the
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20 Q characteristic impedance of the “feed line” to its 100 Q counterpart of the “load

line”.
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Figure 16: Rectifier Design (a) Layout, (b) Fabricated prototype.

In reality, the tapered behavior of the impedance can be explained from equations

(4) and (5) [1], where the impedance of a tapered line is studied in function of the position.

Z,e2(#/1)?*InZ,/Z, ) or0<z<L/2
Z(z) =4"° o ! / 4)
Zoe(4z/L 2z%/L 1)anL/ZO‘ forL/2<z<L
d(InZ/Z,) {4Z/L2 InZ,/Z, , for0<z<L/2 )
dz  \(4/L-4z/1*)InZ;/Z,, forl/2<z<L

where Zo denotes the impedance at position zero, Z. the impedance to be achieved
and Z) its variation with respect to the distance.

The matching network designed for this rectifier circuit consists of two primary
transmission lines with different characteristic impedances. First of all, the RF power is
fed to the rectifier through a Z1 = 50 Q transmission line as seen in Figure 17. A
triangular tapered connection “T1” is used for transition from the feeding line to TL1 of
Z2=120 Q. The study in this work shows that a line of characteristic impedance 100 Q
TL2 should follow TLi. Therefore, another transition “T2” is required to avoid the

abrupt transition from low to high characteristic line impedance. For the same input RF
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power, a stable PCE response is translated through collecting similar output DC power
over a wide frequency range. This output remains stable when the percentage of RF
power this diode is receiving almost frequency independent. This independence is

provided through the tapering junctions “T1” and “T2” that widen the matching network

operational range.

LTZ[ =4 mm L= 4-'mm

Figure 17: The transition between TLs using triangular tapering technique.

From [1], one can verify using Eq. 5 below and Figure 18 that the variation of the
impedance at various locations of the tapered lines does not always depend on the load
impedance as shown in Figure 18 that is taken from [1]. In fact, when the impedance is
calculated at the input of the line up to a distance L/2 the variation of the impedance in

function of the load is minimal.
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Figure 18: Impedance variation of a matching section with a triangular taper for d (In Z/Z0)/dz [1]

The design is built using Rogers 3203 with thickness 0.508 mm as shown in
Figure 16(b) with dimensions equal to 41.2 mm x 21 mm. The “RF Choke”
functionality is achieved using a shorted quarter-wavelength (A/4) stub. The shorting of
the A/4 stub is achieved through 1 uF capacitors. The A/4 stub behaves as an open-circuit
impedance at the fundamental and third harmonic frequencies. It also presents the
second harmonic with a short circuit impedance. To that effect, it suppresses the leakage
of RF power towards the dc line. The “dc line” of length 6 mm and width 1 mm is
incorporated as a microstrip section that is used to extract the output dc voltage. To
account for fabrication errors and diode parasitic effects, a “tuning stub” that has a
length of 23.3 mm and a width of 0.4 mm is included in the circuit. The reflection
coefficient of the proposed rectifier shows a magnitude of -23 dB at 2.45 GHz while the
transmission coefficient measured between the input and point (A) shown in Figure
16(a) has a magnitude of -0.2dB. This confirms that the RF power is fully transmitted to
the input of the Schottky diode (RF output).

As a first experiment, the fabricated rectifier shown in Figure 16(b) is fed via an

RF signal generator and the corresponding PCE results are obtained for a wide range of
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input power. The measured and simulated power conversion efficiency (PCE) and dc
output voltage results are shown in Figure 19. This rectifier’s efficiency rises to above
57% around 0dBm. The circuit achieves a peak voltage of 1.2 V for an input power

level of 0dBm with a load RL = 2470 Q.
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Figure 19: PCE and output voltage results for the proposed rectifier for RL = 2470 Q.

For validation purposes, this rectifier is connected to a slot antenna and placed
facing another slot antenna for a second experiment of output voltage measurement. The
slot antenna is composed of three layers. The top layer has a conductive sheet out of
which a rectangular slot is etched as shown in Figure 20(a). The second layer is a 109
mm x 82 mm, 1.6 mm-thick, FR4 epoxy substrate, whose dielectric constant is 4.4. The

third layer, shown in Figure 20(b), is a microstrip line of length 59.35 mm which is
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equivalent to 7*Ag/8 and a width of 3.1 mm which corresponds to a characteristic
impedance of 50 Q. The designed antenna is simulated using a high frequency EM
simulator. It covers the channels of the Wi-Fi 802.11 b/g bands at 2.45 GHz. Figure 21
shows a comparison between the measured and simulated reflection coefficients of the
slot antenna, where a good agreement is clearly noticed. The gain pattern of the
fabricated antenna is bidirectional and exhibits both front and back lobes as presented in
Figure 22 (a). Accordingly, a 118 mm x 88 mm copper sheet is positioned at a distance
of 17 mm, which stands for Ag/4, as illustrated in Figure 22 (b). As a result, better gain
values are achieved due to the directive radiation pattern that is associated with the
ground plane incorporation from behind the bottom layer of the antenna structure. A
difference of approximately 3 dB is noticed in the gain plots that are shown in Figure
22(a). Also, a reduction in the back-lobe radiation from 3.5 dB to -4.1 dB is realized.
The antenna operation at 2.45 GHz is maintained even in the presence of the ground

plane as shown in Figure 21.

(a) (b)

Figure 20: Slot antenna prototype: (a) Top view, (b) Bottom view.
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Figure 21: Reflection coefficient of the slot antenna.
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Figure 22: (a) Gain plots for the slot antenna with and without ground plane (at f = 2.45 GHz and ¢ = 0% 0), (b)
Slot antenna with a Ag/4 distant copper sheet from beneath.

In this experiment, the rectifier connected to the slot antenna, is placed at a
distance 50 cm (far field zone) away from a transmitting slot antenna as shown in
Figure 23. The distance of separation between the transmitter and receiver antennas
ensures that the rectenna system receives a -10dBm power. The expected voltage has
matched the reading on the multi-meter and results achieved in this experiment verify

the PCE results obtained from the first experiment.
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Figure 23: Experiment with the transmitting-receiving system.

A variation in the load is also investigated and efficiency results are measured for
three different input power levels of -15dBm, -10dBm and -5dBm. As shown in Figure
24, this circuit preserves an efficiency higher than 50% at -5dBm over most of the
considered load variation range. It also presents an efficiency stability that is above 40%
and 30% for -10dBm and -15dBm input power levels, respectively. Therefore, this
circuit presents a stable response with respect to load variation and makes it suitable for

applications requiring abrupt changes in load values.
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Figure 24: Measured flat efficiency results for the proposed rectifier for Pin = -5 dBm, -10 dBm and -15 dBm
with a wide range of load values.

In order to understand the PCE flat response obtained over a wide range of load
variation, the variation in the input impedance of the network is illustrated.

For the same input RF power, a stable PCE response is translated through
collecting similar output DC power for different load values. This means that the
Schottky diode’s rectification rate is approximately stable. The rate remains stable when
the percentage of RF power this diode is receiving is not strictly dependent on the load
variation. This independence is provided through the tapering “T1” and “T2” shown in
Figure 17, which are widening the matching ability of the network’s operational range.

