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Lay Summary

This thesis focuses on improving the performance of wireless power transfer (WPT)
rectennas, which concurrently provide wireless charging of sensor nodes. The author
proposes four new types of WPT rectennas that are better than the state-of-the-art
designs. The results are analysed using simulation and are validated by measurements
conducted in the AMR Lab at IIT Ropar. Overall, the research in this thesis aims to

make wireless charging of sensor nodes more efficient and effective.
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Abstract

The rapid growth of the Internet of Things (IoT) has led to an increased demand for
monitoring various types of data for different applications, including home automation,
smart cities, and industrial applications. However, due to the limited battery capacity of
IoT sensor nodes, replacing or recharging a large number of batteries can be prohibitively
costly and labor-intensive. Therefore, Wireless Power Transfer (WPT) is a potential
option that uses a dedicated RF transmitter (Tx) and a rectenna (Rx) system deployed
at the IoT sensor node for remote battery recharge or even battery-less operations.
However, real-world applications continue to necessitate the optimal design of a rectenna.
The cutting-edge designs suffer from significant research problems such as angular
misalignment, non-uniform 3-D coverage, and non-scalability in WPT rectenna systems.
This thesis is divided into seven chapters. The first two chapters present the research
problems and a fundamental description of WPT rectennas. Chapter 3 presents an
analytical framework for mitigating angular misalignment by driving specific conditions
on the DC power pattern. Following the analytical framework, three antennas with
omnidirectional capabilities in the azimuth plane are designed to improve power conversion
efficiency (PCE). Furthermore, chapter 4 analyzes the non-uniform coverage of the
transmitter (Tx) by employing two novel fully integrated planar multi-sector rectenna
arrays to obtain substantially uniform 3D spherical DC coverage. Chapter 5 presents
dynamic power harvesting and polarization-insensitive operations employing a scalable
plug-in-type WPT system. The scalable technique eliminates the need to design various
rectenna modules if the energy needs or orientation of the sensor nodes change in an IoT
application, resulting in a low-cost system. Chapter 6 presents several WPT-enabled IoT
antennas for long reading range, robustness, and platform tolerance. Chapter 7 presents
the conclusion and future work in the WPT rectenna system. Thus, this thesis presents a
new WPT system that can be used for future applications that require efficient WPT.

Keywords: Angular misalignment, Integrated rectennas, Omnidirectional IoT rectenna,

Multisector wireless power transfer, Scalability, wireless sensor nodes
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Chapter 1

Introduction

1.1 Introduction

The next generation wireless communication system will enable the large-scale deployment
of small IoT nodes for data collection and information analysis in various smart
applications. The foreseen requirements include smart homes, offices, transportation,
medical, and industrial applications [1, 2], which are expected to reach a market value of
over 30.9 billion by 2025. Essentially, to achieve sustainability in these smart applications,
future wireless systems need to enable the deployment of zero-energy IoT sensor nodes [3].
This can be achieved by utilizing various energy harvesting schemes to recharge sensor node
batteries or enable batteryless operation. This will enhance the lifetime of wireless sensor
networks, eliminating the need for frequent battery replacement or redeployment of sensor
nodes, resulting in a drastic reduction in maintenance costs [4]. Several wireless recharging
technologies exist to enhance the battery life of IoT nodes, including solar, wind, vibration,
and electromagnetic waves (EM waves). However, sun, wind, and vibration energy sources
are dependent on climatic conditions, making them impractical for indoor applications.
The prevalence of RF sources, such as radio, cellular, and WiFi networks, makes RF power
a potential source for battery charging in indoor scenario [5]. This technique is frequently
known as wireless power transfer (WPT), which can be divided into near-field (inductive
and magnetic resonance coupling) [6] and far-field (ambient and dedicated WPT) [7], as
shown in Fig. 1.1.

V A [Matching Matching 3
Tx Coil Rx Coil network network

Source Tx Coil Rx Coil Load

vVVvY

FM Tower  Mobile Tower

TV Tower () (@] Dedicated Tx
((K)) ((ZA))) A A W R?enna

e

Rectenna 10T node

L

(b) (©)

Figure 1.1: (a) Near-field, (b) far-field ambient, and (c) far-field dedicated WPT.

The former utilizes inductive and magnetic resonance coupling techniques [6, 7] to provide

1
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substantial power over a short range. However, these techniques are unsuitable for
charging a large number of sensor nodes over a longer distance. Therefore, far-field WPT
has received significant attention for charging IoT nodes ranging from a few meters to
kilometers [8]. This technique utilizes radiating antennas [6, 7, 8],which can be broadly
classified into ambient and dedicated power transfer techniques. The ambient WPT offers
intermittent RF power from mobile towers and Wi-Fi networks operating in free licensed
frequency bands [7, 8], i.e., 80 MHz, 900 MHz, 1.8 GHz, 2.4 GHz, 3.6 GHz, 5.2 GHz, and
5.8 GHz. However, due to the low power density of this technique, battery-free operation
seems impossible. To address this problem, a dedicated WPT system can be employed to
recharge IoT nodes, as shown in Fig. 1.1 (¢). This includes a dedicated transmitter (T,)
antenna and a rectifying antenna commonly known as a rectenna [9]. The performance of
the rectenna depends on the transmitted power (Ptz), Rectenna (Rx)-gain, and matching
network efficiency (9my) [10]. Therefore, it is important to consider these factors while
designing a dedicated WPT system. In a dedicated WPT system, T, can be installed

RF Power Transmitter

/ ceiling mounted

=
N
Digital ™
Ll sensor Medieal and —
RF Pgwer Transmitter wearable device Robot
Wall mounted Charging

Figure 1.2: Generalized applications of far-field techniques.

on walls and ceilings to recharge randomly distributed IoT sensor nodes, as shown in
Fig. 1.2. However, this system suffers from various significant problems resulting in low
power conversion efficiency (PCE). These challenges and their impact on the performance
of the system are discussed in detail in Section 1.1.1.

1.1.1 Problems in the Dedicated WPT system

The dedicated WPT system suffers from low PCE [11] due to the following problems,
e Angular misalignment.

e Non-uniform 3-D DC coverage of the R;.
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e Distributed impedance matching network R, resulting in bulky design in a space

constraint sensor nodes.

e Non-scalable rectenna unsuitable for dynamic power requirement application

scenario.
o Platform-dependent, lack of robustness and large footprint.

The PCE is the ratio of harvested DC power to captured RF power, which primarily
depends on the rectifier circuit deployed for RF to DC conversion [12]. It is worth
noting that the PCE of the rectifier is directly proportional to its input RF power [13].
Therefore, it is essential to design the rectenna system in such a way that it can efficiently

capture the RF power, ensuring that a high PCE can be achieved. Several WPT

/ RESource / Rectenna rotating
Fully aligned at its axis
L Radiation pattern

Laterally misaligned o
Radiation pattern Laterally misaligned

N  Radiation pattern (

Rectennas Angularly misaligned —
[T/ 7/ 7 radiation pattern
@) (b)

Rectenna rotating

at its axis

/
)

(©

Angularly misaligned —
radiation pattern

Figure 1.3: (a) Lateral misalignment (b) Angular misalignment and (c) 3-D spherical
misalignment.

rectenna systems are designed to enhance the PCE by utilizing second harmonics [14, 15],
multi-polarization [16], wide-dynamic range rectennas [17], and high-gain rectenna
arrays [18]. Although high-gain rectennas offer high PCE, however, the tolerance against
angular misalignment decreases due to narrow beam width [19]. In general, lateral [20, 21],
angular, and 3-D spherical misalignments [20, 22, 23, 24, 25] of WPT systems are shown
in Fig. 1.3. These misalignments occur due to variations in the R, location [26] and the
relative rotation between R, and T, position, respectively. In 3-D spherical misalignment,

tilted or rotated [27] sensor nodes offer low-power harvesting capabilities. Therefore,
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Figure 1.4: (a) Conventional and (b) conjugate matched rectenna topologies.

customization of the R, at WPT nodes is necessary to ensure orientation-oblivious [11, 28]
continuous DC power harvesting with high PCE. Furthermore, conventional WPT
rectennas employ distributed impedance matching networks (IMN) [29] to match the
impedance of the receiving antenna (5012) [30] with the rectifier input impedance, and
further employ a DC-low pass filter (DC-LPF) to eliminate higher-order harmonics, as
shown in Fig. 1.4(a). Some sensor nodes require power and polarization insensitivity to
perform their functions smoothly, which can be achieved with the scalable features of the
rectenna system. A miniaturized and platform-tolerant WPT rectenna system is the most
commonly chosen approach for achieving efficient IoT nodes. Prior work on the WPT

system is discussed in Section 1.1.2.

1.1.2 Prior Work and Motivation

This thesis covers several research areas, including angular misalignment problems,
dynamic power harvesting, integrated rectennas, and 3-D and 2-D planar designs, which
are highlighted in gray in Fig. 1.5. The literature is organized based on these areas, starting
with the angular misalignment problem. This issue can be addressed by analyzing and
categorizing the directional characteristics of the RF and DC patterns [31] of the WPT
rectenna. The former measures the RF radiation pattern [32], whereas the latter analyzes
the harvested DC power pattern [33] of the WPT element. Therefore, the DC pattern can
determine the angular misalignment tolerance of the WPT node [34]. An omnidirectional
DC pattern implies complete mitigation of the angular misalignment issue [35]. Therefore,
the WPT antenna is customized to produce a specific RF pattern corresponding to the
desired DC pattern. Although the RF pattern shapes the DC pattern of the rectenna,
the two are not always identical due to various circuit elements (matching circuits, filters,
rectifier, and RF-DC combiner) cascaded along the RF to DC conversion path and their
effects in terms of rectifier non-linearity [36], efficiency, and attenuation [37]. Particularly
for the WPT node employing a single antenna element, an omnidirectional RF pattern
implies an omnidirectional DC pattern. Therefore, dipoles [11] and monopoles [38] become
the appropriate choices for the single antenna element. However, such conventional

antennas with a single element exhibit low RF gain, which significantly compromises
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Figure 1.5: Research areas in WPT-Rectenna system

the PCE and the harvested DC power. To improve spatial coverage and harvested DC
power, WPT nodes with multiple sectors, combined using RF combining [39] and DC
combining [40] techniques, are discussed in Section 2.3.3. However, such conventional
antennas with a single element exhibit low RF gain, which significantly compromises
the PCE and the harvested DC power. To improve spatial coverage and harvested DC
power, WPT nodes with multiple sectors, combined using RF combining [39] and DC

combining [40] techniques, are discussed in Section 2.3.3.

For instance, WPT systems with multi-port rectennas in [35, 41, 42, 43] are combined using
DC combining approaches to improve azimuth coverage. Though these designs improved
PCE and harvested DC, mitigating the angular misalignment problem is unattended.
Similarly, the six-beam Rotman Lens rectenna array presented in [44] achieves an angular
coverage of 140° only, and therefore, has a low tolerance for angular misalignment.
Moreover, the large dimension renders it unsuitable for small WPT nodes. Recently,
multi-sector structures of rectenna arrays have been designed to harvest RF power from
the entire 360° of the azimuth plane. For instance, a multi-sector planar quasi Yagi
rectenna having a narrow beam is presented in [45]. The low angular coverage requires
a large number of sectors to achieve 360° coverage, making it unsuitable due to mutual
coupling and dimensional constraints. In contrast, a planar radial array of eight rectennas
is presented in [34] to estimate the orientation and harvest RF energy with improved
angular misalignment tolerance for orientation-oblivious operation. Similarly, a few 3-D
multi-sector rectenna arrays are investigated in the literature to enhance the spatial
angular coverage. For instance, two-sector rectenna [46], cubic-shape structure [47],
three-sector [35], four-sector [39], and six-sector [48, 49, 50, 51] rectenna arrays have

been presented. Moreover, a five-sector cylindrical structure with a patch array is
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presented in [28],[52] and integrated with a hybrid combining technique [53] to enhance
the angular coverage in the elevation and azimuth plane. The major limitation of the
aforementioned designs is their inconsistent DC patterns, which resemble star shapes
rather than the desired omnidirectional patterns in the azimuth plane. In contrast, a
consistent omnidirectional DC pattern response is achieved by utilizing six Yagi-Uda [54]
and twelve Vivaldi rectennas [55]. However, concrete analytical evidence needs to be
provided to choose and relate the optimal number of sectors with the DC pattern of
the rectenna element. Moreover, these WPT systems have a large footprint, which is
unsuitable for IoT nodes. Correspondingly, the immediately-reported designs need to

provide 3D-spherical coverage to completely mitigate the angular misalignment.

Further, the immediately mentioned designs do mnot have the capability of
polarization-insensitive [56, 57, 58], miniaturization, and dynamic DC power
harvesting [59] for diverse power requirements. Some other scalable [60, 61] and
orientation-insensitive [62, 63, 64|, and differential WPT rectenna systems [65, 66, 67,
68, 69, 70] are reported to improve the power harvesting. Similarly, designs with
integrated impedance matching also exist employing frequency selective surface (FSS)
for scalability and polarization-insensitive operation. For instance, FSS-based full-wave
integrated dipole rectenna [71, 72], tightly coupled antenna (TCA)[73], and stacked
half-wave dipole FSS rectenna[74] are presented to enhance power conversion efficiency
(PCE). The major limitations of these designs are their large fixed footprints and
complex impedance matching with the rectifier circuit, rendering them unsuitable for
IoT applications. The scarcity of orientation-insensitive, miniaturized, low-profile, and
scalable rectenna systems encourages designing a novel WPT system along with all the
required capabilities. Various cutting-edge low-profile and miniaturized receiving antennas
have been reported in the literature. For instance, aperture-coupled dual linear patch
antenna [75], CPW-fed patch [76], microstrip-fed dipole [77], inverted-F planar [78],
folded dipoles [79, 80], printed flat dipole antenna [81, 82], ME dipole [83], antipodal
Vivaldi [84], fractal [85], MIMO, monopole [86], dual loops [87], Yagi [88], dielectric
resonator antennas [89], patch [90], m-shaped multi-layer PIFA meandering strip [91],
slot-loaded folded dipole [92], and L-probe stacked patch rectenna [93] are shown in
Fig. 1.6. Multiband and wideband antennas are the foremost choices for ambient RF
energy harvesting. In contrast, dedicated WPT systems usually prefer single narrow-band
antennas to improve the quality factor of the WPT system. Linear polarized (LP) and
circular polarized (CP) antennas significantly affect the performance of a WPT system.
This is because LP antennas [94] capture EM power from a single plane, either horizontal
or vertical, whereas CP antennas [95, 96] harvest power from both horizontal and vertical
planes simultaneously. Therefore, a CP antenna can be a better choice to improve
polarization diversity, although with the trade-off of reduced power in each polarization.
To address this issue, some multi-polarization rectenna systems have been designed [97, 98],

but these systems have large dimensions, which make them unsuitable for IoT applications.

The state-of-the-art designs have different sectors for different rectenna elements selected
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Figure 1.6: State-of-the-art antenna designs.

by qualitative analysis of the RF patterns, which makes them unsuitable for addressing the
problem of orientation misalignment. However, concrete analytical evidence is required to
select and relate the optimal number of sectors with the DC pattern of the rectenna element
to mitigate angular misalignment and achieve 3D spherical DC coverage. Moreover,
the cutting-edge designs lack scalability, polarization insensitivity, and miniaturization
features altogether and have a predefined structure that is unsuitable for dynamic power
harvesting applications. Therefore, the proposed work aims to conduct a comprehensive
study and provide a novel mathematical framework along with an innovative antenna
element for full angular misalignment mitigation with plug-in type scalable rectenna

modules.

1.2 Thesis Objective

The major objective of this thesis is to design an orientation-insensitive, miniaturized, low
profile, scalable and robust WPT rectenna system.

To achieve the objective of the thesis following are the sub-objectives.

Sub-objectives:

H1: To develop an analytical frame work to mitigate the azimuthal angular misalignment.

L By optimising DC power patterns of adjacent sectors.

7
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H1A1: Drive an analytical framework to synthesize an optimal DC pattern of the
rectenna element with a compact WPT system to mitigate the angular

misalignment problem.

H1A2: Drive conditions on the radiation pattern to mitigate the angular misalignment

problems using a high-gain WPT system.

H1A3: Design a planar WPT system with orientation estimation capabilities by

improving tolerance against angular misalignment.

H2: To develop a WPT system with 3D-Spherical coverage to address the issue of
orientation misalignment.

L By optimising DC power patterns in elevation and azimuth planes.

H2B1: To design a tilted beam bore-sight and an end-fire integrated rectenna sector
that can offer azimuth and elevation coverage with preserving an acceptable
PCE.

H2B2: To address 3D-spherical coverage problems by designing a fully integrated,

compact WPT rectenna system.

H3: To design a rectenna system with scalability, polarization-insensitive, dynamic power
harvesting, and miniaturization capabilities to address the problem of low PCE.
L By designing a scalable, extendable rectenna cell that can be used per the

application power demand.

H3C1: To design a multi-function Plug-In type WPT rectenna cell that can be deployed

according to application requirements.

H4: To design antennas by developing novel techniques to make them a surface-tolerant,

miniaturize and long-range WPT system.

H4D1: To design a long range, robust and miniaturized antenna by developing a novel

dual loop and non-uniform meander-line technique.

The following targets are achieved to fulfill the above mentioned sub-objectives.

1.3 Thesis Outline

This thesis comprises seven chapters covering azimuthal angular misalignment,
3D-spherical coverage, scalability, and IoT antennas for WPT applications. The chapter

description of this thesis is outlined as follows:

Chapter 1: This chapter presents an overview of the WPT system, including a

literature survey, motivation, objectives, and thesis outline.
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Table 1.1: Targets achieved in the sub-objectives.

Outcomes| Angular [3D-spherical| 3D |Planner|Integrated|Scalability|Miniaturization|Robustness|Long Reading
misalignment| coverage |design| design | design range
H1-A1 v X v X X X X X v
H1-A2 v X v X X X v X v
H1-A3 v X —— —— X X v v X
H2-B1 v v X v v X X v v
H2-B2 v v X v v X v v v
H3-C1 v v v v v v v v v
H4-D1 X X X v v X v v v

v Achieved objectives.
x Not achieved objectives.
—— This is a planner design, however the enclosure has 3d metallic walls.

Chapter 2: This chapter presents the basic building blocks of a conventional
WPT system with theoretical backgrounds of rectenna analysis, simulations, and
measurement processes. RF and DC combining techniques are discussed to design a

multisector rectenna array to enhance the performance of the WPT system.

Chapter 3: This chapter presents an analytical framework to mitigate the
azimuthal angular misalignment for sub-objective: H1 and design a miniaturized
(H1A1), high-gain (H1A2), and planar (H1A3) WPT system.