In order to validate this statement, the input impedance is plotted versus the load
ranging between 800 € and 2800 Q for three different power levels as shown below in
Figs. 25(a) and (b). It can be noticed from these plots that for each case of input power,
the input impedance is slightly affected by the load of the circuit. For example, taking
the third case where the system is fed with a power of -15dBm, we can see that

sweeping the load between 800 Q and 2800 Q forces the real part to decrease from
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27.48 Q10 19.37 Q (8.11 Q variation only) and the imaginary part from —j13 Q to —j25
Q (-j12Q variation only). The same applies for the other input powers where the
decrease is limited within a certain range. With a very good matching, the RF power fed
at the input is able to reach the diode even with the changes in the load, therefore
allowing the diode to rectify a similar percentage of the power received each time and

thus producing a dc power at the same rate. This mechanism is reflected in the PCE

flatness within the corresponding load range.
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Figure 25: Variation of the input impedance with respect to the load: (a) Real part, (b) Imaginary part.

D. Summary

In this chapter, an efficient RF energy harvesting rectifier operating over the Wi-Fi
802.11 b/g band is presented and tested. This rectifier is based on a new matching
technique that is based on a network of dual line topology with different characteristic
impedances. The purpose of this network is to match the Schottky diode’s input
impedance in a rectifying circuit to the 50 Q source impedance. The integrated
matching network topology helps achieve good and stable efficiency results over a
range of load variation. The system is tested as a receiving unit with a slot antenna and

as standalone. In both experiments, a great agreement is realized with the simulated

results.
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CHAPTER IV

A COMPACT RF ENERGY HARVESTER WITH AN

IMPROVED MATCHING NETWORK

A. Introduction

The novelty of the work presented in this chapter is based on pushing the limits of
Schottky diode’s rectification abilities, while investigating optimal matching networks.
An initial introduction of this work is found in [38], [39] and [40]. The first novelty
aspect is based on proposing a novel matching network that relies on a tapered topology
in order to provide a stable, almost flat efficiency response across a variation of load
and frequency of operation. The second novelty aspect relies on implementing
meandering techniques for size reduction in order to result in a compact circuit design.
Various matching network topologies are compared together to end up with the best
candidate that exhibits a compact size, which is almost Ag/2 x Ag/4 (40 mm x 20 mm at f
= 2.45 GHz). The resulting circuit displays a 58% efficiency for an input power of 0
dBm. The circuit also maintains an efficiency above 50% for a large range of load

variations and a wide frequency bandwidth.

B. RF Energy Harvesting System Overview

The work presented in this paper is focused on harvesting RF energy in the
frequency band that extends from 2.412 GHz to 2.484 GHz. This work relies solely on

Schottky diodes, and in particular, the SMS7630 zero-bias, from Skyworks [36]. In
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particular, the rectifier system proposed herein relies on a shunt connected Schottky

diode as shown in Figure 26.

Rectifying Circuit |

|
Matching . DC OUT:
| [_Network

Figure 26: Block diagram of the proposed RF energy harvesting system.

The full rectifying system is composed of a receiving antenna and a matching
network followed by a single Schottky diode. The focus is to improve the matching
conditions between the antenna and the rectifying element in order to minimize the
losses across the full designed network.

More specifically, at low power levels (< 0dBm), the PCE requires the convenient
choice of the non-linear diode element as well as the suppression of the generated
harmonics and the incorporation of a well-designed matching network for an optimized
dc load. The goal of the work presented in this paper is to end up with a compact design
having good efficiency results with respect to a varying input power. The harvesting
system must maintain an almost flat efficiency curve over the Wi-Fi frequency band

along with a robust efficiency response for a wide range of load variations. The end goal
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is to integrate the optimal circuit in a multiport system that extends the harvesting

capability of a single circuit element.

C. Rectifier Designs with a Stub Based Meandered Matching Network

In this section, the size reduction of the harvesting circuit is achieved using
meandering of the stub based matching network. Various meandered stub matching
networks are analyzed. The networks are employed to match the load impedance to the
50 Q source. In this work, the load is the SMS7630 zero-bias diode whose impedance
(Zout) varies with both frequency and input power. More specifically (Zout) is taken to be

(229-j*252) Q) at 2.45 GHz and for an input power level of -10 dBm.

1. Shorted Shunt Stub Matching Network

Matching the Schottky diode with an impedance (Zout) = 229-j*252 Q to the 50 Q
source, which represents the antenna, can be achieved by resorting to two lines with 50
Q characteristic impedance as seen in Figure 27(a). One line defines the length of the
short-circuited stub Lsc_swb and the other one determines its distance away from the load
dsc_stwb. The rectifier is designed and simulated with the Agilent Advanced Design
System (ADS) software, using large signal S-parameters (LSSP) and harmonic balance
(HB) simulations.

The impedance transformation is achieved by having the short-circuited stub to be
0.438\g (35 mm) long and 0.19Ag (15 mm) away from the load. For compactness, a
meandering technique is applied on both the shunt and series lines. The meandering
technique results in a reduction of 70% in the rectifier’s size in comparison to a non-

meandered stub. The two lines are curved in a way to achieve the required size
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reduction while minimizing the coupling between the turns to around -30 dB. The
corresponding circuit layout is shown in Figure 27(b) with an overall dimension of 30.5
mm x 17.6 mm. A 1 pF capacitor is placed before the diode as shown in Fig. 27(b) to
block any dc leakage to the RF source. The diode is placed in a reverse shunt
configuration followed by a 110 nH inductor operating as an RF choke. The substrate
used in this work for all designs is Rogers 3203 with a thickness of 0.508 mm and a

dielectric constant of 3.02. The fabricated prototype is presented in Figure 27(c).
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Figure 27: Rectifier design with short-circuited stub (a) Schematic, (b) Layout, (c) Fabricated prototype.

The simulated and measured dc output voltage and power conversion efficiency
are presented in Figure 28. This rectifier operates within the targeted band, in particular
at 2.41 GHz. The voltage results are extracted at the operating frequency along with the
choice of an optimal load. For this circuit, the voltage and PCE plots are taken for RL
(optimal) = 660Q. An agreement between the simulated and measured results is
attained. A peak voltage of 0.562 V is obtained at 0 dBm input power leading to an
efficiency of 47.85 %. The efficiency maintains an increasing state until it reaches a

peak efficiency of 50.5% at 3 dBm as displayed in Figure 28.
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Figure 28: Efficiency and output voltage results for the rectifier design with single short-circuited stub
matching network.

2. Shorted Shunt Stub Matching Network

In order to compare the effect of the matching technique on the rectifier
performance, a different stub termination is applied to the same matching topology as
shown in Figure 29(a). A stub with an open circuit end with length Loc _stub= 0.198\g
(15.8mm) and a distance doc_stub= 0.16Ag (12.8mm) away from the load is adopted. The
same meandering technique is applied to the two lines to keep the resulting rectifier
compact in size. The corresponding rectifier layout along with the fabricated prototype
are shown in Figure 29(b) and Figure 29(c). The rectifier’s dimensions are 30.22 mm x
15.13 mm thus achieving a 51% reduction in size in comparison to a non-meandered
stub. Similar to the previous design, a 1 uF dc-blocking capacitor and a 110 nH RF

choke are integrated within the matching network.
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Figure 29: Rectifier design with open-circuited stub (a) Schematic, (b) Layout, (¢) Fabricated prototype.
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The simulated and measured voltage and PCE for the open circuit configuration
are given in Figure 30. This rectifier is matched over the entire desired band and
exhibits a good efficiency of 51.26% at 0 dBm with a peak measured voltage of 0.716 VV

and an optimal load of 1 kQ.
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Figure 30: Efficiency and output voltage results for the rectifier design with single open-circuited stub
matching network.

3. Performance comparison between the open- and short-circuited stub matching
techniques

Upon comparing the performance of both rectifier designs, it’s obvious that the
open-end shunt stub presents a slightly more superior performance. First of all, the
open-ended stub is shorter in length (0.198\g) as opposed to (0.438Lg) for the short-
ended stub. Also, the open stub results in a more efficient rectifier at the desired

frequency band. However, both techniques do not meet the design requirements in
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achieving a PCE greater than 55% for an input power of 0 dBm. In addition, these
networks do not exhibit a stable, robust and almost flat PCE curves across various loads
and different operating frequencies. Table 1 summarizes the comparison of results

between both circuits.

Table 1: Comparison between short and open shunt stub MN

Design Short Stub MN Open Stub MN
Parameter
VIA YES NO
Lstub 0.4382; 0.198%,
dstub 0.192, 0.161,
Size (mm?) 30.48 x 17.62 30.22 x 15.13
PCE (%) 47.85 51.26

D. Rectifier Designs with a Stub Based Meandered Matching Network

In this section, a new matching network topology that aims at matching the
SMS7630 zero-bias diode to the 50 Q source is proposed. In this design, the SMS-7630

diode is used with internal resistance Rs = 20 Q and a junction capacitance Cjo = 0.36pF.

1. Proposed dual lines matching technique

The topology of the proposed matching network is shown in Figure 31. The
transmission line, characterized by an impedance (Zov), a length (L.) and a width (W),
constitutes the “load transmission line (TL)”. The purpose of this line is to transform the

diode impedance (Zout) into (Zi). The second transmission line in series is the “feed TL”
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that is characterized by an impedance (Zor), a length (L) and a width (Wg). By tuning
the lengths and characteristic impedances of both transmission lines’ sections, the input
impedance (Zin’) of the entire network is optimized to be 50 Q. By assuming negligible
conductor and dielectric losses, the impedances (Zi) and (Zin’) can be calculated as

displayed in (2) and (3).

Lr=7.4 mm LrL=21 mm
Wr=45mm €~ 1nF WL=0.4 mm

50 Q
—> [ H

4 Zor=20Q ¢ 4 ZoL=100Q

i i i 229 —j*252 Q
Liv Zr 11

Figure 31: Rectifier design along with the proposed impedance transformer network.

The lengths of both transmission lines are iteratively swept and optimized over a
full spatial period (0 to 0.5*Ag). The change in the impedance at various points along the

proposed matching network is demonstrated in Figure 32.
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Figure 32: Smith chart representation of the proposed impedance transformer matching network.

The diode is located on the line with 100 Q characteristic impedance. Therefore,
its impedance is first normalized to 100 Q and placed on the smith chart as (3out). The
Ag/4 load transmission line transposes the diode impedance from (3out) to (31) as shown
in Figure 32. At this stage, the impedance faces the “feed TL” that has a characteristic
impedance of 20 Q. The transformation from 100 Q to 20 € is done by first de-
normalizing (z1) to 100 Q and then normalizing it back to 20 Q. This corresponds to the

point (31°) on the smith chart of Figure 32. This point is then moved by a distance of
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0.0986Aq to reach the point (zin’). Such distance is equivalent to the length of the “feed
TL”. De-normalizing this point to 20 Q leads to the input impedance of the circuit being
equal to (52 — j4) Q. The resulting impedance is now normalized to 50 Q, which results
in the point (3fina) =1.04-J0.08 as indicated on the smith chart inside the VSWR=2
circle.

The layout of the proposed rectifier circuit is presented in Figure 33(a). The
matching network consists of two lines “feed TL” and “load TL” with different
characteristic impedances. A meandering technique is applied on the load TL of length
21 mm to minimize the resulting rectifier’s size. A dc block capacitor prevents the dc

voltage generated by the diode from reaching the generator.
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Figure 33: Rectifier design for the proposed impedance transformer matching network (a) Layout, (b)
Fabricated prototype.

A tapering technique is applied first between the 50 Q input line and the “feed
TL” as well as between the “feed TL” and the “load TL”. A triangular tapered
connection “T1” is used for transition from the feeding line to the “feed TL” of Z0 = 20
Q. Another transition “T2” is required to avoid the abrupt transition from 20 Q to 100 Q
that is the characteristic impedance of the “load TL”. Such tapered section ensures a
smooth transition between the two transmission lines.

In reality, the tapered behavior of the impedance can be explained from equations
(4) and (5), where the impedance of a tapered line is studied in function of the position.

The design is built using Rogers 3203 with thickness 0.508 mm as shown in
Figure 33(b). The total network dimension is equal to 41.45 mm x 17 mm. The “RF
Choke” functionality is achieved using a shorted quarter-wavelength (Ag/4) stub. The
shorting of the Ag/4 stub is achieved through 1 pF capacitors. The Ag/4 stub behaves as
an open circuit impedance at the fundamental and third harmonic frequencies. However,
it short-circuits the second harmonics.

Figure 34 presents a comparison between the simulated and measured dc voltage

and PCE values at f=2.43 GHz. Placing the two matching TLs in this configuration
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yields an efficiency of around 50% at 0 dBm with a measured voltage of 0.65V for an
optimal load of 850 Q. The attained efficiency is close to the one achieved by the single
stub matching. Therefore, the proposed technique must be enhanced further to lead to

higher efficiency values with better performance and a more compact size.
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Figure 34: Efficiency and output voltage results for the rectifier with tapered series lines matching technique.

2. Improved matching network technique

The proposed matching network is optimized in this subsection for better results.
The dimensions of both TLs are kept the same; however, the position of the “load TL”
is tuned with respect to the Schottky diode. The new layout is presented in Figure 35
along with the fabricated prototype, which has a compact size of 32.21 mm x 17.54 mm.

Part of the “load TL” is kept in series with the “feed TL” whereas the other part is

suspended in shunt with the Schottky diode at its end. This topology maintains the
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matching between the two impedances and creates a symmetrical design. Changing the
position of the “load TL” with respect to the “feed TL” and the Schottky diode
improves the efficiency response. The results for the voltage and efficiency are shown
in Figure 36 for the proposed layout at f = 2.45 GHz. The rectifier is matched for
operation within the whole desired frequency range. By inspecting the voltage and
efficiency results, an increase to 58% is observed at 0 dBm with a peak voltage of
0.76V measured for a 1 kQ load. Such topology provides a compact design
accompanied with an almost 10% increase in the efficiency over the entire power range

from -20 dBm to 3 dBm.
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Figure 35: Rectifier design with improved matching network (a) Layout, (b) Fabricated prototype.
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Figure 36: Efficiency and output voltage results for the rectifier with improved matching technique.
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E. Rectifiers’ Performance Comparison with Respect to Frequency, Load and
Input Power

The input impedance of the Schottky diode implemented herein varies not only
with frequency but also with the RF power fed to the rectifier. A comparative analysis is
executed in this section to analyze the performance of the rectifier in various matching
topologies. The four rectifiers that are discussed in Sections C and D are now tested
over a wide range of load variations from 0.1 kQ to 10 kQ. These four rectifiers are
denoted as: “SS” for the first design (presented in subsection C.1) with a shorted shunt
stub matching network, “OS” for the second rectifier with an open shunt stub (presented
in subsection C.2), “TSL” for the third composed of tapered series lines (presented in
subsection D.1), and “IMN” for the last rectifier with an improved matching technique
(presented in subsection D.2).