Chapter 4: For sub-objective H2, this chapter presents novel design procedure for
achieving 3D-spherical coverage using planar design. To evaluate the 3D-spherical
coverage, the output DC voltage and PCE are investigated using simulation and

measurements.

Chapter 5: This chapter introduces sub-objective: H3, which presents a novel
scalable WPT scheme for dynamic power harvesting and polarization-insensitive

operations.

Chapter 6: This chapter introduces sub-objective: H4, which presents robust WPT
systems for high-dielectric and low-dielectric materials for IoT applications. The
analytically calculated reading range of IoT antennas is verified by simulation and

measurements.

Chapter 7: This chapter presents the conclusion and future scope to improve the

performance of the WPT system.



Chapter 2

Theoretical background: Conventional

Rectenna system for WPT

The previous chapter presented a comprehensive literature survey on the challenges
of angular misalignment, scalability, miniaturization, and antenna inefficiencies in the
context of WPT systems for [oT applications. This chapter builds upon that knowledge
and focuses on the fundamental components of a conventional WPT system, which includes
rectenna analysis, simulation, and measurement processes [99, 100]. Additionally, a
multisector rectenna array is designed to achieve orientation-insensitive operations by
using a conventional patch antenna and several DC combining techniques [101, 102]. The
performance of the proposed design is evaluated through simulations and measurements,

demonstrating improved power harvesting capabilities for IoT nodes.

2.1 WPT Rectenna system

2.1.1 Basic Building Blocks of Rectenna System

The basic building blocks of the rectenna system are shown in Fig. 2.1, which include
a 50 Q conventional antenna, a matching network, rectifying circuits, a low pass filter
(LPF), and a power management network (PMN) [103]. The RF power is captured by the

Single || Bridge \oltage
diode || rectifier || multiplier

50 Q A A A
Y [ = 5
_ L, DC-LPF PMN Load
Matching network Rectifier circuit _’l H H |

ﬁ <
: On-Chip
} LC network

\ 4
Distributed Elements
network

Sig¥narl Generator

Figure 2.1: Block diagram of the WPT system.

50 €2 conventional antenna and rectified using a rectifier circuit, as shown in Fig. 2.1. The
resulting DC voltage is subsequently passed through a DC low pass filter (DC-LPF) to
obtain a ripple-free output DC voltage [104]. Additionally, a power management network
(PMN) [105] is employed to regulate the output DC power level to fulfill the requirements

of various IoT nodes. The performance of the WPT rectenna system is evaluated in terms
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of its power conversion efficiency (1) [106], which is presented in subsection 2.1.2.

2.1.2 Power conversion efficiency (7)

The 7 is the ratio of output DC power Pg. to the received RF power P,, at the antenna
aperture [12, 106]. This can be calculated, as

Pac
n= P—d‘ x 100%. (2.1)

TT

Further, Py is evaluated by harvested DC voltage [107], which is estimated across the

optimal load as,

_ Vi
R’

Moreover, in Equation 2.1, the P, is received RF power, which is calculated using the

Pdc (22)

Friis transmission equation [108], as

P, =P + G + G, + 20log19 </\> (23)
4drr

In Equation 2.3, Py is the transmitted power, G; is Tx antenna gain, G, is the simulated
antenna gain, A is the signal wavelength and r is the distance between Tx and rectenna
system. Moreover, in Equation 2.3, the WPT systems suffer from low power density [15]
due to path losses, which can be improved using high-gain antenna arrays or directional

antennas.

2.2 Research Areas in WPT rectennas

The WPT rectenna system has multiple research areas [109], including antennas [110],
matching networks [111], rectifier circuits [112], DC filters [113], and power management
circuits [114], as shown in Fig. 2.2. To design an efficient WPT rectenna, various
types of high-gain, multi-polarized, wideband, and multiband antennas are reported in
Section 1.1.2. Furthermore, the performance of the WPT rectenna also depends on the

matching network and rectifier circuits, which are discussed in the following subsections.

Antenna Patch, monopole, dipole, horn, leaky-wave antenna, etc. |
i L-network, pi-network, T-network, etc. |
/vl Half-wave, Full-wave, bridge rectifier, etc. |

Matching || pectifier Ll Low pass filter — FCWer management

- Application
circuit network — PP

Figure 2.2: Research Scopes in the WPT system.

2.2.1 Matching Network

According to the maximum power transfer theorem, the maximum PCE is obtained when

the impedances of the rectifier circuit and antenna are matched as complex conjugates [98].

11
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Figure 2.3: Various antenna and rectifier typologies of the WPT system.

The conventional antennas and rectifier circuits are integrated with matching circuits to
improve the PCE. In the literature, various matching network topologies are reported
to improve harvesting capabilities, i.e., single-band [34], multiband [115], and wideband
impedance matching networks [111, 116], as shown in Fig. 2.3. The single-band rectifier
circuit is utilized to improve the PCE by achieving a higher quality factor. Moreover,
multiband and wideband matching networks are employed to harvest RF energy from the

ambient scenario.

2.2.2 Rectifier circuits

In the WPT system, the Schottky diode is used as a rectifying element, and its performance
is determined by the input RF power, series resistance (R;), breakdown voltage (V4,), and
junction capacitance (C;) [117, 118, 119]. For instance, at low power levels, PCE reduced

due to corresponding forwarding voltage drop.  The equivalent circuit of a Schottky

Port 1 R : Port 2
R

S

G

Figure 2.4: Equivalent circuit of Schottky diode.

diode [120, 121] is depicted in Fig. 2.4. The junction resistance (R;) provides a non-linear
resistance with a non-linear behavior of the Schottky diode because each diode has a

different voltage breakdown potential.

2.2.3 ADS simulation

The rectifier circuit is designed using ADS software to characterize the performance and
impedance of the Schottky diode, as shown in Fig. 2.5. The complete rectifier circuit
comprises a 502 power port, a DC block capacitor, a Smith chart utility, and a Schottky

12
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Figure 2.5: ADS simulation schematic diagram.

diode to analyze the results [121]. The diode impedance at the desired frequency is
determined using the Large Signal S-Parameters and harmonic balancing techniques. It is
important to note that the impedance of the Schottky diode depends on the operating

frequency, DC load, and input power level. Further, various rectifier techniques are
discussed in Section 2.2.4.

2.2.4 Rectifier Topologies

Various rectifier topologies are shown in Fig. 2.6, which include series [122], shunt [123],

and voltage doubler configurations [124]. The shunt and series rectifier topologies are

d d,
N4 c

N4 ¢ Load d c Load d, © Load

Capacitor=c (@  Diode=d (b) (c)

Figure 2.6: Rectifier topologies (a) series half-wave (b) Shunt half-wave and (c) Voltage
doubler rectifier circuit.

widely used in low-power applications (below -5dBm). Similarly, voltage doubler topology
rectifies both positive and negative cycles of EM waves at high power levels. Moreover,
the DC-Low pass filter removes the noises and smooths the output DC power to make a

ripple-free circuit. A complete WPT rectenna system is designed in the section 2.3.

2.3 Complete Conventional WPT Rectenna Design

2.3.1 Conventional Microstrip Patch Antenna

The conventional microstrip patch antenna (MPA) [125] is used because of its low profile,
high gain, low fabrication cost, and easy integration with small circuits. This is designed

on a dual-sided copper cladded FR4 substrate (dielectric loss, €, = 4.4, and loss tangent

13
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Radiator

15.8

11.9

Substrate

(a) (b)

Figure 2.7: Geometry and layout of the MPA.

tand = 0.02) using ANSYS HFSS software at 5.8 GHz. The dimensional parameters of
the MPA is depicted in Fig. 2.7. The simulated reflection coefficient (S11) and 2-D gain

2 0 10
2 =
5 /M
3 20 z 0
g g ..
2 -10
240 5
5.6 5.7 5.8 59 6 -180 -125 -70-300 30 70 125 180
Frequency (GHz) Angle (¢)

(a) (b)

Figure 2.8: (a) Reflection coefficient (b) Gain pattern of the conventional patch antenna.

pattern of the MPA are shown in Fig 2.8. Further, literature reported various feeding

Coaxial feed MPA

Figure 2.9: Feeding network techniques.

structures, i.e., inset, co-axial and aperture coupled feedings as shown in Fig. 2.9. Each

feeding network has particular bandwidth, isolation, and radiation pattern properties.

2.3.2 Integration of Antenna, Matching Network and Post Rectification
Low Pass Filter

The matching network and low pass filter are designed in the Keysight ADS software at
—10 dBm power level, taking into account the nonlinear effects of the Schottky diode
(SMS-7630-079LF). The matching network is designed with two open stubs and one
shorted stub for better impedance matching, as illustrated in Fig. 2.10 (a). These stubs
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are tailored to reduce the impacts of higher-order harmonics and increase the efficiency of

the WPT system. Moreover, the output DC-LPF is optimized in ADS software with four

Open Stub

M

m P Load I

50 Q A

Antenna .\
ort

P f Shorted Stub A
Radial Stub o Radial Stubs

Schottky diode
(@ Y (b)

Figure 2.10: (a) Impedance matching network (b) post rectification filter.

radial stubs to reduce noise and ripples in output DC voltage. The layout of the DC-LPF
is depicted in Fig. 2.10 (b). The complete layout of the conventional MPA rectenna is
shown in Fig. 2.11. The simulated harvested power vs spatial angle (¢) and measured 7,

vs P,, pattern are shown in Fig. 2.12.

15.8

Matching
network

~J

 Diode

DC filter

Figure 2.11: Complete layout of the conventional WPT system.

The simulated half-power beam width and harvested DC voltage of a conventional rectenna
system are 45° and 600 mV, respectively. The various DC combining topologies are

discussed in section 2.3.3.

2.3.3 DC Combining Technique

The angular misalignment is mitigated using a multi-sector rectenna array combined with
RF and DC combining techniques to harvest DC power, as shown in Fig. 2.13 (reproduced

from [39]). The RF combining technique utilizes an RF combiner to capture RF power
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Figure 2.12: (a) Simulated DC power pattern (b) measured 7 of the conventional WPT
system.

using various antenna elements (a phasor summation of RF waves), which is fed to a single
rectifier circuit [39]. Therefore, the radiation beam pattern becomes narrow (uniform
array concept) with the increase in the number of antenna elements combined using RF
combining [126, 127] circuits. On the other hand, the DC combining technique [128] uses
an individual rectifier circuit for each antenna element, and there is no phasor summation
of RF. Therefore, the beamwidth remains the same as the individual element, resulting in
a wider beamwidth as compared to the RF combining. Thus, a DC combining technique
is used to design a multi-sector rectenna for mitigating angular misalignment. A hybrid
combining technique can increase the beamwidth while achieving higher DC power, as
illustrated in Fig. 2.13. The normalized DC power of the reported combining techniques
is shown in Fig. 2.14(reproduced from [39]). The subarray-based structure is recommended
for DC combining as it provides more DC power with a wider beamwidth. However, these
complex strategies are challenging to implement in practice. Therefore, this thesis adopts

a simple DC combining technique that is easily implementable without complex structures.

2.3.4 Power management unit

Power management units (PMUs) are essential components in energy harvesting systems,
managing the flow of energy between the energy source and the energy storage element.
PMUs are especially important in systems with multiple energy sources and outputs.
Energy harvesting systems often use various energy sources, such as RF, solar, thermal,
and mechanical energy, each with different voltage and current characteristics. Thus, it is
necessary to convert and manage the energy to make it suitable for charging batteries or
powering electronic devices. PMUs are designed to manage multiple energy sources and
outputs by performing various functions, including voltage regulation, maximum power
point tracking (MPPT), and energy storage management. These functions ensure that the
energy from multiple sources is used efficiently and that the output power is stable and
reliable. PMUs can prioritize energy sources based on their characteristics and availability.
For instance, if the system has a solar panel and a RF energy harvester, the PMU can
prioritize the solar panel and RF harvester during the day when the solar energy is available

and only RF energy harvester at night when the solar energy is not available. PMUs can
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Figure 2.13: (a) RF power combining (b) DC power combining (c) hybrid power combining
and (d) hybrid power combining subarray.

also handle multiple energy outputs by providing separate power paths for each output.
This can be achieved by using a multi-port PMU with separate input and output ports
for each energy source and output. Alternatively, a single-port PMU can be used with a
power splitter or power combiner to distribute the power to multiple outputs. In summary,

PMUs are crucial for efficient energy management in systems with multiple energy sources
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and outputs, ensuring reliable and stable output power. As a limitation, the PMU adds to
the cost of the overall system and also increases the system’s dimensions, making the WPT
system bulky. Moreover, this results in a slightly lower harvesting efficiency due to internal

parasitic losses present in the capacitor and surface mount device (SMD) components.

2.3.5 Multisector rectenna array

The application scenario to mitigate the angular misalignment is shown in Fig. 2.15.

Rectifier 1 |' pL
tion axis ge DC
—P| Rectifier 2 2 ini
>| ectifier 2 [ |p dr Combining
TS 1| Rectifier 3 [|o3
1 | Recifier3 [ 53

/
/ R
3 :
L —— %nrf : Harvested
1

ectiter v Hon ) DC Power P,

3
P2y Matching network + Schottky
diode + DC Filter

Figure 2.15: Multi-sector rectenna array of the conventional WPT system.

The N number of sectors with layout of single patch antenna are shown in Fig. 2.16.
The simulated Pp pattern of the conventional antenna is demonstrated for various N in
Fig. 2.17 to mitigate the angular misalignment. The results show that N = 8 sectors are
sufficient to achieve a uniform Pp(¢) and completely mitigate the angular misalignment.

The experimental validation of the conventional design are described in the section 2.3.6.

2.3.6 Measurement and Results

The multi-sector fabricated prototype and measurement setup of the proposed WPT

rectenna system is shown in Fig 2.18. The conventional rectenna elements are integrated
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Figure 2.16: Multi-sector rectenna array of the conventional WPT system.
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Figure 2.17: Simulated Pp pattern of the conventional WPT system for (a) N = 6 (b) N
= 7 and (c) N = 8 sectors.

in the azimuth to cover 360° to build five prototypes with N = 4, 5, 6, 7, 8 sectors to
verify the simulation results. The DC power received from individual sectors is integrated
using series DC combining technique. An optimum load of 2010 €2 is employed to harvest
a maximum Py, calculated for a single rectenna. Whereas, for the conventional WPT
designs, the optimum loads used 16080 2, respectively. In the measurement setup of
Fig 2.18, a Tx antenna having 8.6 dBi gain is installed at 100 cm distance from the WPT
node. The Tx is fed using a RF signal generator (Agilent Technologies E8257D) set at
25 dBm output power level [129]. The maximum power transfer range is limited by the
frequency of operation, EIRP of the RF shower, and rectifier circuit sensitivity governed
by Schottky diode. For a given WPT system, a higher range can be obtained by allowing
higher EIRP values for RF showers as per the application requirements. For instance, in
the outdoor application scenarios where biological interventions are less likely as compared
to the indoor, EIRP of as high as 53 dBm[130] have also been used. Whereas, for the other
applications, exposure is constrained by limiting EIRP value for a maximum allowed SAR,
e.g., 1.6 W/Kg, from the FCC guidelines. The conventional system is measured for designs
with N = 4 — 8 sectors and the DC patterns are shown in Fig 2.19. The measured
results indicate that the conventional WPT system has dips in the Pp patterns for the
designs with N = 4 — 7. The Pp pattern is uniform for N = 8 design, as shown in
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Figure 2.18: The fabricated prototype of the conventional WPT node and measurement
setup.
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Figure 2.19: Measured Pp of the conventional WPT system with single element for (a)
N=4(b)N=5(c) N=6(d) N=7,and (e) N = 8 sectors.

Fig 2.19 (e), indicating the optimal sectors required to mitigate the angular misalignment
problem by the conventional patch antenna. The measured open DC voltage readings of
the conventional single rectenna and multi-sector WPT systems are 550 and 1148 mV,
respectively, and the conventional single rectenna offers 65 % PCE at -10 dBm. The
complete multi-sector rectenna system offers low voltage because of the single RF source,
which illuminates only a few sectors non-uniformly in the conventional WPT system,
as depicted in Fig. 2.15. Therefore, the performance of the direct series dc combining is

degraded due to unexcited rectennas, which do not face the Tx and serve as dead loads [44].
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The performance of the multi-sector rectenna array can be enhanced using a multi-source
technique that illuminates all the sectors simultaneously or utilizes a smart network, which

is discussed in Chapter 3.

2.4 Summary

In this chapter, the basic building blocks of the WPT rectenna are discussed to design a
complete conventional WPT rectenna. Further, the simulated DC beamwidth is analyzed
to mitigate the angular misalignment. The single-sector DC beamwidth decides the
number of sectors that can later be combined using RF and DC techniques. The complete
conventional WPT system performance is investigated experimentally. The complete
conventional WPT rectenna has large, 3-D dimensions with low PCE. Therefore, to
achieve the optimal number of sector to mitigate the angular misalignment, a mathematical

analysis is presented in the Chapter 3.
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Chapter 3

Multi-sector Rectenna Array Design for

Uniform Azimuth Coverage

3.1 Introduction

The azimuthal angular misalignment occurs when the WPT node rotates with respect to
the Tx antenna as discussed in Chapter 1, subsection 1.1.1. The directional radiation
pattern of the rotating WPT rectenna is misaligned with the Tx, which reduces the
harvested power [8]. Therefore, the WPT nodes need customization to achieve a consistent
harvested DC power and high PCE oblivion to their orientations [11, 28, 52]. Moreover,
an omnidirectional DC pattern essentially represents complete mitigation of the angular
misalignment problem, therefore, efforts are made to customize the WPT antenna with
a specific RF pattern that corresponds to the desired DC pattern. Further, this chapter
presents a design procedure for an angular misalignment tolerant multi-sector rectenna
array used as a WPT system.

The main content of this chapter are the following:

e An analytical framework to synthesize an optimal DC pattern of rectenna element

is presented for the multi-sector WPT nodes.

e The conditions on radiation pattern characteristics of a single sector rectenna
are derived to determine the optimal number of sectors required to achieve

omnidirectional coverage with miniaturization.

o The 3D and planar designs (H1A1l, H1A2, and H1A3) are presented to mitigate
the azimuth angular misalignment and offer a compact footprint with high PCE

compared to the state-of-the-art designs.

The main content related to objective H1 is presented in this chapter in Section 3.2.

3.2 H1: Analytical framework to mitigate the azimuth

angular misalignment

To analyze the effect of angular misalignment problem, the DC pattern of a multi-sector
WPT node is analytically modeled. The schematic diagram of a 3-D WPT node composing
of a rectenna array with n elements arranged to form a multi-sector structure with number
of sectors NV is depicted in Fig. 3.1. Each sector houses one rectenna element composed of a

receiving antenna, matching network, rectifier with Schottky diode, followed by a common

22



Chapter 3.  Multi-sector Rectenna Array Design for Uniform Azimuth Coverage

DC combining circuit and a load. To shape the RF patterns of the sectors, a linear array
of n elements is considered as the receiving antenna in each sector. A dedicated RF Tx is

assumed situated in the azimuth plane at a distance d from the WPT node. The antennas
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| Rectifier 2 [ bC
— dq [Combining
| Rectifier 3
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| Rectifier n
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Matching network +
PZIf Schottky diode + DC Filter

Figure 3.1: Schematic diagram of the considered WPT system.

of the sectors oriented in particular directions capture the RF signal powers, Pﬁf, which
are individually rectified to DC signals, Pj,, and combined to produce the total harvested
DC power, Pp, as shown in Fig. 3.1. When the node rotates, the Pp level varies with
the node orientation ¢ due to directional received RF power pattern P, ¢(¢) of each sector
antenna followed by the non-linear rectification to Ppc(¢) and then DC combining of
rectenna array. Ideally, the DC pattern Pp(¢) of the WPT node should be independent of
¢ to mitigate the angular misalignment problem. To realize the significance of this angular
dependency, P, ¢(¢), Ppc(¢), and Pp(¢) are analytically modelled.

3.2.1 Analysis of the DC pattern under misalignment

The total DC power Pp(¢) of the misaligned WPT node is analyzed by formulating the
power Ppc(¢) harvested by the individual rectenna. For analysis, the geometrical model

of the WPT node under misalignment by ¢ angle is depicted in Fig. 3.2. The node is

1 ....pn
P rf P rf

WEH node

N: number of sectors

Figure 3.2: Geometrical model of the WPT node under angular misalignment.

assumed in perfect alignment for ¢ = 0 when the rectenna-1 sector edge is perfectly
aligned with the Tx antenna. Under node misalignment, the RF power, Pff(qﬁ), received
by the antenna belonging to rectenna-i Vi € {1,2,...N} is converted to DC power Pp,~(¢)
and contributes to the total Pp(¢). As apparent from Fig. 3.2, the placement of the
antennas exhibits angular symmetry, therefore, the rectenna-i captures the RF power in

accordance to its sector’s actual orientation 1);. However, since the rectenna centers do not
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coincide with the node center (origin) due to multi-sector structure, the pattern Pff(gb) is
not directly realizable from the receiver antenna gain pattern, Gy («), which is defined with
respect to the local coordinates of the rectenna elements. Similarly, the Tx antenna gain
with pattern, G¢(3), varies with the sector location at a distance D; in a given direction
B which is defined in the Tx antenna local coordinate system in Fig. 3.2. Therefore,
geometrical transformations are required to establish relationships between ¢, «, 8, and
D;. The parameters are defined in Fig. 3.2 and evaluated in terms of known parameters,
N, ¢, and d, as

- ] o -1 bSin¢i
a =B+, B = tan <d — bcoswi) (3.1a)
~_ bxsin(yy) T
D= D)y - -1 -0 (3.1b)
b—m, and c:(n—l)?—i—w—&—mh (3.1c)

where, b is the perpendicular distance of the sector from the origin, c is the size of a
sector, w is the width of a single antenna element, and h is the substrate height of the
antenna.

The received RF power by the rectenna-i is evaluated using Friss transmission equation

as
_ PGi(B)Gr ()N

(3.2)

where, P; is the transmitted power of the RF Tx and A is the wavelength at operating
frequency fp. The parameters G¢(53), G,(«), and D; are evaluated through geometrical
transformation relations using (3.1). The RF power Pﬁf(gb) received by the rectenna-i is

transformed into DC power P (¢) with rectification efficiency n’(¢) as

Pho(9) = n'(¢)Pls(9) (3.3)

Here, since n°(¢) varies proportionally with Pﬁf(gb), it is a function of misalignment ¢
and also depends on the electrical characteristics of the Schottky diode [13], which is

mathematically expressed as

i VE )2 (3.4)

n'(¢) = Pp(¢) x (2 + 872 f3R; Ry

Where, Ry is the current responsivity, nasn is the matching network losses, Ry is the series
resistance, and R; is the non-linear junction resistance of the Schottky diode. Based on
3.4, it can be observed that efficiency is directly proportional to the input RF power.

All the exposed rectennas capture the RF power in accordance to their sector’s actual
orientation ;. However, due to structural angular symmetry and identical rectenna

circuits, the P} (¢) pattern of the rectenna~i can be written in terms of angular shifted
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versions of the general rectenna DC pattern (denoted as Ppc(¢)) as

Phe(9) = Poc (6 - 2i 1)) (3.5)

For instance, Ph(¢) = Ppc(¢ — %) is the DC pattern of the rectenna-1 with respect to
the node misalignment ¢. The Ppc(¢) is formulated by substitutions from (3.3)-(3.5) and

expressed as

2
[ nunRIVER; 1 7T
Foo(@) = (2 T Sr2 R R, (o~ N)) (3.6)

which by using (3.2) and (3.6) is obtained as

nunRIVR; » P,Gy(B1)Gr(a1) A2 sin® (1) ’
2+ 872 f2R; R, (4mbsin(e))?

bsin ¢
bcosp —d

Ppc(¢) = <

where 8 = tan™! ( ),and 041:51-1-%—(/5

The total harvested DC power Pp is the combination of Pj, V i € {1,2,...N} and

evaluated as

N
Po(¢) =Y Ppo (6= 1-(2i=1)) - (L= Lpco) (3.8)
1=1

where, Lpc. represents the combining loss of the N-element DC combiner circuit. To
note that if the rectennas of the multi sectors are identical, it is sufficient to formulate
and synthesize only the Ppc pattern of a single sector to obtain the total pattern Pp of
the WPT node.

3.2.2 Omnidirectional Pp(¢) as Design Objective to Mitigate Angular

Misalignment

In this section, the misalignment problem persisting in the conventional designs is
illustrated for two multi-sector WPT systems (N = 4 and N = 6) having single patch
antenna element per sector (n = 1). The patterns are analytically calculated using (3.7)
by taking into account the actual performance parameters of the conventional patch
antenna gain (5 dBi), matching network efficiency (nyn = 1), Tx antenna gain (8.6
dBi), and Schottky diode parameters (SMS-7630 — 09LF). The analyzed Pp(¢) patterns
for the two cases are depicted in Fig. 3.3. The plots demonstrate the variations in Pp(¢)
with the orientation of the WPT node. Particularly towards the sector edge directions,
significant dips in the patterns are evident, which form due to the limited beamwidth of
the DC power pattern Ppc(¢) of a single sector for both the cases. This illustrates the
angular misalignment problem persisting in the designs where the RF and DC patterns
of the multi-sector design are not optimized to achieve constant Pp with respect to the
node misalignment ¢. This is similarly evident in the multi-sector designs available in
the literature, where the harvested DC Power varies with the orientation of the WPT
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Figure 3.3: Angular misalignment in (a) 4-sector and (b) 6-sector WPT node.

node. This motivates this study to present an analytical framework for analysis and
optimization of multi-sector WPT nodes by adopting an omnidirectional Pp(¢) as the
design objective to completely mitigate the angular misalignment problem. The presented
analytical study synthesizes the Ppc(¢) pattern and determines the appropriate number

of sectors necessary to accomplish the design objective.

3.2.3 A Closed-form Solution for Ppc(¢) Pattern Synthesis

To analytically obtain the target omni-directional Pp(¢) pattern, the reverse problem of
(3.8) is first formulated to synthesize the Ppc(¢) pattern as a closed-form solution of any
general Pp(¢) objective. In this regard, the normalized Pp(¢) in (3.8) can be equivalently
expressed as the convolution (%) of normalized Ppc(¢) with train of Dirac delta function
(6) written by

N
Pp(¢) = Ppc(¢)+ Y6 (¢ ~ T2 1)) (3.9)
=1

By exerting the Fourier Transform (FT) on both the sides of (3.9) followed by the use of
convolution property FT[A x B] = FT[A] - FT[B] gives

ia (¢ - %(22' - 1))] (3.10)

Further manipulations on (3.10) are conducted to derive the Ppc(¢) as

FT [Pp(¢)] = FT [Ppc(¢)] - FT

FT [Ppo(e)] = FT [Pp(9)] .

FT (SN, 6 (6 - 52— 1)

(3.11)
= Ppo(@) = IFT _FT[Py(9) ]
FT |:Zi:1 6 (¢p— % (20— 1))}
where IFT[-] denotes the inverse of FT operation. The relation,

FT N 5 T 1 _ —jw¢7rN5mC(w¢) a1
2 0(0- i) = NGy (3.12)
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is used in (3.11) to obtain

FT [Pp(¢)] - sinc (%¢)
e~ Iws™ Nsine (wy)

Ppc(¢) = IFT (3.13)

Here, wy represents the angular frequency domain corresponding to the ¢ dimension.
The expression in (3.13) represents the closed-form solution of Ppc(¢) pattern that is

synthesized to achieve any predefined objective Pp(¢) pattern.

3.2.4 Synthesizing Ppc(¢) for an Ideal Pp(¢) Objective

To completely mitigate the angular misalignment problem, an ideal omnidirectional Pp,(¢)

as objective function is mathematically defined as

- (3.14)
2 0 otherwise

PB(¢):rect<¢_7r> 1 Osesin

The optimal Pp¢(¢) solution to achieve this objective function is evaluated by substituting
(3.14) in (3.13) to obtain

. 3.15
e~ Iws™ N sinc(wg) (3.15)

Ppo(d) — IFT |:FT {rect (‘?—:)} sinc (“j\}’)]

Since FT [rect (%)] = 2me %" sinc(mwy), the closed form solution of (3.15) is

obtained as

2me™Iwe™ sinc(mwg)sine (52 )
P =IFT -
po (@) e=Iws™ Nsine (wg)
_ 27 (Y (3.16)
=IFT [Nsmc(N)}
N
= Ppc(¢) =rect (;)

The Ppc(¢) solution of (3.16) obtained for the ideal objective P (¢) represents a uniform
DC pattern (flat-beam) covering the range — % < ¢ < &, thus, having a Flat-Beam Width
(FBW) = QW”, as an optimal solution for a given N. Conversely, the corresponding optimal
N represents a solution for which the relation N = F?Sfﬂw is satisfied. For all other possible
Ppc(¢) patterns including the flat-beams not following this relation, the Pp(¢) encounters
void or overlap between the Ppc(¢) patterns of the adjacent rectennas, as visualized in
Fig. 3.4. The FBW = ZW’T in Fig. 3.4 (b) results in the optimal solution of omnidirectional
Pp(¢) to mitigate the angular misalignment problem. Whereas, the voids are apparent
for FBW < %’r in Fig. 3.4 (a) and overlapping for FBW > QW“ in Fig. 3.4 (c), the
both cases are unable to achieve the desired omnidirectional Pp(¢) pattern. Ideally, the
Pi(¢) patterns of the multiple sectors should adopt to the optimal flat-beam shape with
FBW = %’T, however, it is not practically feasible to design a rectenna which can strictly
achieve such stringent pattern requirement for a given V. In general, the rectennas have

more wider DC patterns also containing side-lobes, hence, overlapping can not be avoided.
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Figure 3.4: Ideal Pp(¢) patterns for flat-beam Ppc(¢) solution having (a) FBW < 2%
(b) FBW = 2% (c) FBW > .

Therefore, to synthesize a practically feasible Ppc(¢) pattern with gradual shaping and

allowed overlapping, a realistic Pp(¢) objective function is essential to be defined.

3.2.5 Synthesizing Ppc(¢) for a realistic Pp(¢) Objective

The realistic objective DC pattern, Pp(¢), is mathematically defined to synthesize a
practically feasible Ppc(¢) solution. For that, the P,(¢) function is set uniform in the
range n < ¢ < (2r — n) and a roll-off region with angular expansion of 27 units as

depicted in Fig. 3.5 (a) is included in the definition. Here, the omnidirectional feature of

P'o(#) R Po(#) R(¢)*rect(¢ ;7)
= *
ya ¢ ¢ ¢ ¢
-7 0 7 2r-n 2% 2x+n N 0 7 0 2t 2n - 0 n 2n

(@) (b) (©) (d)

Figure 3.5: (a) Realistic P},(¢) objective function (b) roll-off forming function R(¢) (c)
ideal uniform objective Pf(¢) (d) actual roll-off function.

the Pp objective persists due to its periodicity and symmetry at ¢ = 27 and ensured by
considering the overlapping of the regions —n < ¢ < nand 27 —n) < ¢ < (27 + n)
to contribute to a uniform DC pattern identical to the Pp. The roll-off region is
incorporated by introducing a roll-off forming function (for mathematical convenience),
R(¢), as depicted in Fig. 3.5 (b), defined in the range [—n, 7| as an arbitrary even function

with unit area and properties defined by

R(¢)=0V ¢ € (-0 n,00), R($) = R(=9),

and / ¢)do = / ¢)do =1 (3.17)

The R(¢) is defined such that its convolution with uniform Pf(¢) inserts roll-off region
in P} (¢) to equate to the Pp(¢) as illustrated in Fig. 3.5 (a-c). The realistic objective
function Pf,(¢) is thus defined as
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Pp(¢) = R(¢) x Pp(o) (3.18)

which, by using (3.14) and (3.17), expended to (Fig. 3.5 (a))

0 —o << —n
R(¢—n)*rect(¢2_n”) —-n<¢<n
Pp(¢)=41 n<¢<(2mr—n) (3.19)
R(¢ — 21 + n) * rect ((f’%j;“’) 21 —n) < ¢ < (27 + 1)
0 27T +n) < ¢ < 400

Here, the term R(¢) * rect (%) is an even function with range ¢ € [—2n, 2n] as depicted
in Fig. 3.5 (d) which represents the actual roll-off region shaped in P} (¢). The P} (¢)
from (3.18) is substituted in (3.13) to synthesize optimal Ppc(¢) achieving the objective
(3.19), this gives

Ppc(¢) =IFT

FT [R(¢) * P} ()] - sinc (“;)]
e Iwe™ Nsinc (we)

B [FT[R(¢ )] FT[P3(8)] - sinc (52)

— IFT | S Nsmc ) }

=IFT FTIR(@)- I:I;q[s:e]fftsgnc 3{1 smc(l\‘;’):| (by using (3.14))
_FT [P [R(6)] - %’rsmc (w—]\;’)} (by using (3.15) & (3.16))

= IFT :FT [R(¢)] - FT [rect <g—f)ﬂ (by using (3.16))

= IFT :FT [R(gzs) % rect (%)H (using FT[A « B] = FT[A] - FT[B])

= PPo(9) = R(9) * rect (1;@5) (3.20)

™

The Pg’g(gb) derived in (3.20) represents the optimal realistic solution to achieve desired
omni-directional Pp(¢) pattern. To note that, since the R(¢) can adopt any shape which
satisfies the conditions in (3.17), the equivalent conditions are imposed on PB’Z(@Z)) by
following the convoluted transformation of (3.20). For specifically the rectennas having
DC patterns with negligible side-lobe-levels (SLL), the solution (3.20) can be simplified.
For such simplified cases, any Ppc(¢) pattern which to be synthesized as an optimal

solution in (3.20) must be bounded by the following constraints:
o P¥.(¢) is an even function
. PB%(qb) pattern has roll-off region symmetric around ¢ = +%
o PY.(¢) has a minimum beam extension from S to &

. Opt (§Z5 + ) + PB%(gb - %) =1,V¢ € [‘WW, %] must be satisfied when SLL are
neghglble.
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These constraints indicate that to completely mitigate the angular misalignment problem,
the harvested DC power pattern of the adjacent sectors should ideally cross over at their
3 dB point. This implies that the RF power patterns of the adjacent sectors should cross
over at higher than 3 dB points. Furthermore, the constraints indicate that a receiver
antenna with wider beamwidth can reduce the overall size (lower N) of the 3D WPT
system. However, generally the increase in beamwidth results in a low antenna gain, which
ultimately lowers the peak harvested power. Therefore, besides satisfying the constraint of
angular misalignment, the major antenna design challenge is to achieve wider beamwidth

without compromising the gain performance.

3.2.6 Outline of the Proposed Design Procedure

The proposed design procedure to mitigate angular misalignment in a multi-sector WPT

system has the following steps:

1. Design a novel antenna (or array) for a rectenna element of a sector with symmetrical

RF radiation pattern P, ;.

2. Evaluate the DC power pattern Ppc from P,.f of a single sector using (3.7) which

accounts for various RF to DC conversion efficiencies.

3. If Ppc has significant SLL, execute Step-1-2 to satisfy optimal solution in (3.20),
obtain NV, and jump to Step-6.

4. If Ppc has negligible SLL, execute Step-1-2 to satisfy initial three constraints on

5. Find number of sectors N for which the forth constraint Ppc(¢+%) + Ppc(o—%) =

1, Vo € [%, %} is satisfied for the radiation pattern obtained in Step-4.

6. Use Ppc patterns to evaluate the total harvested DC pattern Pp.

The optimal N obtained as a result determines the overall size of the designed multi-sector
WPT system.

3.2.7 Validation of the Proposed Analytical Framework using

Conventional Patch Antenna

The constraints over Ppo derived using the proposed analytical framework are validated
by considering the patch antenna as an element in the sectors. It is because the patterns
and design equations of this type of antenna are mathematically tractable and is evaluated

as
1nu

E4 = Egcosv > cos f sin ¢ (3.21a)

Ey = Eypcosv s cos ¢ (3.21b)

E0,¢) = \/Ej + E} (3.21c)
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klcosf kw sin 0 sin ¢

vE s, U

where, k is the propagation constant in free space, w is width and [ is length of the patch.
The E(0, ¢) field in the azimuth plane is evaluated by putting § = 90°. Moreover, the

array factor of linear array of patch elements in a sector is given by

(3.21d)

AF(0,¢) = Z exp [7kym sin 0 sin ¢

m=1

(3.22)

The total radiation pattern of the linear array in a single sector can be determined
by multiplying F(6,¢) and AF(0,¢) evaluated using (3.21) and (3.22) respectively.

Fig. 3.6 demonstrates the analytically evaluated normalized RF and DC power patterns

(=)
\
7
(=)

{

[\S)
~,
-

1
N

b -~
~
L

----- Analytical gain

6L k
-60 -40 -20 0 20 40 60

Angle (¢)
(a)

Normalized gain
Normalized P
dc
n

A Analytical P

1

Angle (¢)
(b)

-60 -40 -20 0 20 40 60

Figure 3.6: Analytical (a) gain and (b) normalized Pp¢ of the conventional patch antenna.

of a conventional patch antenna. According to the constraints to mitigate the angular
misalignment, particularly the forth constraint ngct,(¢ + %)—FPBIZ@ - %) =1,V €
[ %] needs to be satisfied by the P;(¢) pattern of Fig. 3.6 (b). The other constraints
are satisfied due to the symmetric radiation pattern characteristic of the patch antenna.
In the condition, PB%(¢+ +) represents the Sector-1 Ppc, whereas, Pg%(qb — ) belongs
to the Sector-2 Ppc. The optimal solution is obtained where the normalized combined
Ppc achieves unity in ¢ € [‘WW %] To illustrate the solution, this condition is analyzed
for different number of elements (n = 1, 2) and sectors (IV) to achieve optimal Ppc.