The PCE behavior of each circuit with respect to load variations for an RF fed
power of 0 dBm at 2.45 GHz is shown in Figure 37. The efficiency peaks at the optimal
load value of each design. The tapered line topology exhibits a larger difference in
comparison to the other matching network techniques. The circuit with the improved
matching network starts with an efficiency of 27% at RL = 0.1 kQ, peaks to a value of
58% at 1kQ, then returns to 27% at RL = 10 kQ. The tapered series lines “TSL” allows
the rectifier to return to its initial PCE value (23%) at RL = 7 kQ. On the other hand, the
rectifiers with open ended stubs “OS” and shorted stubs “SS” regain their initial PCE
value (25%) when the load is around 4.5 kQ. This comparison shows that rectifying
circuits that resort to tapered non-uniform TLs are able to reliably maintain their
efficiencies over a wider range of load values.

In order to explain such performance, the input impedance of two rectifying

circuits is studied as shown in Figure 38. The first one is the “OS” rectifier that
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represents the 50Q2 TLs. The second one is the “IMN” rectifier that is based on the
tapered matching technique. It can be noticed that for the rectifiers with tapered lines,
the real part of the input impedance increases from 16 Q to 58 Q when the load goes
from 0.1 kQ to 2 kQ. Then, it is stabilized around 60 Q along all the remaining load
range. A similar performance is achieved by the imaginary part of the input impedance
where it decreases from j28 Q to j19 Q before getting stabilized at about j22 Q.
However, when it comes to analyzing rectifiers with matching networks that resort to 50
Q single stub matching, the real part increases from 20 Q to 88 Q throughout the range
while the imaginary part decreases from j21.5 Q to a stable state of around —5 Q.
Therefore, the tapering technique implemented between the lines of different
characteristic impedances allows the circuit to maintain better efficiency figures over a

wider drift of load values.
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Figure 37: Measured PCE results for different load values of all rectifiers at Pin = 0dBm and f = 2.45GHz.
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Figure 38: Input impedance plots with respect to load variations for the proposed rectifier “IMN” and the 50
Q single stub MN rectifier “OS”.

The PCE performance of each of the four rectifiers is also studied when the
frequency is varied between 2.3 GHz and 2.5GHz as shown in Figure 39. Such study is
done for an input power of 0 dBm and for the corresponding optimal load. The load for
the “IMN” and “OS” designs is RL (optimal) = 1kQ, for the “TSL”, RL (optimal) = 850
Q and for the “SS”, it is equal to 660 Q.

From Figure 39, it is concluded that the “IMN” rectifier maintains an almost stable
efficiency around 55% over the whole frequency range. This is due to its tapered
matching network. The “TSL” rectifier maintains an approximate efficiency of 49%,
which is close to its optimum efficiency (50%) over 75% of the frequency range. The
PCE curves of the “OS” and “SS” rectifiers show more dependency with respect to the
variation of the frequency. It can be noticed that the efficiency flatness for these two
rectifiers appears in a very small fraction of the frequency band. This behavior is

explained by the use of 50 Q TLs, which offer a narrower bandwidth with respect to
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tapered lines. The input impedances of the “IMN” and “OS” rectifiers are plotted with
respect to frequency in Figure 40 for an input power of 0 dBm and an optimal load. The
tapered line circuit displays smoothness in the input impedance with respect to
frequency. The real part of the “IMN?” circuit starts at 42 Q, increases until it reaches 50
Q and then returns to 46 Q while the imaginary part smoothly changes as the frequency
increases. On the other hand, the “OS” rectifier reacts differently to the changes in
frequency. The input impedance variation shows abrupt increases and decreases within
a smaller frequency range. The rigidness of the tapered circuit response is due to the

triangular tapered part of the circuit as explained in [1].
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Figure 39: Measured PCE results with respect to frequency for Pin = 0 dBm and RL (optimal).
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Figure 40: Input impedance plots with respect to frequency for the proposed rectifier “IMN” and the 50 Q
single stub MN rectifier “OS”.

The performance of the rectifiers is also affected by the variation in the input RF
power levels. Figure 41 illustrates the measured PCE values for an RL = 1kQ and an
optimal frequency of operation with respect to a range of input power spanning from -
20 dBm to 3 dBm. Similar to earlier comparisons, the “IMN” circuit presents the
highest efficiency followed by the “OS” rectifier. It is then concluded that the “IMN”
rectifier with the tapered matching technique constitutes the most suitable candidate
circuit for RF energy harvesting and can be proposed for integration into the multiport

RF harvesting system that is discussed in the next section.
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Figure 41: Measured PCE results with respect to input power at 2.45 GHz and RL= 1kQ.

F. Summary

In this paper, a new matching technique that maintains steady efficiency figures
for RF rectifiers is discussed. The matching technique is compared against typical and
conventional matching networks. It is mainly based on a tapered topology that results in
a better impedance matching. The proposed network reflects the ability of matching a
real source impedance to a complex load impedance, while resorting to two series lines
of non-uniform widths. A validation of the proposed methodology is provided by
simulating, designing and measuring a corresponding rectifier. A great agreement
between simulated and measured results is obtained with a peak efficiency of around

60% at 0 dBm.
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CHAPTER V

MULTIPORT RF ENERGY HARVESTERS

A. Introduction

In order to increase the harvested energy by extending the scavenging capability, a
multiport RF energy harvester is proposed in this section. The objective of implementing
such a multiport harvester is to increase the dc output power, while maintaining the same
transmitted power. A multiport system can include multiple inputs and/or multiple
outputs. In this work, we will adapt two separate strategies: combining multiple inputs

using RF combining and combining multiple outputs using DC combining.

B. Design of the Multiport System

Two combining architectures are implemented: RF combining and dc combining.
Two different antennas are used for transmission and reception in the multiport energy
harvester. On the transmitting side, the slot antenna described in section C of chapter 111
is used. The receiving antenna is 1x2 array antenna. Each antenna element design is
composed of a meandered line patch with a length of 166 mm corresponding to
multiples of /2, and a width of 5 mm that corresponds to 50 Q at 2.42 GHz. The
microstrip line feeding each antenna element has a trapezoidal configuration at the end
of a 10 mm feeding line matched to 50 ohms. Figure 42 displays the designed single
element on HFSS with a size of 65x79 mmz2, it exhibits operation at 2.45 GHz along
with a 7dB gain. The design is printed over Rogers RO5880 substrate with dielectric

constant of 2.2 and a thickness of 1.6 mm.
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Figure 42: Single element meander antenna design on HFSS.

An array of two meandered line antennas is then built resulting in a size of 183
mm x 120 mm. This antenna operates at 2.45 GHz. It is characterized by a full ground
plane and a measured gain of 12.65 dB. Figure 43 shows the array fabricated prototype.
The antennas used for transmission and reception are simply examples to prove the

concept. Other antenna types can also be implemented to achieve the same purpose.

Figure 43: Photo of fabricated meander antenna array.
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The comparison between the simulated and measured reflection coefficients as

well as gain plots are shown in Figure 44 and Figure 45 respectively.