Fig. 3.7 and Fig. 3.8 demonstrate the Ppc patterns for n = 1 and n = 2, respectively.
The results indicate that N = 8 and NV = 12 are the optimal number of sectors required
to mitigate the angular misalignment in the WPT system, respectively, for n = 1 and
n = 2 patch antenna elements. The results for N lower than optimal value show dip
in the total DC pattern whereas N larger than optimal value shows enhanced overlap in
the DC pattern. The increase in the number of antenna elements per sector improves
the harvesting capability due to increased RF gain. However, the beamwidth becomes
narrower, and thus a higher N is required to mitigate the angular misalignment problem;
this is evident from the comparison of the n = 1 and n = 2 plots. Moreover, the higher N
and n choices increase the overall size of the WPT system and not suitable for deployment
at the miniaturized IoT nodes. For instance, in Fig. 3.7, N = 8 is determined as the

optimal number of sectors to mitigate the angular misalignment while using conventional

31



Chapter 3.  Multi-sector Rectenna Array Design for Uniform Azimuth Coverage

0 0 0
—-—-Sector-1 Pdc —-—-Sector-1 Pdc 3 —-—=Sector-1 Pdc
E S Sector-2 Pdc g SE b Sector-2 PdC E Il B Sector-2 Pdc
% -6 . Com:l?ini:d P '%3 -6 - - Combined P .%] 'g - - Combined P
o_ e N\, e N, S ST i BN Q- oS T T
Q_:o 9 // \’: 'I \‘\ Q_;U 9 ././ -.“.: —// \\ Q.:U // ."‘.‘ / \\

- / W R - / W/ \ 121 7 % \
121/ . - Y 1207 . N\ VA RN
s 7 -pi/N i Pi/N \ s 4 pi/N A pi/N 154 p/N_ /% pi/N \

-9 -45 0 45 90 80 36 0 36 80 -80 -30 0 30 80
Angle (¢) Angle (¢) Angle (¢)
(a) (b) (©)
0 0 0
—-~-Sector-1 Pdc —-—-Sector-1 Pdc —-—-Sector-1 Pdc
g S Sector-2 P o g I Sector-2 P, = S e Sector-2 P
22 -6 - - Combined P % -6 ~ - Combined P _ 93 -6 ~ - Combined P
3-9 /,«-:.,:“: -:’;;--.\\ 2-9 PR ' '/‘_:-*\ 3-9 ,,— T - .
fanh S B N Fazp S B N T SN
15 i/-pl/N I'I pl/N \ 15 i/-pl/N I'I 5 pl/N \‘ 5 i/ 1', "" \\
-80 25 0 25 80 -80 -22.5022.5 80 -80 200 2 80
Angle (¢) Angle () Angle (¢)
(d) (e) (H

Figure 3.7: Analytical Ppc Pattern of WPT system for (a) N =4 (b) N =5 (c) N =6
(d) N=7(e) N =28, and (f) N =9 sectors each having single patch antenna receiver.
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Figure 3.8: Analytical Ppc Pattern of WPT system for (a) N =8 (b) N =9 (c) N =10
(d) N =11 (e) N =12, and (f) N = 13 sectors each having 2 x 1 patch antenna array

receiver.

patch antenna. Moreover, N = 12 is the optimal number of sector for 2 x 1 conventional
patch antenna array. Therefore, the 2 x 1 WPT system is bulky and causes a higher
power loss in DC combining circuits. Therefore, to achieve similar performance to 2 x 1
WPT system, a new broad-beam high gain antenna is required to reduce the overall size
of the WPT system. In addition, the following conditions are observed from the analytical

results, to mitigate the azimuthal angular misalignment of the Rx.
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o a Wider beam-width antenna can reduce the overall size (lower N) of the WPT

system as compared to the conventional patch WPT system.

e The high gain WPT system with the current form factor and beam width (i.e.,
N = 8 equivalent to patch WPT system) can further improve the PCE resulting in

an increase in harvested DC power.

The aforementioned conditions can be validated by designing two types of WPT systems.
The H1Al employs a broader beamwidth rectenna system to reduce the system size,
whereas H1A2 has a high-gain rectenna system with a beam width similar to the
conventional patch rectenna system to collect more RF power to ensure a self-sustaining
IoT device without compromising the angular misalignment. A planar rectenna (H1A3) is
presented to be easy to install on sensor nodes. A multi-sector rectenna array is presented

in section 3.3, which is designed with a new multi-layer broad-beam antenna element.

3.3 HI1A1: Broad-beam Multi-sector Rectenna Array Design

The H1A1 WPT system is simulated using Ansys HFSS and Keysight ADS software on a
dual sided FR4 substrate (e, = 4.4, tand = 0.02 and thickness 1.565 mm) at 5.8 GHz. The
exploded view and dimensional parameters of the HIA1 WPT node is shown in Fig. 3.9.

The design evolution of the proposed antenna element and its integration with the rectifier

Parasitic Slit

Matching ==& T TSRS
network|

/

Shorting pins

Partial ground Top layer DC filter

Unit: mm

Figure 3.9: Layout of the presented (HIA1) WPT node and exploded view the multi-layer
broad-beam antenna element.

circuit is now elaborated.

3.3.1 Evolution of the Multi-layer Broad-beam Antenna Element

The proposed antenna element shown in Fig. 3.9 is evolved from a conventional simple
patch antenna having an initial 5 dBi gain and a 3-dB beamwidth of 90° in the azimuth

plane. First, the partial ground plane width is optimized to enhance the beamwidth
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Table 3.1: Beam width and gain for different sizes of partial ground

Ground width (mm) | Beamwidth | Gain (dBi)
1 25 90° 5
2 20 104.45° 4.2
3 15 125.56° 4
4 10 136.54° 3.5

as analyzed from the parametric variation result presented in Table 3.1. For instance,
the ground plane width (25 mm) of the conventional patch antenna is altered to 10 mm
achieving an increased beamwidth of 136.54° but a reduced gain of 3.5 dBi. Essentially,
the beamwidth is enhanced at the expense of RF gain, hence, further alteration in the
ground plane to achieve larger beamwidth has limited scope. Therefore, next, a third
layer is inserted to the structure as a parasitic metallic slit placed 3.4 mm away from the
partial ground plane, as depicted in Fig. 3.9. For this, the middle free space present in
the multi-sector design is exploited. This results in enhanced antenna gain to 4.6 dBi and
reduced beamwidth to 120° which is better than altering only the partial ground plane. In
the last, two metallic strips are integrated with the patch on the top layer and optimized
to recover the gain to 5 dBi equal to the conventional patch antenna. The final antenna
achieves a broad beam of 122° compared to the original value of 90° which supports the
reduction of the overall size of the HIA1 WPT system.

3.3.2 Rectenna Design and Integration

The designed antenna is utilized in the rectenna element by integrating with an impedance
matching network (IMN) and a half-wave single series (HWSS) diode rectifier to harvest
RF power, as shown by the enhanced view of the top layer layout in Fig. 3.9. The HWSS
rectifier circuit comprises a low forward voltage Schottky diode (SMS-7630 — 09LF) and
a DC filter. The DC low pass filter (DC-LPF) is devised owing to the non-linearity of the
RF diode which yields substantial harmonic components. In this design, four radial stubs
are tuned to operate as an intercalated fourth-order filter for suppressing the higher-order
harmonics to improve the efficiency of the RF rectifier. The impedance of the HWSS
circuit is optimized using the LSSP technique in the presence of the DC-LPF. Moreover,
an efficient IMN is designed using radial microstrip open and shunt stubs to achieve
impedance matching between the antenna and the HWSS circuit, as shown in Fig. 3.9.
The antenna and rectifier are matched to 50 €2 by the IMN. The IMN comprises a capacitive
radial stub and an inductive rectangular microstrip stub to improve the rectifier matching
bandwidth, and the rectangular stub serves as a ground line for the DC component. The
rectangular stub is positioned at the diode anode and is based on a thick microstrip line
to obtain a high-inductive pattern. The dimensions of the DC-LPF and IMN stubs are
optimized jointly to achieve the maximum conversion efficiency. The final dimensions of
all the sections of the rectenna element are provided in Fig. 3.9. The optimal number of

sectors to mitigate angular misalignment by utilizing the proposed analytical framework
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is illustrated.

3.3.3 Multi-sector Design of Rectenna Array

The proposed procedure presented in Section 3.2.6 is now invoked. To constitute Step-1,
-2 of the procedure, the simulated P,y and correspondingly evaluated Ppc patterns using

(3.7) of the proposed rectenna element are plotted in Fig. 3.10. The proposed antenna
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Figure 3.10: (a) Simulated normalized gain and (b) evaluated Ppc patterns.

has a symmetric radiation pattern without side-lobes similar to that of the conventional

patch included for comparison in Fig. 3.10, hence, Step-4 is satisfied. For Step-5, the
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Figure 3.11: Simulated Ppc Pattern of the HIA1 WPT system for (a) N =3 (b) N =4
(¢) N =5 ,and (d) N = 6 sectors.

proposed antenna is analyzed for various IV in Fig. 3.11 to explicitly satisfy the condition
PB%(¢ + %)—l—ng(gﬁ — %) =1,V¢ € [5F %] for a complete mitigation of the angular
misalignment problem. The plots indicate that N = 6 almost achieves the uniformity

within the highlighted region, whereas the lower and higher values of N do not provide
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the omnidirectional Ppc pattern. Hence, the HIA1 WPT node consists of N = 6 sectors
compared to N = 8 sectors used in the conventional patch array. This shows that a
wide-beam of the proposed antenna reduces the total number of sectors and enables a
miniaturized WPT node. The H1A1 design is experimentally verified and performance is

compared in subsection 3.3.4.

3.3.4 Experimental Verification and Results

The designs are fabricated and the radiation patterns of the antennas before integration
are measured in an anechoic chamber. The measured radiation patterns are included in
Fig. 3.10, which corroborating with the simulated patterns. The measured peak gains of
the proposed and conventional antennas are 4.8 dBi and 4.89 dBi, respectively, near to
the simulated 5 dBi peak gain.

The harvested DC measurements are conducted using the setup of Fig. 3.12 showing
the fabricated prototype of the HIA1 multi-sector rectenna array. The proposed rectenna
elements are integrated in the azimuth to cover 360° to build three prototypes with N = 4,
5, and 6 sectors to verify the simulation results. The DC power received from individual
sectors is integrated using series DC combining technique. An optimum load of 2010 2 is
employed to harvest a maximum Pp¢ calculated for a single rectenna. Whereas, for the
H1A1 and conventional WPT designs, the optimum loads used are 12060 €2 and 16080 €2,

respectively. In the measurement setup of Fig. 3.12, a Tx antenna having 8.6 dBi gain

Figure 3.12: The fabricated prototype of the HIA1 WPT node and measurement setup.

is installed at 100 cm distance from the WPT node. The Tx is fed using a RF signal
generator (Agilent Technologies E8257D) set at 25 dBm output power level [129]. The
maximum power transfer range is limited by the frequency of operation, EIRP of the RF
shower, and rectifier circuit sensitivity governed by Schottky diode. For a given WPT
system, a higher range can be obtained by allowing higher EIRP values for RF showers
as per the application requirements. For instance, in the outdoor application scenarios
where biological interventions are less likely as compared to the indoor, EIRP of as high
as 53 dBm [130] have also been used. Whereas, for the other applications, exposure is

constrained by limiting EIRP value for a maximum allowed SAR, e.g., 1.6 W/Kg from
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the FCC guidelines. Initially, a spectrum analyzer is used to measure the maximum RF
power received by the proposed antenna. The corresponding harvested DC voltage is
measured using Keysight multimeter (U1232A). To measure the angular misalignment
performance, the WPT node is affixed on a rotating platform such that the harvested DC
voltage is measured for the entire 360° rotation of the node in the azimuth plane in 5°
steps. The measured DC patterns of the HIA1 WPT system are shown in Fig. 3.13. The
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Figure 3.13: Measured Pp patterns of WPT system using proposed antenna for (a) N =4
(b) N =5, and (c) N = 6 sectors.

measured plots indicate that the Pp patterns for the HIA1T WPT designs having N = 4
and N = 5 sectors consist of dips as observed in the simulated results. The measured Pp
for N = 6 design is uniform at all angles of the node misalignment, as shown in Fig. 3.13
(c), illustrating that N = 6 sectors is required to mitigate the angular misalignment
problem. The HIA1 WPT node performance is compared with the WPT system fabricated
using the conventional patch antenna. The conventional system is measured for designs

with N = 4 — 8 sectors and the DC patterns are shown in Fig. 3.14. The measured
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Figure 3.14: Measured Pp of the conventional WPT system with single element for (a)
N=4(b)N=5(c) N=6(d) N=7,and (e) N = 8 sectors.
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results indicate that the conventional WPT system has dips in the Pp patterns for the
designs with N = 4 — 7. The Pp pattern is uniform for N = 8 design, as shown in
Fig. 3.14 (e), indicating the optimal sectors required to mitigate the angular misalignment
problem by the conventional patch antenna. The measured open DC voltage readings of
the conventional and H1A1 WPT systems are 1148 mV and 1252 mV, respectively. The
H1A1 WPT system shows 100 mV higher reading than the conventional system due to
reduction of DC combining losses in lower number of sectors used. Moreover, the proposed
design has 36.5 % reduction in size compared to the conventional design. The results of the
H1A1 and conventional WPT systems exhibit a good agreement between the analytical

and measurement results validating the applicability of the proposed procedure.

3.3.5 Effects of DC Combining

The DC power combining efficiency is studied for multi-source transmissions in [55]
which deals with ambient RF harvesting. Whereas, to emphasize that the proposed
work is for dedicated RF energy harvesting applications which only require single-source
measurements. Here, a smart DC combining network [44, 131] can be employed to improve
overall combining efficiency. Nevertheless, all investigations related to single-source as
well as multi-source are carried out for complete characterization of the DC combining
losses. For this measurements, the radial multiport WPT systems are serially combined to
obtain a single output, as shown in Fig. 3.12. The dedicated multi-source and single-source
measurements are performed to analyze RF-DC and DC combining losses. Each sector
has an optimal load of 2010 €2 and the series combined array of v sectors has v x 2010 €.
The single-source measurements are presented first to determine the dynamic power
performance of the HIA1 WPT system.

3.3.6 Single-source Measurements

The single-RF source excites different RF power in each sector rectenna. Therefore, the
dynamic input RF power performance of the WPT system is easily characterized using
the single-source measurements. The DC power harvested from ~ sectors are assumed
combined using a smart DC combining circuit illustrated in Fig. 3.15 to improve the

overall system efficiency by bypassing the low harvesting (N — «) rectenna elements. For

Smart dc combining circuit
RF-Tx

Multi-Sector WEH system

-j/\

Beam towards sector centre

@) Bypass diodes (b)  Bypass diodes

Figure 3.15: Smart power summation network for (a) aligned toward center and (b) corner
of the sectors series combining based multiple rectenna elements.
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experimental study of the system efficiency, the low harvesting rectennas are shorted out
by using an equivalent low loss resistance of the bypass diode.

In addition, since the single-source (RF-Tx) can be aligned towards any orientation of
the WPT system, two cases for measurements are considered for this purpose; the Tx
aligned to sector-1 or facing the corner of a sector-1-2 as illustrated in Fig. 3.15 (a) and
Fig. 3.15 (b), respectively. In the setup of Fig. 3.15 (a), an odd number of sectors facing
the Tx are illuminated, whereas, in Fig. 3.15 (b) setup, an even number of sectors are
illuminated and combined to measure the efficiency. This is due to the Tx radiation
pattern symmetry across the line joining the Tx and the center of the multi-sector WPT
system. The measured results of the RF-DC conversion and DC combining efficiencies for

both the cases are presented in Table 3.2 and Table 3.3, respectively.

Table 3.2: Measured efficiency with single RF power source aligned with center of the
sector

o' On Bypassed | Input RF | Output DC | RF-DC DC
Rectenna | Rectenna | power power efficiency | combining
elements | elements (W) (LW) (%) efficiency (%)

1 1 2,3,4,5,6 105.55 70.71 67 100

3 1,2,6 3,4,5 187.61 100.3 53.46 87.50

511,2,3,5,6 4 202.11 64 31.66 63.7

Table 3.3: Measured efficiency with single RF power source aligned with the corner of the
sector

¥ On Bypassed | Input RF | Output DC | RF-DC DC
Rectenna | Rectenna | power power efficiency | combining
elements | elements | (uW) (W) (%) efficiency (%)

2 1,2 3,4,5,6 | 160.14 104.45 65.22 94.1

4 1,2,3,6 4,5 193.58 85.86 44.35 86.1

6(1,2,3,4,5,6 - 207.08 60.16 29.05 59.89

The results indicate a sharp decrease in RF-DC efficiency from 67% to 29.05% as the
number of DC combined rectenna elements increases from one to six. Similarly, the DC
combining efficiency decreases from 100% to 59.89%. This steep decrease in efficiency can
be attributed to the non-linear characteristic of the rectifier circuit due to the dynamic
power received at each sector. Moreover, the output DC powers harvested by combining
v = 2 and v = 3 sectors are equivalent as the WPT node orientation varies. Hence,
this can be chosen for the smart DC combining circuit to achieve omnidirectional DC
power harvesting, verifying the results obtained through mathematical analysis discussed

in Section 3.2.5. The multi-source measurements are discussed in the subsection 3.3.7.

3.3.7 Multi-source Measurements

The multi-source experiment is carried out by arranging all the rectenna elements in a row
facing the single RF-Tx source. This equivalent topology is adopted due to the availability

of only a single RF source in the laboratory. The same amount of RF power is expected
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to be delivered to all the rectenna elements imitating a multi-source system for the radial

multi-sector structure.

Table 3.4: Measured efficiency with multi-source experiment

On Sector Input RF Output DC | RF-DC DC
elements | power (uW) | power (uW) | efficiency | combining
(%) efficiency (%)

1 105.55 70.71 67 100

2 105.55 69.96 66.28 100

3 105.55 70.34 66.63 100

4 105.55 71.09 67.34 100

5 105.55 69.96 66.28 100

6 105.55 69.59 65.93 100
1,2,3 316.65 193.43 61.08 91.67
1,2,3,4,5,6 633.3 358.74 56.64 85.08

The DC combining efficiency is evaluated as the total harvested DC power divided by
the sum of the DC power harvested by the individual sectors. The measured RF-DC
and DC combining efficiencies are shown in Table 3.4. The RF-DC efficiency of a single
element is ~ 66 %, which reduces to 61.08 % and 56.64 % for the series combination
of sectors-1,2,3 and sectors-1,— to 6, respectively. The DC combining the efficiency
of ~ 91.67 % is obtained for combining sectors-1,2,3 which reduces to ~ 85.08 % for
combining sectors-1, — to 6. The findings indicate that circuit loss are notable in series
combining. Further, it can be observed from the results that the multi-source topology
provides better efficiency than a single source. This indicates that multiple RF sources
can potentially increase the power density around the WPT system to capture higher DC
power. A high-gain WPT system is presented in section 3.4 to capture maximum RF

power with the same form factor of conventional design.