0 —
% f/»r —Measured
= W Simulated
) i E
.6 _10 [ .
=
@
o}
@)
5-20+ ]
IS
2
©
(h's
_30 1 L I 1
2 2.2 2.4 2.6 2.8 3
Frequency(GHz)

Figure 44: Plot of simulated and measured reflection coefficient of meander antenna array.
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Figure 45: Plot of simulated and measured radiation pattern of meander antenna array.
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A multiport system is based on either combining the RF input or combining the dc
output as discussed in [41]. Section C discusses the scenario when one slot antenna is
used for transmission and four meandered line array antennas are integrated for
reception. The purpose of such setup is to demonstrate that the dc output can be boosted
without changing the transmitter configuration. The rectifier used in all the multiport
setups is the rectifier “IMN” discussed in Chapter 1V that presents the highest desired
efficiency behavior. Section D displays the RF combining capabilities in combining the
RF signal in a point to point communication system between multiple meandered line

antenna arrays as transmitters and multiple slot antennas as receivers.

C. Single Transmitter - Multiple Receivers -RF Energy Harvesting System

1. RF Combining

RF combining happens when RF signals obtained from multiple receiving
antennas are combined to one output port as represented in Figure 46. The resulting
single RF signal constitutes the input to one rectifier. The rectifier converts the RF
combined signal into a dc voltage output. In this case, multiple antennas and one
rectifier are employed. This configuration offers efficient power transfer schemes
because higher power is fed to a single rectifier, hence operating within the diode most

efficient rectification region.
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Figure 46: RF combining schematic.

To test the effectiveness of the RF combining technique, the experiment starts
with a one-to-one setup. One meandered line array is placed facing a transmitting slot
antenna at a distance of 50 cm (far field region). By Friis transmission equation [42],
this distance insures that by sending 10 dBm through the slot antenna, -6.5 dBm is
captured by the receiving antenna. This amount of received power generates around
0.35 V for an RL = 1kQ, and this stands for the same value measured in the voltage plot
of Figure 36 for Pin = -6.5 dBm. The second step is setting up a two-to-one combining
architecture by using a two-to-one RF combiner [43]. For this scenario, the received
power increases to -4.2 dBm for the same transmitted power of 10 dBm by the slot
antenna. The dc output voltage from the rectifying circuit also increases to 0.48 V
accordingly. The last step is to build a four-to-one combining setup by the integration of
additional RF power combiners and four meandered line antenna arrays as shown in
Figure 47. For all tested RF combining setups, one rectifier is used to receive the
combined RF signal at the output port of the RF combiner. This setup yields an increase
in the power received to -2 dBm with a generated voltage of around 0.6 V. This result is

validated in Figure 36 for an input power of -2 dBm and a load of 1 kQ. Therefore, the
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RF combining of four RF signals has increased the power by 4.5 dB, which is expected
to be less than 6 dB mainly due to the losses in the RF power combiners and the cables
that are calculated to be around 1.5 dB. Therefore, the RF combining technique proves
the ability of increasing the output voltage with only one source of transmission and one

rectifying circuit.
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Figure 47: Four-to-one RF combining experimental setup.

2. DC Combining

Implementing an RF harvesting system using dc combining requires the use of
multiple antennas with each attached to a rectifier. Each rectifier will output a certain

amount of dc power which will then be combined to get one source of dc output. The dc
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combining scheme is shown in Figure 48. The harvested dc power from all rectifiers can
then be combined in parallel, series, or a hybrid manner. For this setup, the same type of
antennas is used as before for transmission and reception of RF signals. The only
difference is that now each of the four rectifiers is attached to a receiving meandered
line antenna array and the output dc voltages are combined in series.

To start with the comparison, the one-to-one setup realized in the previous part
yields a voltage of 0.35 V. The second step is to implement a dc combining topology
from two rectifiers. Therefore, two meandered line antenna arrays are placed facing the
slot antenna at a distance of 50 cm. Two rectifiers are connected each to an antenna
array with their outputs connected in series. An output voltage of 0.68 V is collected at
the output of the dc combiner. The dc output of the two combined rectifiers surpasses
the output voltage of the four-to-one RF combining architecture. The last setup is done
by implementing the dc combining of four rectifiers connected to four receiving
antennas as shown in Figure 49. The series connection among the outputs of the four
rectifiers gives the summation of the four voltages generated by each one. Therefore, a
voltage of around 1.34 V is collected at the output of the dc combiner. Accordingly,
combining at the dc level increases the overall output voltage by approximately 1V for

the same transmitted power.
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(b)

Figure 49: DC combining experimental setup of four rectifying circuits.

3. RF combining vs dc combining

This subsection compares the results obtained from applying the RF combining
technique versus the ones obtained from the dc combining techniques. In the case of
transmitting from one source, the same number of antennas is used. Although RF
combining requires a single rectifier, where the combined RF signal is the input, the
collected dc output from four RF sources is still less than that generated by two series dc
combined outputs. In this experiment, RF combining is facing losses due to the presence
of a single source, thus loosing direct line of sight with some receiving antennas. Also,
the presence of RF power combiners and cables adds to the losses that appear at the last
stage of the RF combining. This has been shown in the limited gain of 4.5 dB instead of
6 dB for the four-to-one RF combining architecture, where the overall dc voltage is 0.6
V for a load of 1 kQ. On the other hand, dc combining requires only a series

combination of output voltages that presents minimal losses compared to RF combining.
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Even if each receiving antenna is not capturing the maximum power, summing the
voltages of the four rectifiers contributes to a better performance for the same
transmitted power. Accordingly, a voltage of 1.34 V, which is around 2.5*Vrrcombining, 1S
collected at the output of the dc combiner. On the other hand, dc combining requires the
output combination of multiple rectifiers instead of a single one. Thus, one must resort
to the constraints imposed on the system’s performance to determine which combining

technique to employ for a higher harvesting ability.

D. Multiple Transmitters - Multiple Receivers- RF Energy Harvesting System

A four-to-one power combiner [44] is used to combine four different RF
signals captured by four antennas. Such technique also results in an increase in the
harvested dc power at the output of the rectifying circuit, however the collected RF
signal at the input of the rectifier is expected to increase to a higher level than in the
case of a single transmitter-multiple receivers. This is due to the fact that each receiver
antenna will be facing another transmitter antenna. Such scenario yields a better line of
sight connection, which results in capturing more RF power. Before implementing the
RF combining technique, the same slot antenna is placed at a distance of 70 cm away
from the meandered line array as shown in Figure 50(a). The rectifier used is the one

presented in chapter I1I.
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(b)

Figure 50: (a) The one to one transmitting-receiving system, (b) RF combining experimental setup.

For this input power, the slot antenna is collecting around -9.5dB. The dc output
voltage from the rectifier is 0.326 V. The next scenario is based on using four slot
antennas and combining the RF received power as shown in Figure 50(b). Under this
scenario, the received power increases to -4 dBm for the same transmitted power of 10

dBm by the meandered line array. The dc output voltage from the rectifying circuit also

increases to 0.75 V accordingly.
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E. Summary
In this chapter, the single port system presented in the previous chapter is

transformed into a multiport RF energy harvester by the implementing RF and dc
combining architectures. Measurement results show that dc combining can result in a
higher dc output voltage in comparison with an RF combining architecture under the
same conditions. Such benefit is observed at the cost of integrating additional rectifiers
into the multiport system. Thus, with an improved matching network and a multiport RF
harvesting system, a larger dc power output can be reached over a wider range of load

variations and frequency of operation.
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CHAPTER VI

AMBIENT RF ENERGY HARVESTING FROM WI-FI

A. Introduction

In this section, a novel technique for harvesting Wi-Fi 802.11 b/g band signals is
proposed. The harvesting circuit here-in operates on all different Wi-Fi channels while
providing a flat efficiency response. The implemented technique enables the routers to
send an almost continuous signal, thus encouraging the harvesting process. A commercial
access point having a transmission power up to 17 dBm is used as the source for the RF
harvesting. Along its ability to harvest efficiently, this system produces a minimal effect
on Wi-Fi users. The system is then analyzed with respect to several important parameters
such as frequency and distance variation, and most importantly compared to the

harvesting from direct dedicated RF signals.