3.4 HI1A2: High Gain Multi-sector Rectenna Array

The H1A1 design mitigates angular misalignment completely, however, it has a low
output DC voltage. Therefore, a high gain, multi-sector HIA2 WPT system is presented
to improve the RF capturing capabilities. Each sector of the H1IA2 WPT system is
composed of a parasitic element enabled antenna, an IMN, a DC-LPF, and a Schottky
diode (SMS—7630 — 079LF). The SMS—7630 — 079LF' is adopted due to its low junction
capacitance, high cut-off frequency, and excellent RF-DC efficiency at low input RF power
levels. The presented rectifier is designed for a received RF power level of -8.1 dBm. The
exploded view of complete layout and dimensional parameters of the HIA2 WPT system

are shown in Fig. 3.16. The Rectenna design is discussed in section 3.4.1.

3.4.1 Rectenna Design

The presented antenna is a multi-layered structure composed of a parasitic element and
two metallic strips. The parasitic element (4mm above the main radiator) enhances the

antenna gain (7.1 dBi). The two metallic strips are used to improve impedance matching

40



Chapter 3.  Multi-sector Rectenna Array Design for Uniform Azimuth Coverage

Ground
@\\ 135 Rectenna

| Substrate 11 4

/Diode/ )
Parasitic-element Matching
}— Schottky diode
A
Shorting pins /

network
Figure 3.16: Layout of the HIA2 WPT system.
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and gain (7.2 dBi) without compromising beamwidth. In addition, the received RF power
is DC converted using a rectifier whose load and impedance is optimized using the LSSP
technique at 5.8 GHz in the presence of DC-LPF. The DC-LPF is designed using four
radial stubs to filter out higher-order harmonics to improve system efficiency. Similarly,
IMN is designed using radial and shunt stubs to improve the impedance matching between
rectifier and antenna. The dimensional parameters of IMN and DC-LPF are optimized to

achieve better impedance matching and enhanced PCE.

3.4.2 Smart-Network

The DC power harvested from each sector is combined using a series DC combining
technique to feed the rechargeable battery. The single RF source illuminates only a few
sectors non-uniformly in the HIA2 WPT system as depicted in Fig. 3.1. Therefore, the
performance of the direct series DC combining is degraded due to unexcited rectennas
which do not face the Tx and serve as dead loads [44]. To mitigate the loading effect
of the unexcited rectennas, a smart-network with DC combining circuit is employed as
illustrated in the bottom inset of Fig. 3.16. For smart-network, Toshiba 1SS384TE85LF
diodes having low turn-on voltage of 0.1 V are used. One such diode is connected in
shunt to each rectenna output and can bypass the under-performing rectennas which are
unexcited and hence provides a low resistance bypass path to the DC. The simulated Pp
pattern of the proposed antenna is demonstrated for various NV in Fig. 3.17. The results
show that N = 8 sectors are sufficient to achieve a uniform Pp(¢) and completely mitigate

the angular misalignment.

3.4.3 Fabrication and Measurement

The H1A2 WPT system is fabricated and its performance parameters are measured using
the setup shown in Fig. 3.18. The measurement setup of the HIA2 WPT system is
discussed in Section 3.3.4. The H1A2 WPT system is placed at 1 m distance from the Tx,

and the power received at the rectenna aperture is measured using a spectrum analyzer.
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Figure 3.17: Simulated Pp pattern of the HIA2 WPT system for (a) N =6 (b) N =7
and (c) N = 8 sectors.
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Figure 3.18: Measurement setup of the HIA2 WPT system.
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The isolation of 23 dB is achieved between the adjacent sector antenna elements. The
H1A2 WPT system is rotated using a turn table to measure its angular misalignment
tolerance. The measured DC power plots of the HIA2 WPT system for N =7 and N = 8
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Figure 3.19: (a) Measured Pp pattern with N = 7 — 8, (b) measured DC voltage of the
H1A2 and patch WPT system.

are illustrated in Fig. 3.19. The average harvested DC voltage for N = 7 and N = 8 sectors
is 1404.4 mV and 1773.3 mV with standard deviation in pattern uniformity of 0.0304 mV
and 0.0018 mV, respectively, in outside chamber environment. The results indicate that
N = 8 is the optimal number of sectors for both WPT systems to achieve the uniform DC
power in the azimuth plane. Moreover, the measured open DC voltage of the HIA2 WPT
system (1771 mV) is more significant than the patch WPT system (1148 mV), as shown
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in Fig. 3.19 (b), since the former has 2.2 dBi more gain in each sector than the latter.
In addition, the harvested DC voltage is higher in the outside chamber environment as

compared to inside chamber due to multipath effect. The measured DC efficiency of the
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Figure 3.20: (a) Measured nrp—pc versus DC voltage of single element, (b) measured DC
voltage versus Tx power.

Table 3.5: Measured DC power of individual rectenna sectors

[ Elements | 1 [ 2 [3] 4 [ 5] 6 [7] 8]
[Power (1W)[90.45[24.15]0.5]0.031]0.005]0.031]0.5[24.15]

proposed single sector-1 facing the Tx is 58.55 %, which produces 269 mV at its optimal
load of 800 €2 as shown in Fig. 3.20 (a). Further, the harvested voltage and efficiency

Table 3.6: Measured data with Tx aligned with center of the sector-1

N On Input RF|Output DC| RF-DC DC Lpce
Rectenna power power efficiency| combining
elements (W) (LW) (%) |efficiency (%)

1 1 154.48 90.45 58.55 100 0

2 1,2 212.54 104.73 49.27 91.38 0.0862

3 1,2,8 270.6 125.69 46.44 90.58 0.0942

4 1,2,3,8 277.87 108.69 39.11 78.05 0.2195

5 1,2,3,7,8 285.14 99.64 34.94 71.29 0.2871

6 1,2,3,4,7,8 289.87 89.55 30.89 64.06 0.3594

71 1,2,3,4,6,7,8 294.6 82.88 28.13 59.27 0.4073

811,2,3,4,5,6,7,8| 298.97 77.55 25.93 55.46 0.4454

for individual and various combinations of the sectors are measured for different power
levels are shown in Fig. 3.20 (b). The efficiency of the complete WPT system is increased
with the increment of Py.. Moreover, the efficiency of N = 8 sectors is 25.93 % for
above mentioned Py, level at its optimal load of 3500 2. The measured DC power of
the individual sectors constituting the H1IA2 WPT system while the sector-1 is facing
the Tx are presented in Table 3.5, indicating insignificant contributions by the backside
sectors (element-3 to -7). Further, for various numbers of DC combined sectors N, the
measured DC combining efficiency and Lpc.(N) are listed in Table 3.6. The H1A1 and
H1A2 designs have 3-D geometries, therefore a planar WPT H1A3 is investigated in the

subsequent section.
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3.5 H1A3: Planar design to mitigate azimuthal angular

misalignment

The H1A1 and H1A2 designs mitigate angular misalignment, however, they have 3-D
geometries, which have limited applicability in IoT applications. Therefore, to address
this issue, a novel planar H1A3 WPT system is designed and optimized using commercial
softwares including Ansys HFSS and Keysight ADS.

3.5.1 Simulation

The design is realized on a traditional dual-sided PCB of FR4 substrate having 1.565 mm
thickness (dielectric constant €, = 4.4 and loss tangent tand = 0.02) at an operating
frequency of 5.8 GHz. A single high gain directional rectenna is unable to harvest
energy from a wide azimuth coverage. Moreover, the orientation estimation can not be
implemented with one received sample acquired from a single antenna element. Therefore,
to improve WPT coverage, orientation resolution, and accuracy, a 2-D radial array
H1A3 WPT system is proposed, as shown in Fig. 3.21. The antenna array comprises
N= 8 sectors of scoop-shaped rectenna element with horizontal polarization and end-fire

radiation pattern in the azimuth plane. Over the top, the module consists of a protective

Metal strips

Attached to

housing FR4 Scoop rectenna Double sided PCB

Figure 3.21: The proposed dual-purpose rectenna array sensor module layout.

housing with 8 metal strips as an integral part of the design, which provides 10 mm
separation to create spacing for SMDs, circuit modules, and the device controls as well
as improves the directivity of the radiating antenna array elements. The entire system
is co-simulated and optimized by accounting the effect of the housing on the rectenna
performance. Each rectenna comprises a compact scoop-shaped antenna with a partial
ground plane, a matching circuit, a Schottky diode (HSMS 7630-079LF), and a DC-LPF.

The complete layout with dimensional parameters of the proposed rectenna element is
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depicted in Fig. 3.22. The antenna collects RF energy and converts it into DC output

27

Unit: mm  Scoop antenna Matching network Dc filter Partial ground

Figure 3.22: The proposed rectenna element with compact scoop-shaped antenna.

through the rectifier circuit, which is used to recharge a battery and estimate sensor
node orientation. The performance of the proposed scoop-shaped antenna is optimized
in terms of size, impedance matching, and radiation characteristics as desired for WPT
and localization application. Furthermore, the matching network is implemented using a
radial and a short circuit stub, and the other four radial stubs are integrated to implement
a low-pass filter in order to filter out higher-order harmonics. The rectenna elements are
terminated with DC ports as shown in Fig. 3.21 from which the received DC signals can
be joined together for WPT using an appropriate DC combining technique to feed the
battery and also further processed for orientation estimation using a computing device.
To demonstrate the performance of orientation estimation, a Minimum Mean Square Error
(MMSE) based scheme is implemented. Let the DC voltage, V;(¢), is expected to appear
at the DC port-i Vi € [1, N] when the sensor node has orientation ¢ as defined in Fig. 3.23.
The complete Vj(¢) V¢ € [0,27],i € [1, N| profile represents the expected data which can
be obtained by simulation and experimental calibrations and saved for reference to be
used by any localization algorithm. Once the sensor node has actual orientation ¢y, the
measured voltages, V/(¢), appear in real-time at the DC port-i Vi € [1, N]. The MSE,
E4, between measured V'(¢y) and the reference profile Vj(¢) is evaluated V¢ € [0, 27| as

fﬁz V(o) (3.23)

Using FEy, the estimated orientation, ¢, is determined by invoking MMSE as
¢, = arg(min Ey] (3.24)
¢

and the error in orientation estimation is A¢y = | — ¢.| with average error A¢ evaluated

as

Ao = Z Ay (3.25)
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for M testing orientations taken in the measurement. For brevity, only the experimental

results are presented to validate the claims of the proposed design.
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Figure 3.23: (a) Measurement setup and (b) received power of the presented HIA3 WPT
system

The measurement setup is demonstrated in Fig. 3.23(a), which has all components as
explained earlier in Section 3.3.4. The fabricated prototype of the proposed HIA3 WPT
system with DC assembly is shown in the inset of Fig. 3.23(a). The proposed scoop-shaped
antenna shows a measured gain of 7 dBi in the anechoic chamber and isolation > 30 dB is
achieved between the two adjacent antenna elements. The RF to DC conversion efficiency

of the system is 31.22 % for an optimal load of 2010 ©2 when the RF power of -12 dBm is
received by the antenna.

3.5.2 Energy Harvesting Performance

The node is rotated in 0° — 360° with a step of 5° in the ¢ direction using an automated
positioner. The comparison of power harvested by the presented HIA3 WPT system is
shown in Fig. 3.23(b) with a single rectenna element. The results indicate that a high
variation exists in power harvested by the single rectenna element due to its directional
pattern, whereas the proposed rectenna array shows better stability in harvested power

with change in ¢. This demonstrates the capability of the proposed design to mitigate the
orientation misalignment problem.

3.5.3 Orientation Estimation Performance

Using the same setup of Fig. 3.23(a), first, the voltage profile V;(¢) is experimentally
calibrated for all the orientations of the sensor node and saved for MMSE based orientation
estimation. The node is rotated very precisely for 0° — 360° in ¢ using the automated
positioner. The Vi (¢) to Vg(¢) profiles of the rectenna elements are shown in Fig. 3.24 (a),
which correspond to their azimuth DC voltage patterns and demonstrate the eight beams
formed to cover the entire 360°. The node is rotated in 0° — 360° with a step of 5° for
various ¢y, to observe M = 73 testing orientations. The measured voltage readings VY (¢x)
to V¢(¢r) from rectennas (Rect-1 to Rect-8) are shown in Fig. 3.24(b). Further, using

(3.23-3.25) the orientation of the node is estimated and the average estimation error Ag is
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Figure 3.24: Experimentally calibrated DC voltage pattern of each rectenna and (b)
voltage measurement readings taken from all rectennas

evaluated. The actual and predicted values of the orientations are plotted in Fig. 3.25(a),
and estimation errors A¢ varying from —4° to 3° are observed as shown in Fig. 3.25 (b).
The A¢ = 1.0822° with standard deviation of 0.9242° is observed. The results indicate

good orientation estimation accuracy using the proposed design.
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Figure 3.25: (a) Actual and predicted orientation of the sensor nodes and (b) orientation
estimation error for various test samples.

3.6 Comparison with State-of-The-Art

The comparison with the state-of-the-art WPT systems are shown in Table 3.7, which
generate multiple beams to enhance the coverage and harvest power in a wide area. For
instance, two beams [35, 42|, four beams [28, 53], six beams [44] and twelve beams [54]
multi-port designs reported in the literature to enhance the spatial coverage. However,
large dimensions make them unsuitable for deployment at sensor nodes. Furthermore, all
the existing designs have star-shaped DC patterns persisting in the angular misalignment
problem and using multiple SMD components to design integrated systems, which renders

them due to complex and cost-inefficient. In contrast, the integrated design proposed
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Table 3.7: comparison with state-of-the-art

Frequency | Beams | Sectors | port size Beam Mitigate angular nry—pc (%)
(GHz) (Ao X o) mechanism misalignment
(28] 2.4 4 4 4 237\ x 0.68)\g |butler matrix No 45 at —5 dBm
(53] 2.45 4 4 4 [0.82) 0 X 1.96)\¢g |butler matrix No 42.4 at -10 dBm
[35] |2.3—2.63 2 2 2 040X X 1.57Xg simple No 45 at -10 dBm
[42] 2.45 2 1 2 | 1.85A0 x 3.08\o simple No 42 at —10 dBm
[44] 28 6 1 6 |[5.13\0g x 8.12)\¢ |Rotman Lens No -
[54] 2.45 Omni 6 6 |1.31\g x 1.31)\g complex Yes -
[55] 1.7 - 1.8 | Omni 12 12 | 1.18)\0 x 1.18X¢ complex Yes ~ 47 at -10 dBm
2.1-27 ( 2.45 GHz) (2.45 GHz)
H1A1
5.8 Omni 6 6 |[1.04)\g x 1.04Xg simple Yes ~ 67 at -10 dBm
H1A2
5.8 Omni 8 8 |1.23)\¢g x 1.23)\g simple Yes ~ 51.2 at -10 dBm
H1A3
5.8 Omni 8 8 [2.59\0 x 2.59)\¢ simple Yes ~ 31.22 at -10 dBm

in [55] also shows good angular tolerance, however, this employs 12 sectors to mitigate
angular misalignment with the compromise of high DC combining losses. Further, the
proposed designs (H1A1, H1A2 and H1A3) offer better 7,s_pc (%) compared to the

reported designs with completely mitigating angular misalignment.

3.7 Summary

In this chapter, an analytical framework to address the angular misalignment problem
in WPT systems (H1) is proposed. The omnidirectional DC power (Pp(¢)) pattern is
taken as the design objective to solve for the DC power pattern (Py.(¢)) of individual
sectors. The solution provides four constraints over Ppc(¢) to determine the optimal
number of sectors (V) required to achieve the design objective. The presented framework
is analytically validated using the conventional patch rectenna (discussed in section 2.3)
and provides N = 8 as the optimal solution for the conventional patch rectenna to mitigate
the angular misalignment. Later, this analysis is applied to the proposed WPT rectennas
(H1A1, H1A2, and H1A3) to obtain the optimal number of sectors to mitigate the angular
misalignment. The analysis provides N = 6 (H1Al), N = 8 (H1A2), and N = 8
(H1A3) as the optimal solution for the compact WPT rectenna, high power harvesting
rectenna, and a planar scoop rectenna array rectenna, respectively. A new multilayered
broad-beam rectenna is presented with a 35.6 % wider beamwidth than the conventional
patch rectenna (discussed in section 2.3) without compromising RF gain. The H1IA1 WPT
system designed using the proposed rectenna requires N = 6 sectors, resulting in 36.5 %
size reduction as compared to the conventional WPT system. The DC combining losses
of the different number of sectors (v, detailed discussion in section 3.3.6, and 3.3.7) of the
proposed WPT system is measured for single and multisource. The single source provides
RF-DC efficiency of 65.22 % and 53.46 % for v+ = 2 and 3, respectively. Further, a
novel high gain WPT system ( H1A2) is designed to achieve uniform harvesting capability
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across 360° of the azimuth plane, with a 51.2 % increase in harvesting capability over
the conventional WPT system. Although the HIA1 and HIA2 WPT systems completely
mitigate angular misalignment with a 3D footprint, their large size renders them unsuitable
for IoT applications. Therefore, a novel octahedral radial HIA3 WPT system is presented
at 5.8 GHz for orientation sensing IoT nodes. The radial WPT system offers better
tolerance for the angular misalignment problem and orientation sensing capability of the
IoT sensor nodes. The eight rectenna elements provide eight samples for orientation
estimation with good accuracy of ~ 1° average error. The measurement and analytical
results support the applicability of the proposed framework, making it a viable choice for
designing a multi-sector WPT system free of azimuthal angular misalignment. Moreover,
the proposed designs are suitable for mitigating azimuthal angular misalignment; however,
they have a large footprint and limited harvesting capacity in tilted and arbitrarily
positioned IoT nodes. Therefore, to address this problem, a 3D-spherical coverage WPT

system is analyzed along with miniaturization in Chapter 4.
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Chapter 4

3D-Spherical DC Coverage Rectenna
System

4.1 Introduction

The previous chapter proposed a mathematical framework for harvesting uniform RF
power in the azimuth plane by mitigating azimuthal angular misalignment. However, [oT
sensor nodes can be placed in any arbitrary orientation and position in smart indoor
applications. Additionally, for dedicated wireless power transmission, the RF power
transmitter (Tx) can be mounted anywhere on the ceiling or side walls, as shown in Fig. 4.1.