B. Principles of Harvesting from Ambient Wi-Fi signals

This harvesting scenario differs from the case where the transmitted RF signal is
dedicated for a specific receiver. In this case, the RF power must be collected from
ambient Wi-Fi signals that are scavenged from actual wireless local area networks (LAN)
access points. In order to achieve this objective, a rectenna system is positioned facing a
wireless router. It is immediately noticed that when the rectenna system is scavenging the
RF signals from commercial routers, the resulting efficiency data and voltage output
levels are shockingly much less significant in comparison to the harvesting scenario from

dedicated RF sources. Figure 51(a) displays the harvesting scenario from dedicated
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signals while Fig. 51(b) shows the same setup but while harvesting from a wireless router.
While 0.55 V are collected from the slot antenna fed by an RF signal generator, only
0.022 V (22 mV) are generated by the rectenna system facing a wireless router for the

same transmitted power.

(@) (b)

Figure 51: RF Energy Harvesting: (a) Dedicated signals, (b) Ambient Wi-Fi signals.

To that extent, with same transmitted power level, the two setups have resulted with
two completely different results. The only difference is that in the second scenario, the
transmitter is a commercial router and not a dedicated signal. In reality, routers transmit
intermittent signals following IEEE 802.11 a/b/g/n standards and protocols. The router
used for the experiments can be any commercial router with any data rate, however in
this experiment setup we resorted to the router TL-WR541G 54 Mbps Extended Range
with a 3dBi antenna [45]. An antenna monitoring the Wi-Fi signal, when connected to a
spectrum analyzer, displays intermittent signals. Figure 52 shows the normal router

activity as visualized on Wireshark [46]. This tool is a packet analyzer we used to
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understand the performance observed on the spectrum analyzer. We can notice from this
figure that this router is sending the packets at a very low rate and non-continuous manner
which explains the inability of the rectifier to rectify these signals. The silent periods
shown in this figure are inherent to a distributed medium access protocol such as Wi-Fi,

where multiple devices share the same wireless medium.

«©
T

Packets/1Sec

J | |
0 - ' J ! L J 1
L e - =S A e e s I = e - - PR — - - ‘| e

0 8 16 24 32 40
Time (sec)

Figure 52: Router normal activity.

Therefore, the main problem faced in ambient harvesting from Wi-Fi is based on the
fact that routers send bursts of signals that are very fast and highly unstable. This
fluctuation makes harvesting tricky and challenging. In order to solve these issues, packet
building and network transmission is achieved. Such approach requires some algorithm
manipulation and no hardware change at the router. The algorithm targets the physical
layer messages at the router and no upper layer change. Hence, the router continues its

natural performance while harvesting energy from it. No chipsets are needed here only
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the software bearing this algorithm. Ethernet 1l packets that have a frame size ranging
from 64 to 1518 bytes without a preamble and start/end delimiters are fundamentally used
here. The size of the packet used is 1000byte, and it reaches an average packet rate of
600packets/sec. Furthermore, fluctuations are minimized and stability is re-gained. Once
this is visualized with Wireshark, the continuous peak becomes clear on the spectrum
analyzer. Figure 53 shows the activity in the router when the algorithm with
600packet/sec is applied. The difference between the periods where the packet injection
is ON or OFF is clearly observed. The continuity of the Wi-Fi signal is visualized on

Wireshark as well as on the spectrum analyzer.
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Figure 53: Router activity after applying the packet injection algorithm.

C. Ambient RF Energy Harvesting Experimental Setup

After insuring a continuous activity at the spectrum analyzer, the router is tested for
RF energy harvesting. Testing is performed with respect to three important parameters.
First the efficiency of the ambient RF energy harvesting is compared to that of a dedicated

RF signal. Then, the efficiency is tested with respect to frequency and distance variation.
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The rectifier used is the rectifier “IMN” discussed in Chapter IV that presents the highest
desired efficiency behavior. The meandered line array antenna described in chapter V is
used as the receiver antenna connected to the rectifier while the wireless router is the
transmitter. The router’s monopole antenna has a gain of 3dB. In order to gain control
over the power transmitted, bandwidth, and channels of the router DD-WRT is used. DD-
WRT is a Linux based Open Source firmware that aids users in changing the router’s
specification as needed. The router offers a power range between 0 and 17dBm. It covers
the first 11 channels (2.412 — 2.462GHz). The bandwidth can be set to either 5, 10, 20 or

40MHz.

1. Ambient Wi-Fi Signals Vs Dedicated Point to Point RF Signals Energy
Harvesting

In this subsection, the goal is to compare the ambient harvesting performance after
implementing the algorithm on the router with a dedicated harvesting scenario. Figure 54
holds the description for two different setups. Figure 54(a) illustrates the ambient RF
energy harvesting scenario. The router is placed at a distance of 50 cm (far field region)
facing the receiving rectenna system. The rectenna is composed of the antenna array
connected to the rectifier circuit. At this distance, the power received varies between -23
and -5dBm after transmitting at a power level between 0 and 17dBm. In order to mimic
the first setup, the monopole is now detached from the router and connected to a dedicated
RF source for the same distance and power transmitted as seen in Figure 54(b). From each
of the two different experiments, voltage results are extracted at a load of 1K€, at channel
3 (2.422GHz). The efficiency is then calculated and plotted in Figure 55. This figure

shows an agreement between the efficiency results of harvesting from a dedicated RF

74



source and an ambient source. The harvester is now able to rectify signals coming from
ambient wireless router while resulting with a very similar efficiency obtained from the
dedicated signals scenario. The resulting efficiency values are also very close to the ideal
scenario shown in Figure 56 where voltage results are extracted by directly connecting
the rectifier to the RF signal generator. This proves the successful implementation of the

algorithm on the commercial router.

Antenna Arr

(b)

Figure 54: Experimental setups: (a) Ambient harvesting setup, (b) Dedicated harvesting setup.
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Figure 55: Efficiency comparison between Dedicated and Ambient energy harvesting scenarios.
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Figure 56: Efficiency results for the used rectifier.

2. Efficiency Response with Respect to Frequency

The tapering technique implemented in the rectifier circuit creates a smooth
efficiency response with respect to frequency. In order to verify this aspect, this rectifier
is tested on all Wi-Fi channels. The setup presented in Figure 54(a) is repeated while

sweeping the frequency from channel 1 to channel 11. For a transmitted power set to 17,
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12, and 10 dBm at a distance of 50cm, the expected received powers are -5, -10, -12
dBm respectively. In Figure 55, such a power corresponds to around 50%, 37% and
29% efficiency respectively. Voltage results are extracted and the calculated efficiency
is shown in Figure 57. The rectifier presents a stable efficiency response due to the

applied tapering technique at all power levels along the whole band.
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Figure 57: Measured PCE results with respect to frequency for Pr = -5dBm, Pr = - 10dBm, and Pr = -12dBm.