Therefore, RF power harvested by a sensor node is a function of its orientation with respect

i
I RF Power Transmitter
uae ceiling mounted

=TT 3D-spherical Coverage
Rectenna for RF energy
harvesting

— 2

~ RF Power Transmitter
wall mounted

WEH-enabled 10T Sensor node

Figure 4.1: Dedicated WPT scenario and the need of 3D-spherical coverage WPT system
for indoor application.

to the Tx. To reduce this dependency, H2B1, and H2B2 novel planar integrated rectenna

array are presented with 3D-spherical coverage.

4.2 H2: A WPT system with 3D-Spherical coverage

The performance of the WPT system reduces when the WPT node rotates with respect
to the Tx antenna in the azimuth and elevation planes, as discussed in Chapter 1,
subsection 1.1.1. This can be addressed by optimizing DC power patterns in elevation
and azimuth planes with 3D spherical coverage. The main content of this chapter are the

following;:

o The presented work is the first attempt to achieve the desired 3D-spherical coverage

using a 2-D planar (two-layer PCB-based) design with a simple and integrated
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compact array structure which is easily realizable as compared to the BFN.

e The direct impedance matching of the antenna elements and rectifying diodes is
incorporated along with easily realizable parallel combining of rectenna elements to

achieve a fully integrated design.
e The bore-sight antenna work as dc low-pass filter under the rectification process.

e Multiple rectenna elements are amalgamated using a simple and easily realizable

parallel dc combining circuit, making it cost-effective for IoT sensor nodes.

The detailed discussion on the presented H2B1 is discussed in Section 4.3.

4.3 H2BI1: A Design for 3D-spherical Coverage

4.3.1 Design Layout

The H2B1 WPT system is designed on a dual-sided copper cladded FR4 substrate
(dielectric loss, €, = 4.4, and loss tangent tand = 0.02) using commercial ANSYS
HFSS and Keysight ADS software at 5.8 GHz. The PCB layout of the presented H2B1
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Figure 4.2: Design layout of the presented H2B1 WPT system.

WPT system is elaborated in Fig. 4.2 and the corresponding dimensional parameters are
denoted. The H2B1 WPT system comprises of six sectors, and each sector has a pair
of one end-fire and one bore-sight antenna each integrated with a shunt Schottky diode
(SMS-7630-079LF) and connected together with a DC-line (RF-choke), as depicted in
Fig. 4.2. The presented end-fire rectenna has 57° and 87° DC beamwidth in the azimuth
and the elevation plane, respectively. The wider beamwidth provides a flat DC pattern
in the azimuth for six sectors. Moreover, the bore-sight rectenna has a 15° beam tilt
away from the elevation axis (z-axis) and towards the radially outward direction, which

enhances the elevation plane coverage and provides nearly the full 3D-Spherical coverage
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in cooperation with the end-fire elements. The enlarged bottom view of the ground plane

~_Semi-circular
/ gws-annular ring
>

V|a pin

Shorting pin Z

Figure 4.3: Enlarged view of bottom layer of the presented H2B1 WPT system.

of the H2B1 WPT system with detailed DC connections is provided in Fig. 4.3. The
Schottky diodes are utilized for designing the half-wave rectifier using shunt topology
for RF-DC conversion. The mentioned Schottky diode is adopted due to its low junction
capacitance, high cut-off frequency, and excellent power threshold efficiency at a low input
RF power range. The values of corresponding dimensional parameters defined for a single

sector in Fig. 4.2 are provided in Table. 4.1.

Table 4.1: Dimensional parameters of the presented rectenna system.

Parameters ‘ a ‘b‘ c‘d‘ e ‘f‘g‘h‘i‘ j ‘k‘l‘m‘n‘o‘p‘q‘cr‘ct‘ d
Dimensions (mm) | 11.8 [ 16 | 2.5 [ 4.5 [1.25[3[4|2|15[16.26 |55 |6[54[14|5]3][3]05] 4 [ 130

4.3.2 Direct Matching and Integration with Rectifier

The design topology of direct conjugate matched end-fire and bore-sight rectennas utilizes
two different diode placement schemes presented in Fig. 4.4(b)-(c) so that a fully integrated
rectenna in a single PCB is realized with miniaturization. In the scheme of Fig. 4.4(b), a
quarter-wave shorted stub provides DC connection (DC terminal) to the end-fire rectenna.
This is followed by a DC-LPF imitated by the 3x1 bore-sight element to reduce the number
of components. Similarly, in the scheme of Fig. 4.4(c), the same bore-sight element works
itself as a DC-LPF and a DC-line is fused to provide DC connection to the element.
A detailed description of implemented layouts of both the topology is provided later in
Section 4.3.3. To begin the implementation, first the impedance of the Schottky diode is
calculated by simulations at 5.8 GHz using the LSSP and harmonic balance (HB) technique
in Keysight ADS software. The input impedance of the Schottky diode (Z; = 25.03 —
793.96 ) is evaluated at -10 dBm input power level and simulated optimal output load of

900 €2. The design evolution of the presented integrated rectenna is discussed subsequently.
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Figure 4.4: (a) Conventional rectenna with the IMN (50 Q, R, + j X, Q). (b) end-fire
rectenna without IMN and (c) bore-sight rectenna without IMN.

4.3.3 End-fire Rectenna Design

The end-fire rectennas reported in the literature [35] have a bulky size with a narrow
beam pattern. Hence, a large number of sectors are required to mitigate the angular
misalignment, which increases overall system size, circuit complexity, and losses. To
achieve miniaturization along with a wide-beam DC pattern, a new end-fire rectenna

element is designed and shown in Fig. 4.5. The presented design is inspired from a

[ Toplayer [ ] Bottom layer

Director patch

/\l\
\— Radiator patch ]
12.5mm
F Partial ground ]

| Parallel
~ ~ .
Proximity L = slits.
feed line Quarter-wave
R plane R ,// shorted stub
«—— Schottky diode
DCplane | | A
| Ly
(@) (b)

Figure 4.5: Evolution of the presented end-fire rectenna element (a) initial design without
parallel slits (b) final design with parallel slits.

uniplanar end-fire microstrip antenna [132], however, this having complex feeding structure

which is unsuitable for rectenna application. In contrast, the presented end-fire antenna
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is a planar design with proximity feed excitation and utilizes dual-sides of the substrate
for easy integration to be a rectenna element.

The performance of the end-fire radiator is analyzed in terms of impedance matching, gain,
and 3-dB RF beamwidth. Initially, the end-fire rectenna element comprises a radiator
patch and a director patch along with partial ground, all on the bottom layer, which is
excited by a proximity feed line on the top layer, as depicted in Fig. 4.5 (a). The optimized
initial design achieves RF gain of 4.8 dBi with 3-dB RF beamwidths of 70° and 120° in
azimuth and elevation planes, respectively. However, the input impedance of the initial
design is Z, = 40.83 + 573.25 () which is not conjugate matched with the Schottky diode
impedance Z;. To improve the RF-DC performance, two slits parallel to the proximity
feed line are introduced on the top layer as shown in Fig. 4.5 (b) and their dimensions
along with separation from the feed line are optimized to achieve conjugate matching.
The comparison of impedance variations simulated at the RF plane for the designs, with

and without slits, is presented in Fig. 4.6. The optimized impedance of the presented

6—Re{Z} without slit
120 |- & ~-Im{Z} without slit
& 100 [| ¢~ Re(Z) with slit
o —*—Im{Z} with slit
S 80F
=1
3 60 e
& Lo -7 A
E 40
204 - s R T -
0

56 565 57 575 58 585 59 595 6
Freq (GHz)

Figure 4.6: Conjugate matching of the end-fire antenna element with Z;.

end-fire antenna is Z, = 25.83 + j90.89 €2, which is close to Zz. Though, the elevation RF
beamwidth is a bit compromised to 117.06°, however, a better beamwidth in the azimuth
(84.86°) along with an improved gain to 5.1 dBi is achieved as compared to the design
without slits. The simulated RF patterns of the end-fire antenna are plotted in Fig. 4.7

(a).

300°

270°

240°

210 180° 150 210 180° 150

(a) (b)

Figure 4.7: RF patterns of the presented (a) end-fire and (b) bore-sight antennas.

For the RF-DC rectification, the topology presented in Fig. 4.4 (b) in implemented for the
end-fire element. Following this, a Schottky diode is mounted along the proximity feed-line
and terminated to the DC connection line (+ive DC terminal) on the top layer, as depicted

in Fig. 4.5 (b). A quarter-wave shorted stub is employed to connect the diode with the
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partial ground at the bottom layer which functions as the -ive DC terminal. This stub is
RF-open at the diode connection, thus, provides direct DC path to the ground. Further
along the DC path of the end-fire rectenna element, the bore-sight element of the same
sector is connected through DC-line, as shown in the inset of Fig. 4.3, which works as shunt
capacitance imitating the DC-LPF to reject the higher-order harmonics. The bore-sight
element is a 3 x 1 rectangular patch array (PA) antenna as described in detail in the
subsequent section. The PA antenna has the inherent property of a low pass filter [133],
removing the higher-order harmonics and improving the power conversion efficiency.

The presented end-fire rectenna element provides a wide simulated DC 3-dB beamwidth
in the azimuth (57°) and elevation (87°) planes. Furthermore, the simulated DC patterns
for the end-fire elements of all six-sectors are evaluated and plotted in Fig. 4.8 (a) for
360° azimuth angles. The result indicate that the overlapped DC patterns of the adjacent

elements can nearly achieve a flat total DC pattern in the azimuth plane.

300 .......... SCCtOr- 1

----- Sector-2
60°  wx- Sector-3

- © -Sector-4
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| 9900 - v -Sector-6
%o

P

¥ 100

Figure 4.8: Simulated overlapped DC patterns of the end-fire rectennas in azimuth 6 = 90°
plane.

4.3.4 Bore-sight Rectenna Design

As a bore-sight element of a sector, a series-fed 3 x 1 rectangular patch array (PA) antenna
is designed using meandered U-shaped feed lines to minimize the total size, as depicted in
the inset of Fig. 4.2. The lengths of the meandered series feeds are optimized to provide a
gradual phase shift between the patch elements. This enables the generation of tilted beam
towards the feed point which is the radially outward direction in the elevation plane. This
tilted-beam characteristic offers broader DC coverage in the upper hemispherical space
in coordination with the other PA rectenna elements of other sectors. The simulated
RF pattern of the presented bore-sight element is presented in Fig. 4.7 (b) indicating
a beam-tilt of 15° with maximum gain of 6.4 dBi. The simualted 3-dB RF beamwidth
coverage in the two orthogonal elevation cuts are 50.78° and 81.17°, respectively.

For rectification, the topology presented in Fig. 4.4 (c) is adopted in the bore-sight element.
To implement an integrated rectifier circuit, initially a Schottky diode is affixed between
the patch and the ground plane through a via pin, as depicted in Fig. 4.3. This approach
is adopted in [133] for direct conjugate matching of a single patch antenna by discovering
an optimal port location where the antenna impedance is close to Z;. However, this

approach is not always applicable since the desired port impedance is not always achievable
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on any arbitrary antenna structure. For instance, this method is unable to achieve a
conjugate Zy in the presented PA antenna while all the port locations have been tried in
the optimization. This happens due to the low value of inductive reactance offered by the
series-fed PA antenna structure. Thus, a different approach is applied in the presented
PA rectenna design. First, by direct placement of diode, the best possible impedance of
the antenna is achieved as Z, = 17.6 + j42.5 €2 not as such suitable for the conjugate
matching with Z;. In the next step, a semi-circular C-slot (annular ring) is cut in the
patch element around the feeding point to enhance the inductive impedance and further
optimized to achieve the desired impedance as Z, = 28.49 + 793.92 €. The significance of
the use of annular ring to achieve the desired impedance is demonstrated by the plots in

Fig. 4.9. Additionally, since the patch antenna has an intrinsic low pass filter characteristic,
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Figure 4.9: Conjugate matching of bore-sight PA antenna with Z;.

hence, it assists in realizing a fully integrated rectification operation by imitating itself
as the DC-LPF in the topology presented in Fig. 4.4 (¢). The simulated DC patterns of
the two opposite bore-sight rectenna elements (from Sector-1 and Sector-4) are plotted

in Fig. 4.10 (a) depicting a better elevation coverage due to tilted beams. Moreover,

o0 5 . 0° o~ = -Bore-sight-1
30° gy, 30 307 g, 0 e
300° - f-10,% 60° 300° ~7% 7y 00° o Bore-sight-4
“ _2Q~—” ! fooanlEE - End-fire-4+5

270° Mg 90° 270° § 90°

\C
240° 120° 200 120°
210° 180° 150°  _ _ - Bore-sight-1 210° 180° 150°
(a) e Bore-sight-4 (b)

Figure 4.10: Simulated overlapped DC patterns of the opposite sectors (a) bore-sight
rectennas (b) end-fire and bore-sight rectennas in the ¢ = 0° plane.

the elevation coverage is further enhanced by the end-fire rectennas together with the
bore-sight elements and overall a better coverage in the entire 3D-spherical region can be
obtained. This is demonstrated by plotting the simulated DC patterns of the opposite

sectors in the elevation plane as shown in Fig. 4.10 (b).

4.3.5 Integration of Sectors and Rectenna Combining

The mutual coupling between both the radiators of a sector is analysed in Fig. 4.11

indicating an isolation of 56 dB achieved between the adjacent elements. This indicates
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Figure 4.11: Mutual coupling between the adjacent rectenna elements.

that the end-fire and bore-sight radiators can operate independently without altering the
characteristics of each other. The pair of rectenna elements are connected in parallel
with a DC-line within the sector and the DC output of each sector is further combined
using parallel combining technique on the PCB top layer as shown in Fig. 4.2. This
parallel DC combining offers low connection losses as compared to the series combining
technique [134, 135]. Moreover, bypassing circuit [44] across the non-active rectenna
elements is not required since the corresponding rectifying diodes become reverse biased,
which results the dc combining circuit as simple and easily realizable. The DC output is
extracted from the center of the structure through output pin at the bottom as shown
in Fig. 4.3 which, as a DC source, can be directly mounted on the IoT node for further

utilization.

4.3.6 Experimental Validation of the H2B1 Design

The presented H2B1 is fabricated in the laboratory using a MITS PCB prototyping
machine and the developed prototype with SMD assembly is shown in Fig. 4.12.

The RF-DC efficiency and DC pattern measurements are carried out to validate the

o

Bottom layer

(b)

Figure 4.12: Fabricated prototype of the presented H2B1 (a) top, (b) bottom view.

performance under the laboratory setup.
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4.3.7 Measurement Setup

The RF power is generated using a signal generator having maximum RF output of
25 dBm. The generated RF signal is fed into an 8.6 dBi gain horn antenna (Tx) using
an RF cable having 3 dB loss. For the measurements a maximum of 25 dBm RF power
is considered due to the unavailability of RF power amplifier in the laboratory. The
presented H2B1 is affixed on an automated turn table at 1 m distance away from the Tx

antenna as shown in Fig. 4.13. The received power at the rectenna aperture is measured

]

\ Horn antenna

—

Figure 4.13: Measurement setup for harvested DC pattern in # = 90° plane of the presented
H2B1 using horizontally polarized Tx.

using the Keysight N9951A spectrum analyzer and the harvested DC voltage is measured
using the Keysight U1232A multi-meter. For the H2B1 placed horizontally in the xoy
(0 = 90°) plane, the E-field polarization of the end-fire rectenna is along angular direction,
whereas, it is along radial direction for the PA rectenna. This implies that harvested
voltage in # = 90° plane is only contributed by the end-fire rectenna elements. Therefore,
voltage measurement in the § = 90° plane is carried out by mounting the Tx in horizontal
polarization as depicted in Fig. 4.13. In contrast, the total harvested voltage in the
elevation plane is the combination of the voltage harvested by the end-fire as well as
the PA rectenna elements. Thus, both horizontal and vertical orientations of the Tx are
utilized for voltage measurements in the elevation plane (¢ = 0° and ¢ = 30°). The
measurement setup with vertically polarized Tx is illustrated in Fig. 4.14 where the H2B1
is placed vertically for elevation pattern measurements.

Although, the measurements can be performed by using a circularly polarized Tx antenna.
However, due to resource constraints in the laboratory, the measurement for both the

polarization are carried out separately.

4.3.8 RF-DC Efficiency versus Load Measurement

The harvested DC voltage is measured across the potentiometer (500 2 — 1.5 k) to
determine the optimal load and the RF-DC conversion efficiency (ngr—pc). The rectified
dc power (Pg.) is measurement procedure is given in section 2.1.2.

The realised gain of the rectenna cannot be measured using a standard 50 €2 port because

the antenna is fully integrated with the rectifier circuit. The realized gain and the
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Figure 4.14: Measurement setup for harvested DC pattern in ¢ = 0° and ¢ = 30° plane
of the H2B1 using a vertically and horizontally polarized Tx.

impedance matching efficiency of the complete rectenna are obtained by simulations using
the Ansys HFSS and ADS jointly.
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Figure 4.15: Open DC voltage of the presented H2B1 WPT system.

Moreover, S-parameter measurement is not possible in the fully integrated WPT system
having only DC output port. Therefore, the operating frequency of the presented WPT
system is investigated by measuring the open DC voltage versus signal frequency in
Fig. 4.15. The maximum DC voltage is observed at 5.8 GHz. This measurement is
conducted for both the individual rectenna elements separately. The harvested DC voltage
and evaluated nrr—pc are plotted against varying load in Fig. 4.16 (a) and (b) respectively
for the end-fire and the PA rectennas. The results indicate that a maximum nrp_pc of
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Figure 4.16: RF-DC conversion efficiency and harvested voltage versus output load for (a)
end-fire rectenna, and (b) bore-sight PA rectenna.

69.1% is achieved at ~ 1280 € for the end-fire rectenna, whereas, the PA rectenna has the
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maximum efficiency of 65.28% for an output load value 1176 Q. The RF-DC efficiency and
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Figure 4.17: RF-DC conversion efficiency and harvested voltage versus Signal generator
power for (a) end-fire rectenna, and (b) bore-sight PA rectenna.

harvested voltage of end-fire and bore-sight rectennas are measured for varying transmitted
power shown in Fig. 4.17 (a) and (b). In the presence of output load, the former harvest
~ 240 mV at 1280 €2 load, whereas the latter harvests ~ 255 mV at the 1176 2 load.
Moreover, for an open DC measurement, the end-fire and bore-sight rectennas harvest

maximum open output DC voltage of 515 mV and 580 mV, respectively.