3. Efficiency Response with Respect to Distance

In this part, the rectifier is evaluated for its ability to harvest from wireless routers
at its threshold distance. The power transmitted from the router is fixed to 17dBm while
its position is swept between 40 cm and 420 cm. The lower bound denotes the
beginning of the far field region while the upper bound represents the sensitivity level of
the Schottky diode. At these two limits, the power received is -3 and - 30dBm
respectively. Figure 58 shows the variation of the received power and the efficiency

with respect to distance. For the same transmitted power, the received power decreases
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with distance which leads to a fall in the efficiency from 56.1% to a 2.6%. This

experiment shows that the rectifier is able to harvest up to a distance of 420cm. This

relates to the Schottky diode sensitivity limitation described in details in [5], [6].
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Figure 58: Efficiency plot with respect to distance.

D. Ambient RF Harvesting Effect on Wi-Fi Users

Finally, the technique applied on the router is tested for impact on other Wi-Fi

users. Therefore, tests are done on active users connected to the router while running

this algorithm. The results show a minimal effect on the user’s data rate and the time

Received Power (dBm)

needed for download. Tests are done on four Samsung S4 devices while downloading a

video of size 16.81MB These devices have the CoCodi application [47]. The latter

application is used with a MATLAB code to check the user’s bitrate and duration to

download the video while applying packet injection. The comparison is done on

scenarios with and without the algorithm. As expected the quality of the video remained
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the same but the duration is longer and the bit rate slightly decreases as seen in Figure

59 and Figure 60.
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Figure 59: Video streaming duration for router with and without packet injection.
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Figure 60: Data Rates for router with and without packet injection.

79



E. Summary

In this chapter, a novel technique is proposed to enable the RF energy harvesting
from daily wireless routers. Moreover, the novelty that encompasses the use of software
manipulation rather than hardware adjustment on the router’s front-end makes this
approach easy to be used on any commercial router. The proposed algorithm is tested on
a commercial router and results in an almost continuous transmission. This router is
then used as a transmitter in an RF energy harvesting system and tested with respect to
several parameters: power, frequency and distance. The effect of this applied algorithm

on Wi-Fi users is also studied resulting in minimal effects on the duration and bit rate.
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CHAPTER VII

IMPROVING WI-FI HARVESTING EFFICIENCY USING

SUPPORT VECTOR MACHINES

A. Introduction

Besides the design structure of the harvester, RF energy harvesting relies on the
source generating the RF signal. Throughout this thesis, improving the rectification
efficiency is proposed through several techniques either concerned with the receiving
system such as: proposed matching techniques and combining architectures or the
transmitting system like the technique proposed in chapter V1. This chapter also targets
the rectification optimization of the collected signal, however from a different
perspective. Several parameters are taken into account to build a system that is able to
predict the best operation by finding the locations with the highest available RF power.

It is explained earlier that harvesting ambient RF energy is very challenging since
it is dependent on many factors. A particular case is the harvesting from daily wireless
routers where the transmitted power is dependent on factors such as the type of the
router, its configuration, its location, the number of users connected to it, and many
others. Therefore, there is a need for a systematic approach to help direct the rectifying
device to the maximum input power. To serve this purpose, machine learning
algorithms constitute the best way to learn about a system by looking through data for
patterns. Machine learning is robust to noise and fast in classification. In that it learns

for different systems their characteristics leading to a predicted model.
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B. Wi-Fi Activity Prediction Methodology
1. Data Collection and Preprocessing

To study the Wi-Fi power and understand its behavior with respect to time and
location, data is collected for three consecutive months from five locations of one
building. One personal laptop device “Acer 5251 is used for the data collection using
Wi-Fi analyzer - Acrylic Wi-Fi professional application [48]. In each time, the data is
collected in a different location, the device is placed at a constant distance of 3.5 meters
away from the router to insure reliability of the collected data. The system is
programmed to measure the available power in the location each ten minutes. The
collected data consists of the following parameters:

» Location of the five wireless routers of interest defined as location A through

E.

» The day in which the data is taken in the form of a number from 1 to 5
corresponding to the five working days of the week. Saturdays and Sundays
along with the holidays are not taken into account since the Wi-Fi usage
pattern will be different. This helps maintain the consistency in the gathered
data.

» The time at which the data is measured: a number going from 8 to 24
corresponding to the data taken from 8 A.M. till 12 A.M.

» The signal strength measured in dBm.

For illustration purposes, data collected from location A for three consecutive

Tuesdays is plotted in Figure 61.
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Figure 61: Data collected for three consecutive Tuesdays in location A.

By looking into these plots, it can be noticed how the router’s transmission
fluctuates between an upper and lower limit with a huge dependency on the day and
time. The pattern characterizing the signal strength varies with several parameters and is
not easily visualized and interpreted. Therefore, to model the Wi-Fi activity pattern, this
data will be trained using a widely used learning technique that is based on SVM.

SVM is a powerful tool in classification, regression and novelty analysis due to its
foundation in statistical theory. The fundamental feature of an SVM is to locate a
maximum-margin hyperplane whose position is determined by maximizing its distance
from the support vectors to optimally identify the predictive model [27].

In this system, the collected datasets contain thousands of points representing the
five locations. Since the data is not collected simultaneously for all places, Wi-Fi power
from each location at the same time is not available. Therefore, it is possible to
implement one SVM that describes each one of the five locations. By implementing this
design, each SVM output yields the predicted RF power in each location. The output is

composed of a regression layer denoting the Wi-Fi power in each location. The input is
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a vector containing the date as a number from 1 to 5 corresponding to the five working
days, the time in minutes from 480 to 1440, and the previous power or P(t-1) describing
the power 10 minutes earlier.

For the same location, data is collected for the same weekday two to three times.
80% of the input data is used to train and validate SVM while 20% are used for testing.
Among each five consecutive points, four are chosen for training and one for testing.

SVM relies on a kernel function to solve nonlinear problems. The gaussian radial
basis function is used for this purpose. Two parameters C (soft margin parameter) and y
(kernel parameter) are selected before training the SVM through a cross validation

technique to select the best values leading to the highest accuracy.

2. Wi-Fi activity prediction approach

As shown in Figure 61, the RF power transmitted from wireless routers exhibits
two different patterns; a high RF power level is maintained for a certain period of time
whereas a low level appears for the remaining time. Based on this observation, two
classifiers are assigned per location to cover the “high power” and the “low power".
Figure 62 describes the adopted approach. The total average power for the location is
calculated for all working days and marked by the black horizontal cut in Figure 62. The
day is partitioned to smaller sections of two hours each. The data for each classifier is
selected upon comparing the average power of the section to the total average power. If
the data appears to be higher than the total average, it then belongs to the “high power”
classifier as marked in the horizontally hatched blue region of Figure 62. Otherwise the
data will be part of the “low power” classifier as highlighted in the diagonally hatched

green region.
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Figure 62: Power Patterns for three consecutive Tuesdays in location A.

C. Results Interpretation

The proposed approach is now tested by building two SVMs for each location.
The algorithm is responsible for predicting the maximum available power along with its

location. The accuracy is calculated using Eq. 6.

100 ¢
n

Accuracy = >A=P (6)

t=1

where A is the actual power in the location, P is the predicted power and n is the
maximum number of observations.