4.3.9 DC Pattern Measurements

The harvested DC voltage pattern of the H2B1 is measured by rotating the turn table
with a step size of 5°. At first, the DC patterns of the individual end-fire and bore-sight
PA rectennas are measured separately and results are plotted in Fig. 4.18 and Fig. 4.19,

respectively.  The results show good agreement between the simulated and measured

/‘17\ /9\
330° 0 0 30°

300°

180°

----- Measured DC ‘
(b)

Figure 4.18: Normalized simulated and measured DC patterns of the end-fire rectenna
element in (a) azimuth # = 90° and (b) elevation plane.
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Figure 4.19: Normalized simulated and measured DC patterns of the bore-sight rectenna
element in the elevation planes (a) ¢ = 0° and (b) ¢ = 90° .
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values particularly around the beam maxima region. The DC patterns of the H2B1 are
measured using the setups illustrated in Fig. 4.13 and Fig. 4.14 using horizontally and
vertically polarized Tx antennas. For horizontally polarized Tx, the measured DC pattern
in # = 90° plane is nearly omnidirectional as shown in Fig. 4.20(a), depicting good angular
misalignment tolerance achieved by end-fire rectenna array elements in the azimuth. The
measured DC patterns in ¢ = 0° and ¢ = 30° elevation planes for horizontally polarized Tx
is directional having a 3 dB beamwidth of ~ 78° in the bore-sight direction as demonstrated
in Fig. 4.20 (b) and Fig. 4.20 (c), respectively. This is due to the cross-polarized alignment
of the Tx with the end-fire elements while a co-polarized alignment exist with the bore-sight
elements, thus, end-fire elements are unable to harvest from the cross-polarized Tx in a

planar design.
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() (b) ©
Figure 4.20: Normalized DC voltage patterns in (a) 8 = 90°, (b) ¢ = 0°, and (c¢) ¢ = 30°

planes for horizontally polarized Tx
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Figure 4.21: Normalized DC voltage patterns in (a) ¢ = 0°, and (b) ¢ = 30° planes for
vertically polarized Tx

Similarly, for the vertically polarized Tx, the dc patterns are illustrated in Fig. 4.21 where
both, the end-fire as well as the bore-sight, elements harvest the RF originating from the
vertically polarized Tx. Fig. 4.21 (a) plotted for ¢ = 0° and ¢ = 30° plane offer a uniform
coverage in the 3D-spherical region. The measured results indicate that the presented
H2B1 achieves good tolerance against the orientation misalignment with respect to the
Tx. However, this design has large dimensions, making it limited design for small IoT
applications. Therefore, a compact, high-performance WPT system is designed in the

section 4.4.

4.4 H2B2: A compact design for 3D-spherical Coverage.

The presented H2B2 WPT system is designed on a dual-sided 35 pm copper cladded

FR4 substrate having 1.5 mm thickness with dielectric constant ¢, = 4.4 and loss tangent
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tand = 0.02 using Ansys HFSS and ADS software at 5.2 GHz. The enlarged view of
the top and bottom layer of the presented H2B2 WPT system is shown in Fig. 4.22 (a),
(b) and dimensional parameters are mentioned in Table. 4.2. The presented H2B2 WPT
system design comprises eight radially placed End-Fire Rectennas (EFRs) in Region-1 and
one Bore-Sight Rectenna (BSR) placed at the center in Region-2 as marked in Fig. 4.22.

SHunt Schottky Diode
\\Via Pad

...... VN ]

eriefgchotiky Diodes o~ % /
. > /(Bore-sight % f {

i _Regionl " Rectenna) / =,
Tl EETop layer FR4 . — " DC Output
@ (b)
Figure 4.22: Layout of the presented H2B2 WPT system.
Table 4.2: Dimensional parameters of the proposed rectenna

Parameters ‘a‘b‘c‘d‘e‘f‘fw g‘h‘1‘th“k‘l‘m‘ol‘

Each EFR-antenna of Region-1 comprises a single proximity feed line, a radiator, a
director, and a reflector ground plane. The evolution of the proposed EFR-antenna is
influenced by uniplanar microstrip EFR-antennas [132, 136], however, these designs have
narrow beam-width and feature complex feeding arrangements, making them unsuitable
for WPT applications. Therefore, a novel proximity feeding simple structure is designed to
achieve an end-fire beam pattern and easy integration with a shunt-series Schottky diode
for RF-DC conversion. In addition, the EFR-antenna achieved high isolation of 44 dB and
35 dB between adjacent and radially opposite elements, as demonstrated in the mutual

coupling plots of Fig. 4.23. The optimized EFR-antenna element offers 5 dBi gain with
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Figure 4.23: Mutual coupling between different ports of the proposed rectenna.
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Figure 4.24: RF radiation pattern for (a) eight EFR-antenna elements showing azimuth
patterns, (b) radially opposite EFR-antenna elements showing elevation patterns, (c)
BSR-antenna elevation pattern, and (d) two radially opposite EFR-antenna with
BSR~antenna showing elevation plane patterns.

3-dB RF beamwidth of 92.8° in the azimuth and 137.4° in the elevation plane, as illustrated
by the simulated RF patterns plotted in Fig. 4.24 (a) and Fig. 4.24 (b), respectively. The
overlapped azimuth RF coverage of EFR elements in Fig. 4.24 (a) provides intuition for
overall flat coverage, however, the DC coverage is essentially investigated to validate the
actually achieved uniformity post DC-combining. In Region-2 of the proposed design,
a novel multi-arms circular patch is designed as the BSR-antenna also imitating as DC
combiner circuit. This antenna has eight arms connected with a central patch which
are optimized to provide wider beam-width in the elevation plane. In addition, the
eight-arms working as DC-lines provide easy integration with the EFR elements using
a series Schottky diode achieving an isolation of 21 dB (Fig. 4.23). Further, dual linear
polarization in the xoy plane is achieved on the patch by optimizing the two orthogonal
ports each having independent rectification and having good isolation of 17 dB. The
BSR-antenna has RF gain similar to the EFR-antenna element with 3-dB RF beamwidth
of 78° in ¢ = 0° and 80° in ¢ = 90° elevation plane as shown in Fig. 4.24 (c). To
analyze the elevation coverage forming, the simulated combined RF pattern of two radially
opposite EFR-antenna and BSR-antenna plotted in Fig. 4.24 (d) illustrates that enhanced
3D spherical coverage can be achieved by combining the EFR and BSR elements. A
further description of direct impedance matching, integration of rectenna elements, and

their equivalent circuit is provided in the subsection 4.4.1.

4.4.1 Direct Matching and Rectifier Integration

The maximum RF-DC conversion efficiency is achieved by designing an antenna at input

impedance equal to the complex conjugate of the Schottky diode impedance. Therefore,
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conventionally in rectenna designs, distributed impedance matching network (IMN) is
utilized for transforming rectifier input impedance to the receiver antenna input impedance
(50 ) [34], and a DC-low pass filter (DC-LPF) is employed for eliminating higher-order
harmonics. However, the distributed IMN and DC-LPF circuits cause insertion losses and
hinder rectenna miniaturization. Therefore, an integrated rectenna with direct conjugate
matching with the Schottky diode is introduced [133] for single element to overcome the
immediately mentioned problems.

For designing an integrated rectenna array system, direct matching requires a new
judicious approach and topology for joint integration of matching + rectification + DC
combining. First, the LSSP and harmonic balance (HB) technique in Keysight ADS
software are utilized to evaluate the impedance of the Schottky diode at 5.2 GHz.
The rectifier circuit input impedance Zj is evaluated for both the EFR-antenna and
BSR-antenna. The evaluated input impedance at -10 dBm input power level and output
load of 1100 2 is Z; = 15.625 — j57.964 ) for EFR-antenna and Z; = 24.004 — j91.66 2
for BSR-antenna. The desired input impedance equal to Z; for conjugate matching is
achieved by optimizing feed location where the rectifying diodes are mounted and design
parameters for the EFR and BSR antennas.

The proposed topology for integration of the EFR-antenna and BSR-antenna elements
with Schottky diodes is illustrated in Fig. 4.25. The EFR~antenna is conjugate impedance

jgNW

End-Fire Rectenna 1

Bore-sight Rectenna

End-Fire Rectenna 2 Series Schottky Diode
4{>‘;/ / DC Connection
‘_IZa =Ry +jXq I_>
Zg=Rq+jXq L

Shunt Schottky Diode =

i

Figure 4.25: Proposed topology for integrated WPT system without IMN and DC-LPF.

Ry =Ry Xa=—Xg

Schottky Diodes
integrated at orthogonally
polarized location

End-Fire Rectenna 8

matched with the shunt and series diode to harvest DC power. Similarly, the BSR-antenna
is conjugate matched with two orthogonally positioned shunt Schottky diodes to harvest
DC power from any orientation in the zoy plane. Further, the integrated EFR and BSR
have inherent low pass filter [133], therefore, it obliges to realize a completely integrated
rectenna circuit by mimicking itself as the DC-LPF in the topology presented in Fig. 4.25.
Moreover, as shown in Fig. 4.25, the proposed BSR-antenna element in Region-2 through

its multi-arms imitates the inherent DC combiner circuit to evolve a completely integrated
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RF-DC system. The proposed system DC output emanates from the BSR center point,
because this has evidently low voltage potential. Therefore, this point can be picked as the
one DC terminal through via pin without impairing impedance matching and radiation
pattern performance of the presented H2B2 WPT system. On the other hand, the common
ground plane acts as the second DC terminal as shown in Fig. 4.22. To explain the
working principle and integration approach of the proposed design, an equivalent circuit

is illustrated in Fig. 4.26. The circuit diagram demonstrates that direct connection of the

End-fire rectenna Series diode Bore-sight rectenna

D

D2
Zi
v v IR
P, ‘ D1 D4\ | 4= "
ilC /N D3 c
Shunt diode

Figure 4.26: Equivalent circuit of the presented H2B2 WPT system.

EFR and the BSR in RF domain is not feasible as it results in increased mutual coupling
between both the antenna elements. Moreover, it changes the electrical length of the
antennas, causing impedance mismatch and radiation pattern distortion, which results in
lower RF-DC conversion efficiency. To address the above-mentioned issue, an RF choke is
recommended [137] using a high-value inductor (in place of D2 series diode). Although, an
inductor can block RF power and provides DC connection without affecting the antenna
electrical length. However, it increases circuit losses [2] and cannot stop the DC current
backflow during the negative half cycle of RF signal [107] thus unable to provide a complete

RF isolation between Region-1 and Region-2.

Therefore, to facilitate a proper DC connection between the EFR and BSR elements,
series Schottky diodes are used in the proposed design, which provides high isolation and
limits the backflow of DC current during the negative cycle of RF signal. In the topology
implemented in Fig. 4.25 with the circuit illustrated in Fig. 4.26, the shunt diode (D1)
becomes reverse biased (open) during the positive half cycle of the RF signal impinging
from the endfire direction, and passes the DC current from the series diode (D2) which
is forward biased. While during the negative half-cycle, D1 is forward biased whereas D2
is reverse biased, which prevents the back flow of the DC into the EFR. This connection
of the two diodes D1 and D2 is complementing each other and can contribute to overall
voltage enhancement [138, 139] for the EFR. Further, the Schottky diodes D3 and D4
are shunt connected with the BSR to provide rectified DC output from two orthogonal
polarisation during the positive half cycle of the RF signal impinging from the broadside
direction. The DC output collected from the center of the BSR is fed to the load Ry .
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4.4.2 Simulated DC Pattern Results

The simulated harvested DC pattern of the EFR and BSR post rectification are depicted
in Fig. 4.27. The simulated DC pattern is compared to the simulated RF pattern, and
actual performance is used as a reference to illustate the combined rectenna performance.
This is evaluated using co-simulation technique using Ansys HFSS, and keysight ADS
with considering circuit losses. The EFR has 3-dB DC beamwidth of 67° in the azimuth

plane. Therefore, the radial combination of eight EFR. elements can achieve uniform DC
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Figure 4.27: Simulated DC patterns for (a) eight EFR elements to cover azimuth plane, (b)
elevation plane pattern of EFR (c) BSR in elevation plane, and (d) two radially opposite
EFR with BSR to cover elevation plane.

beam coverage in the entire azimuth plane, as illustrated in Fig. 4.27 (a). In addition,
this offers a good 3-dB DC beamwidth coverage (118°) in the elevation plane, as shown
in Fig. 4.27 (b). The simulated DC patterns for BSR in the elevation plane have a 3-dB
beamwidth of 54° as shown in Fig. 4.27 (c¢), which in coordination with the EFR elements,
are expected to enhance the uniformity in 3-D spherical coverage, as demonstrated in
Fig. 4.27 (d). The measurement results to validate the presented H2B2 WPT system are

presented in section 4.4.3.

4.4.3 Fabricated Prototype

The presented H2B2 WPT system is fabricated on the FR4 substrate using the MITS
PCB prototype machine to validate simulation results. The final fabricated prototype with
mounted diodes is shown in Fig. 4.28. The RF-DC conversion efficiency and DC voltage
pattern measurements are carried out in an anechoic chamber. The measurement of RF
characteristics, such as Sy1, impedance, and RF radiation pattern, of a single antenna,
consisted in the fully assembled integrated rectenna, is not possible. However, to determine
the performance of the presented H2B2 WPT system, a measurement of harvested open
DC voltage is performed. The measurement setup employs a signal generator to emanate
25 dBm of RF power through an 8.6 dBi gain horn antenna (Tx), where 1 dB cable
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Figure 4.29: Measurement setup for harvested DC pattern in 8 = 90° plane of presented
H2B2 WPT system.

losses is considered. The rectenna is mounted on a rotating turn table positioned at 1 m
distance from the Tx, as illustrated in Fig. 4.30. The harvested output DC voltage (Vg.) is
measured using a Keysight U1232A multimeter across the optimal load. The 3D coverage
performance of the proposed rectenna is determined by measuring DC power patterns in
the azimuth (6 = 90°) and elevation planes (¢ = 0° and 90°). The dc pattern measurement
in & = 90° plane is done by placing Tx in horizontal polarization as shown in Fig. 4.29
whereas for ¢ = 0° and ¢ = 90° planes the dc patterns are measured individually for
both vertical as well as horizontal polarized Tx as depicted in Fig. 4.30 and Fig. 4.31,
respectively. A circular polarized Tx can be employed for the measurements, however, the

proposed measurement scheme is adopted due to resource constraints in the laboratory.
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Figure 4.31: Measurement setup with horizontal polarized Tx antenna.

The measured DC power pattern of the presented H2B2 WPT system in 8 = 90° using
horizontal polarized Tx is depicted in Fig. 4.32 (a), which is in good agreement with the
simulated DC power pattern illustrated in Fig. 4.27 (a) showing uniformity. Further, DC
patterns measured in ¢ = 0° and 90° planes using horizontal and vertical polarized Tx are
shown in Fig. 4.32 (b) and Fig. 4.32 (c), respectively. The DC patterns measured using
horizontal polarized Tx will correspond to the BSR patterns in the elevation planes since
the EFR elements are in cross-polarization. The measured 3 dB DC pattern beamwidth
is 85° and 94° in ¢ = 0° and 90° planes, respectively. The vertical Tx measurement
setup offers a hybrid DC pattern, which is the combination of the DC power harvested by
the EFR and the BSR. The measured DC pattern illustrated in Fig. 4.32 (c) show that

coverage of 200° is achieved in the elevation plane, which is in good agreement with the
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Figure 4.32: Normalized (a) measured DC pattern in § = 90° plane, (b) ¢ = 0°, and 90°
planes for horizontally polarized Tx, and (c) ¢ = 0° and 90° planes for vertically polarized
Tx

simulated DC patterns.

4.4.4 RF-DC efficiency

The RF-DC conversion efficiency (ngrp—pc) of both the EFR and BSR is evaluated
separately using a variable potentiometer (600 2 — 2600 €2) and plotted in Fig. 4.33. The
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Figure 4.33: Measured efficiency and harvested dc voltage with respect to output load for
(a) EFR, and (b) BSR.
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maximum 7nrr_pc obtained for the EFR is 48.47% with the optimal load of 1150 2, and
47.32% is achieved for the BSR with an optimal load of 1200 €2. Moreover, the maximum
harvested open DC voltage of 600 mV is achieved for the presented H2B2 WPT system.The
proposed EFR and BSR systems receive RF power level of -9.75 dBm to -10 dBm. The
proposed end-fire and bore-sight rectenna element performance is analyzed in the presence
of load. The end-fire rectenna offer ~ 243 mV at 1150 €2 and bore-sight radiator provides
~ 238 mV at the 1200 €2 optimal load. The harvested DC power is sufficient to recharge
low-power IoT devices used in smart home monitoring and automation applications.
Moreover, the presented H2B2 WPT system can also be employed to recharge sensor
nodes in industrial applications such as gas, liquid, smoke, and air pollution detection

systems placed at any arbitrary location or orientation with respect to the Tx.

4.5 Performance Comparison with Prior Arts

The performance of the state-of-the-art 3D coverage rectennas with the proposed 3D

coverage rectenna are shown in Table. 4.3. To achieve spherical coverage, in [28] a 3-D

Table 4.3: comparison with state-of-the-art designs for 3D-Spherical DC Coverage

Frequency | Beams | Sectors | port size Beam Uniform 3D Nrf—de (%)
(GHz) (mm?) mechanism | Coverage
[28] 2.45 20 5 20 | 130 x 130 x 290 |butler matrix No 45 at —5 dBm

[140] | 3.3 = 5.9 | Omni 10 4 152 x 152 x 69.724| Complex No ——
H2B1 69.1% (End-fire)

5.8 Omni 6 12 | 130 x 130 x 1.56 simple Yes 65.28% (Bore-sight)
H2B2

5.2 Omni 8 10 74 X 74 x 1.57 simple Yes ~ 47 — 49 at —10 dBm

structure five sector rectenna array is proposed with each sector generating 4 beams in
elevation plane utilizing a 4 port BFN. Although the elevation coverage is enhanced, there
is no beam along the axial direction. In addition, BFN is a bulky structure and hence
unsuitable for miniaturized sensor nodes. Further, the harvested dc pattern in the azimuth
plane is not uniform and hence does not mitigate the angular misalignment problem.
In [140], a multi-element 3-D design with omnidirectional pattern in azimuth plane and
elevation beams is presented to harvest RF power from the ambient and dedicated sources.
The omnidirectional beams capture ambient RF energy whereas the bore-sight components
capture RF power from dedicated source to satisfy high-power requirements. However,
because of the high design complexity it is inappropriate for small IoT nodes. Moreover,
a complete system with rectifier circuits is not implemented, hence no realistic RF-DC
efficiency and DC power measurements are conducted. The radiation patterns show more
than 5 dB decrease in RF power in the overlapping region of elevation and azimuth beams
which confirms that 3-D spherical coverage can not be achieved using this design. The
presented H2B1, and H2B2 WPT systems provides uniform DC coverage in the azimuth
and elevation plane with high efficiency as compared to the state-of-the-art designs.
Furthermore, the H2B1 WPT system is 180.257 % and 60.1 % miniaturized in terms
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of volume compared to the designs presented in [28] and [140], respectively, making it

suitable for deployment at space-constrained IoT sensor nodes.