Figure 63 shows the prediction performance of SVM and Artificial Neural
Networks (ANN) compared to the actual values for location A. ANN is implemented for
validation purposes. Its architecture illustrated in Figure 64 is based on five hidden
layers of 200, 150, 100, 50 and 10 neurons consecutively. The sigmoid is used as an

activation function between the layers. The applied training function is the scaled
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conjugate gradient and the performance is measured using mean squared error (MSE).
The tested accuracy on the 20% of the data yields a 30% accuracy for ANN and 35%

for SVM with an average prediction error of 1.5 dBm.
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Figure 63: Comparison of actual power with predicted power using ANN and SVM in location A for a week
period.
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Figure 64: ANN Architecture.
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One location is chosen as a reference, where its data sets are selected for
comparison with data sets collected from other locations. Accordingly, the data having a
matching input (day/time) in the other locations is chosen. This way, we can guarantee
that the data used for testing possess the same input. For all of these locations, a table
similar to Table 2 is created. This table holds the input along with the “Actual” output
or available power and the “Predicted” Wi-Fi powers using SVM at the same input.

From each section of the table, “Actual” and “Predicted”, the location with the
maximum power is extracted at each time stamp. From the “Actual” section in table 2,
the green colored values in each column denote the actual maximum power value
among the locations, whereas those that are green colored in the “Predicted” section,
denote the correctly predicted values by SVM. The value shown in orange represents
the predicted value that doesn’t match the actual one. Therefore, the average prediction
accuracy is calculated by comparing the selected locations from the table. The accuracy

is found to be ranging between 79 and 83%.
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Table 2: Sample of actual vs predicted power

-34.75 -49.73

-38.15

-42.51 -3745 -47.74 -38.29 -37.52

-46.90 -39.43 -- -43.62 -39.65

-44.38 -42.07 -39.25 -39.67 -46.20 -41.64

-46.96 -48.70 -39.93 -42.27 -43.05 -

To evaluate the effect of applying the SVM algorithm on the daily collected RF

power, Figure 65 is provided. This figure describes the measured power in the five
locations for a one day period. The straight line curve represents the predicted path
leading to the maximum power at these locations using SVM. This curve maintains a
higher level compared to the other ones over most of the tested periods. Small

inaccuracies are due to few misclassified points.
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Figure 65: Power on predicted path using SVM for a one day period.

To ensure a reliable performance, energy prediction modelling is a key component
for optimizing energy harvesting because it equips the harvesting node with adaptation
to energy availability. Using the SVM output for predicting the highest power based on
time and location in the rectification process, we plot in Figure 66 the gathered PCE
values. The proposed optimization technique proves the ability of collecting a dc output
voltage over most of the period of interest. Even though the rectifier is able to provide
low efficiency results (around 5%), the harvesting is very challenging because of the
low input power levels along with the considered distance of 3.5 meters. The obtained
efficiency results agree with Figure 67 where the maximum attained PCE at -30 dBm is
5% and then goes to zero below -38 dBm. Harvesting ambient RF signals from one
location without following the predicted path may lead to an almost zero efficiency for

the whole period.
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Figure 66: Rectifier’s efficiency on predicted path using SVM for a one day period.
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Figure 67: Efficiency and output voltage results for the user rectifier circuit.

With the new predicted approach, other methodologies can be followed to increase
the efficiency results. Much higher PCE values are obtained when placing the rectenna

system closer to the routers (at 1 meter distance for example). Therefore collecting -30
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dBm at a distance of 3.5 meters from the routers is equivalent to getting around -17
dBm at 1 meter. This improvement in the power yields an increase in the average

efficiency results from 5 to 25% following the graph of Figure 67.

D. Summary

In this work, pushing the rectification efficiency from ambient RF signals is done
through the integration of machine learning techniques. SVM predicts the maximum
available powers at different locations over time with an accuracy of 83%. The
predicted path helps preserving an almost flat efficiency over time which is very
interesting for managing and planning harvested energy. Other experimental techniques
can be followed to boost the efficiency of the system, such as resorting to a decreased

testing distance.

92



CHAPTER VIII

CONCLUSION AND FUTURE WORK

In this thesis, RF energy harvesting is studied from different perspectives in the
aim of increasing the efficiency of the harvester using a single Schottky diode. The goal
is to design a novel system that is able to harvest and rectify RF signals at low power
levels. For this reason, in chapter 11, a summary of several contemporary rectenna
designs available in the literature is presented with the aim of getting familiar with the
challenges that exist in this field of study. Chapter 11l introduces an efficient RF energy
harvesting system operating over the Wi-Fi 802.11 b/g band. This system consists of a
slot antenna and a new rectifier design. The integrated matching network topology helps
achieving good efficiency results over the desired frequency range. It also presents a flat
efficiency response over a wide range of load variations. The fabricated rectifier
presents an efficiency of 43% at an input power of -10 dBm and a peak efficiency of
57% at 0dBm.The rectenna system is tested for rectification from low dedicated powers
and its achieved measured operation matches simulated results.

In chapter 1V, the designs of two conventional single stub matching rectifiers are
shown. Later, a new matching technique is proposed based on two tapered lines with
different characteristic impedances. This network proves the ability of matching a real
source impedance to a complex load impedance while resorting to two series lines of
non-uniform widths. A demonstration is presented using the smith chart tool then by
simulating, designing and measuring the corresponding rectifier. Results show a great
agreement between simulated and measured results with a peak efficiency of around

60% at 0dBm. The single port system is then transformed into a multiport RF energy
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harvester through the implementation of two combining architectures: RF and dc as
discussed in chapter V. This chapter is divided into two sections depending on whether
we are considering single or multiple transmitters. Testing shows an advantage of the dc
combining over the RF combining, where an increase of 1 V is observed for the same
transmitted power after the combination of four rectifiers outputs for the single source
transmission.

Chapter VI discusses harvesting very small RF energy at 2.45 GHz from
ambient Wi-Fi signals that are collected from commercial Wi-Fi routers. The difference
in harvesting scenarios differs from dedicated RF transmission harvesting capability
since the RF power must be collected from ambient Wi-Fi signals that are scavenged
from actual wireless local area networks (LAN) access points. Therefore, a new
technique is proposed to overcome the challenge of harvesting Wi-Fi signals from
ambient Wi-Fi. The rectifier is tested in ambient conditions and measured results are
found agree closely with the ones obtained through harvesting from dedicated RF
signals.

In chapter V11, we resort to Support Vector Machines (SVM) to yield a system
that is able to predict with a good accuracy the location and level of maximum power
available at a certain day and time. Experimental design shows that SVM reaches an
accuracy of 83%. The predicted path leading to the maximum available power in several
locations helps preserving an almost flat efficiency over time and motivates follow on
research.

Thus, in this thesis, the limits of Schottky diode’s rectification abilities are pushed,
while investigating optimal matching networks. The systems designed are deployed in a

multiport scenario when combined input and output are used. Such system, not only
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harvests from dedicated RF signals but also collects ambient Wi-Fi signals with a
prediction ability of the maximum available power.

The research carried out in this thesis can be further commenced in the future on
different levels such as the investigation of the new matching techniques such as
wideband matching networks, or even eliminating the matching network by resorting to
conjugately matched antennas. Moreover, all tested rectifiers used shunt reverse-
connected Schottky diodes. It might be useful to consider other configurations such as
series or voltage multipliers. Also, CMOS based rectifying circuits can be integrated to

enable RF energy harvesting at very low power levels.
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