4.6 Summary

This chapter presents, two novel planar 3D spherical coverage rectenna array for wireless
energy harvesting applications. The H2B1 WPT system proposed fully integrated design
with no requirement for a matching network and DC-low pass filters, which reduce insertion
losses and system size as compared to conventional rectenna designs. Each sector of the
proposed rectenna array comprises an end-fire element and a bore-sight 3 x 1 series fed
patch array element. The antenna elements are integrated with the Schottky diode through
the metallic via in the ground plane, and an annular ring is introduced in the patch antenna
to achieve conjugate matching. The end-fire rectenna element offers 5.1 dBi gain with a
simulated broader DC beam width of 57° and 87° in the azimuth and elevation plane,
respectively. The end-fire rectenna provides an essentially flat DC power pattern in entire
360° with a 69.14% RF-DC conversion efficiency at an optimal load of 1280 €2. The 3 x 1
series fed patch array has a 6.4 dBi gain, 65.28 % RF-DC efficiency at 1176 Q2 load, and a
15° tilt from the boresight direction in radially outward direction. The later design (H2B2)
proposed, a novel planar eight-sector 3D spherical coverage rectenna array for wireless
energy harvesting applications. The proposed system is a fully integrated low-profile
design that eliminates the need for a matching network and DC-low pass filter. This
results in reduced insertion losses and a smaller footprint as compared to the conventional
rectenna systems. The proposed rectenna array has an end-fire element in each sector,
and a bore-sight element is placed at the center. The end-fire rectenna element has a
gain of 5 dBi and a simulated harvested DC pattern beam width of 67° and 118° in the
azimuth and elevation planes, respectively. Therefore, the combination of 8 end-fire sectors
offers an omnidirectional DC pattern in the azimuth plane, and each element provides
48.47 % RF-DC efficiency at 1150 Q. Further, the novel bore-sight element proffers 54°
DC beam coverage in the elevation plane and achieve 47.32 % RF-DC efficiency at 1200 €2
output load. Additionally, the proposed WPT rectenna elements offer better 3-D spherical
coverage for charging sensor nodes with arbitrary orientations in the smart environment.
However, the proposed system does not fulfill the diverse power requirements. Therefore,
a scalable WPT system with 3D-spherical coverage is presented in Chapter 5 to fulfill the

diverse power requirements.
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Chapter 5

On Demand and Scalable Rectenna

System

5.1 Introduction

The previous chapter presented a 3D-spherical coverage RF power harvesting system,
which provides uniform power harvesting in dual planes. However, various nodes
may have diverse power requirements and size constraints for different application
scenarios. Therefore, this chapter presents a plug-in type rectenna unit cell to fulfill
the dynamic power requirements by offering an on-demand and scalable rectenna WPT
system. The WPT-enabled nodes (Rx) convert the RF power into DC power using a
rectenna module [141], which is sensitive to Rx orientation and RF power density. This
necessitates an innovative design with polarization-insensitive [56, 57, 58] and dynamic
power harvesting [59] capabilities along with miniaturization [142, 123]. To target these
requirements, a few scalable and orientation-insensitive WPT systems are reported in
literature with multi-port [60], multi-beam [45], differential fed [61], and meta-material
antennas [64]. For instance, in the application scenario exemplified in Fig. 5.1, the RF

Linear / Circular polarized
wave

Orientation-insensitive

L RF Shower ceiling

LT Dynamic power .

requirement and 2-way harvesting
Linear / Circular Dynamic power and
polarized wave :\th orientation-insensitive

= A Q{%
T 10T node

RF Shower -
Wall mounted  Digital sensors

Figure 5.1: Application scenario of the scalable plug-in WPT system.

showers can be mounted on wall and ceiling with linearly or circularly polarized Tx
antennas. Here, some sensors and IoT nodes demand different battery capacity with size
constraints and some nodes have varying orientations whereas the others are exposed
to horizontal as well as vertical impinging RF waves. Hence, a diverse RF battery
requirements exist. Foremost, the available designs lack that kind of scalability feature
which allows the WPT systems to easily adapt to these requirements. The immediately
mentioned requirements motivated the presented work and a plug-in type rectenna module

is demonstrated with following significant contributions:
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e The H3C1 rectenna act as a unit cell for a scalable RF battery capable of adopting

different geometrical formations according to the application scenario requirements,

e A novel integrated end-fire rectenna is presented with a compact footprint and high

gain with better rectification capabilities,

e The plug-in rectenna module meets the orientation-insensitive and dynamic power

harvesting requirements by incorporating different geometrical shapes.

5.2 H3CI1: Plug-in Type Integrated Rectenna Cell Design

The H3C1 rectenna cell is presented for 5.8 GHz WPT system using the commercial
ANSYS HFSS-2020-R1 on a double-sided low-cost FR4 substrate (e, = 4.4, tand = 0.002)
having 1.565 mm thickness and 35 pum copper deposition. The H3C1 rectenna layout is
illustrated in Fig. 5.2 where the design comprises a novel high gain end-fire antenna, a
quarter-wave stub, a Schottky diode (SMS—7630 — 079LF"), and an SMD capacitor. The

v
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(a) (b)

Figure 5.2: (a) Layout of presented H3C1 plug-in rectenna cell (b) Fabricated prototype.

conventional rectenna designs employ a matching network (MN) [34] and a DC low pass
filter (LPF) to achieve maximum power transfer from a 50 Q matched antenna to the
rectifier. However, distributed MN and LPF circuits contribute more to insertion loss
as well as unfavourable for rectenna miniaturization. Therefore, the integrated rectenna
having direct conjugate matching with rectifying diode instead of matching using loops and
stubs minimizes insertion loss and complements miniaturization. To design an integrated
rectenna, first the impedance of the Schottky diode is evaluated at 5.8 GHz using LSSP
technique for input power of -10 dBm and 850 €2 load and noted as Z; = 26.93 — j92.84 ).
Further, a novel high gain end-fire antenna is designed to achieve conjugate matching
with Z3. A quarter-wave shorted stub is imposed at antenna port and diode junction
for transforming the ground conductor to one DC terminal besides rejecting higher order
harmonics to improve the PCE. A 100 pF shunt SMD capacitor is placed at the output
terminal for DC power storage and filtering. The presented design is inspired from [143,
144, 145, 146], which are end-fire microstrip antennas. However, their intricate feeding

systems make these designs unsuitable for rectenna application. In contrast, the presented
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end-fire antenna is designed with a proximity feed line enabling easy integration as a
rectenna element, as illustrated in Fig. 5.2 (a). The antenna bottom layer has a radiator
and a director patch elements with a partial ground to direct the beam in the end-fire
direction. The upper layer has two parallel slits to achieve the desired directional radiation
characteristics and matching. The presented H3C1 WPT rectenna cell is fabricated using
MITS PCB prototyping machine and the prototype is shown in Fig. 5.2 (b). The antenna
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Figure 5.3: (a) zy (f = 90°) and zz (¢ = 0°) RF patterns of the presented antenna.
Normalized harvested DC power pattern in (b) xy and (c) xz plane.

has a high gain (5.4 dBi), wide half-power beamwidth of 113° in xz-plane and a 66°
beamwidth in xy-plane of RF patterns depicted in Fig. 5.3 (a). The rectenna cell is
simulated (measured) for DC power patterns to show a wide DC half-power beamwidth 84°
(86°) in the xz-plane and 42° (40°) in xy-plane are plotted in Fig. 5.3 (b)-(c), respectively.

The simulated and measured patterns are in good agreement.

5.2.1 Scalable Assembly of the presented H3C1 WPT rectenna Cells

A number of rectenna cells can be plugged-in to form various geometrical arrangements for
RF battery based on the requirements. Here, three different assemblies are presented in
Fig. 5.4, which achieves 1) dynamic power harvesting using a linear-stacking battery,
2) orientation-insensitive dynamic power harvesting using a cuboid-stacking battery,
and 3) two-way energy harvesting from horizontal as well as vertical waves along
with orientation-insensitive operation using a combined-cuboid battery. A series DC
combining technique is adopted to assemble the outputs of the cells. The performance is

experimentally verified next.

5.2.2 Fabrication and Experiments

The presented H3C1 WPT rectenna cell and the composed sacalable assemblies are
measured for WPT performance using the setup shown in Fig. 5.5, which includes an
Agilent RF signal generator E8257D set to transmit 25 dBm signal at 5.8 GHz through
a Tx horn antenna (linearly polarized) with 8.6 dBi gain imitating a wall mounted RF
shower. Furthermore, the RF wave power density impinging on the presented H3C1 WPT
rectenna aperture is 0.217 W/m2. The WPT system is mounted 1 m away from the
Tx on an automated turn table for DC pattern measurements using a Keysight U1232A

multimeter. Firstly, the DC voltage across the varying load is measured as shown in
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Linear-stacking Cuboid-stacking Combined-cuboid

Figure 5.4: Assembly of the plug-in rectenna modules for scalable WPT system.
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Figure 5.5: Setup for DC pattern measurements and linear-stacking under test.

Fig. 5.6 (a), showing rectenna efficiency of 71% at the optimal load of 700 2 for a single

rectenna cell. The corresponding measured DC power patterns of a single rectenna cell
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Figure 5.6: Measured (a) DC voltage and efficiency versus load for single rectenna (b) DC
pattern of linear-stacking assembly.

are discussed earlier in Fig. 5.3 (b)-(c).

5.2.3 Linear-stacking Measurements

Multiple plug-in rectenna cells are assembled and connected through a breadboard for
measuring the performance of the linear-stacking battery whose prototype is shown in the
inset of Fig. 5.5. The stacked assembly of up to 8-cells is measured for the dc open-circuit
voltage. The results are listed in Table 5.1 for increasing number of rectenna cells to

demonstrate the dynamic harvesting capability. The results indicate that a single cell
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Table 5.1: Linear-stacking for dynamic harvesting with increasing cells

Stackedrectennas‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7 ‘ 8
DC Voltage (mV) [ 660 | 1300 | 1826 | 2489 | 3240 | 3901 [ 4489 | 5051

has 660 mV output which gradually increases to 5051 mV for 8-cells stacking. A little
low additive scaling in harvested DC for increasing number of cells can be attributed to
connection losses. The angular harvesting performance of the linear-stacking battery is
measured by rotating the turn table in azimuth ¢ with 5° steps and the measured DC
patterns are plotted in Fig. 5.6 (b) for single cell and 8-cells assembly showing that the

presented approach can meet the scaled power requirements of various nodes.

5.2.4 Cuboid-stacking and Combined-cuboid Measurements

Since the cuboid-stacking and combined-cuboid harvest from vertical waves, the

measurement setup facilitating this is shown in Fig. 5.7 (a)-(b) which uses a planer array

<400 5
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§ 200 =
1o}

2 100 35
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Figure 5.7: Measurement setup for (a) cuboid-stacking (b) combined-cuboid. (c) Real
demonstration by powering a digital sensor (d) Fabricated prototype with matching
network (e) RF-DC efficiency with matching network.

(linearly polarized) with 8.6 dBi gain as Tx imitating a ceiling mounted RF shower besides
the original horn Tx on wall. The cuboid-stacking can harvest from only ceiling RF shower
whereas combined-cuboid harvests from the both. The angular harvesting performance
is measured and polarization mismatching due to orientation of the node is expected.
However, the results depicted in Fig. 5.8 (a) displaying the measured DC patterns indicate
that these assemblies have good tolerance for orientation misalignment and polarization
mismatch. Moreover, the combined-cuboid is able to harvest energy from vertical as well
as horizontal source with good angular coverage. A real application is also demonstrated in
Fig. 5.7 (c) by powering a digital sensor with temperature and pressure monitoring in real
scenario. The digital sensor is powered directly from the presented linear-stacking where

3-cells of the presented H3C1 WPT rectenna are sufficient for battery-less operation.
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Figure 5.8: (a) Cuboid-stacking, and combined-cuboid batteries assembled from the
presented H3C1 WPT rectenna cell (b) mutual coupling.

The mutual coupling effects are also under limits as presented in Fig. 5.8 (b) where the
isolation between the adjacent antenna elements is 26 dB in the linear-stacking for a
10 mm inter-element distance, the same is 35 dB and 65 dB in the cuboid-stacking and the
combined-cuboid, respectively. To showcase efficiency improvement by utilizing integrated
rectenna design, the presented antenna with 5082 input impedance is also designed. The
5082 antenna has an RF gain of 5 dBi which is equivalent to the corresponding integrated
design. Fig. 5.7(d) shows the fabricated prototype with the matching network and filter
circuit [34] The rectenna with matching network harvests 267mV with an optimal load of
130092 and achieves RF-DC efficiency of 44.20%, as shown in Fig. 5.7 (e). This validates
the benefit of utilizing the integrated topology of the rectenna design.

5.3 Summary

A novel integrated miniaturized H3C1 plug-in rectenna cell having end-fire pattern is
presented for orientation-insensitive dynamic power harvesting capability at IoT sensor
nodes. The presented H3C1 WPT rectenna cell has a high RF gain of 5.4 dBi with wide
RF 3-dB beamwidth of 113° and 66° in two orthogonal planes, respectively. This results
in corresponding DC beamwidth of 86° and 40°. The scalable linear-stacking battery
formed by eight rectenna cells harvest 5051 mV against 660 mV harvested by a single cell
which exhibits dynamic harvesting capability. Similarly, the cuboid and combined-cuboid
stackings show good tolerance against orientation and polarization mismatching along
with dynamic power harvesting. The low mutual coupling of < —26 dB between adjacent
rectennas allows for compact stacking structures suitable for size-constrained IoT sensor
nodes. Hence, the presented plug-in strategy enhances harvested DC power and mitigates
polarization and orientation mismatch problems in WPT systems. Furthermore, the WPT
technology provides contactless power transfer to address power issues in sensor nodes,
RFIDs, and medical devices. Therefore, to demonstrate an application scenario of true
IoT, some WPT-enabled RFID tags are presented in Chapter 6.
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Chapter 6

WPT-enabled IoT Application

6.1 Introduction

The previous chapter discussed spatial 3D-DC patterns to improve coverage and address
power constraints in WPT applications. In this chapter, WPT-enabled designs for RFID
applications are presented to address power issues with low reading range in WPT systems.
Additionally, new techniques are introduced to design RFID tags for surface tolerance
applications with a compact size and long reading range. The performance of RFID tags
is intrinsically degraded when attached to different dielectric materials due to impedance
mismatching with the tag chip [147]. Therefore, in applications such as liquid inventory,
the tag design process must take into account the permittivity of water [148]. A compact,
long-range, and flexible tag is preferred to easily attach to naturally curved bottles. This
is achieved using an efficient conjugate impedance matching technique to match the tag

antenna impedance with the RFID chip.

6.2 H4D1: A Surface-Tolerant, Robust, Miniaturized and
Long-range WPT System

The schematic model of the presented H4D1 UHF RFID tag antenna for tracking

water-filled bottles in commercial industry applications is shown in Fig. 6.1. Each carton

o
—
b g

1228 m

)) (&) ((

Figure 6.1: Schematic model of the presented H4D1 UHF RFID tag for water bottle
applications in industry.

box in the warehouses is filled with M x N closely packed water bottles, and each bottle
is labeled with an RFID tag. Therefore, a bore-sight radiation pattern is not desired for
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this specific application as the bore-sight affects the tag performance negatively due to
mutual coupling with unlikely read tags. Hence, a bi-directional antenna is required to

overcome the mentioned issue.

6.2.1 Observation and problems in conventional designs

For the evolution of the presented H4D1 design, tags with conventional impedance
matching techniques were investigated and printed on a single-sided polyester substrate (a
label) having €, = 3.2, tand = 0.002, and thickness 0.1 mm with copper ink deposition of
10 microns using commercial electromagnetic software Ansys HFSS. The conventional tags
were simulated over High-Density Poly Ethylene (HDPE) bottle of 1mm thickness [147]
filled with water, as illustrated in Fig. 6.2. This assumed a dielectric constant and

electrical conductivity of water (H20) respectively as ¢, = 81 and o = 0.01 S/m. Their

" RFID tag

HDPE bottle thickness=1 mm Substrate thickness=0.1 mm

Figure 6.2: Simulation layout of the presented H4D1 tag antenna (left) on a container and
(right) on a water bottle.
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Figure 6.3: Current distributions for (a) T-matching, (b) Nested H-shaped slot with water
bottle

corresponding current distributions with water are presented in Fig. 6.3. The results using

T-matching techniques are illustrated in Fig. 6.3 (a), which show non-uniform currents in
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the presence of water. On the other hand, the nested H-shaped slot technique of Fig. 6.3
(b) showed more balanced current distributions with relatively larger dimensions and low
gain. To corroborate this in regard to their input reactance, the immediately outlined
techniques were simulated at 866 MHz, and their corresponding impedances are presented

in Table 6.1. It is noted that the reactance of the T-matching and nested H-shaped slot

Table 6.1: Impedance for the Different Techniques

Techniques With water bottle () | Gain (dBi)
T-Matching 62.17 + j237.50 (12 %) -5.5
Nested H-shaped slot 14 + j120.57 (19 %) -2.1

vary significantly in the presence of water from the chip impedance (Z. = 38.83 + j153.30).
In addition, similar results are obtained from conventional reported T-matching [149, 150]
and nested H-shaped slot designs [151, 152, 153, 148, 154] where the reading range of
the tags was constrained in the presence of water. The T-matching technique reported
a limited bandwidth, and the impedance of the tag antenna varied significantly in the
presence of water. Similarly, the nested slot technique has large size radiators and the
radiation efficiency (7,) of both tags was constrained in the presence of water. The

following problems are observed in the conventional UHF RFID tags:

e The impedance changes significantly in the presence of water, therefore, to design

an efficient tag antenna, it must be impedance tolerant.

e The efficiency is reduced in the presence of water, therefore, an efficient tag antenna

is desired.

Following the immediately mentioned observations, a novel UHF RFID tag antenna is

presented, and its performance in the presence of water is discussed in the next subsection.

6.2.2 Design

The dimensions of the presented H4D1 tag antenna is shown in Fig. 6.4. The tag antenna

I 13mm Balun-like arms \1mm
|« ,_~Parallel dual loops~

d ; Chip

13mm

40mm

Figure 6.4: Dimensions of the presented H4D1 tag antenna.

comprises a radiating element using unbalanced strips made of balun-like arms, and these
arms were wrapped around the tag’s body (the parallel dual-loops) to minimize the overall

size of the tag. The unbalanced strips led to an optimum design with reasonably good
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impedance matching, current density, and long read range. The parallel dual-loops were
used for their relatively good reactive impedance matching on high permittivity (water)
compared to other conventional methods; this is achieved by a widespread magnetic field
(H-field) distribution in the near-field which is less affected in the presence of water. The

design evolution is presented next.

6.2.3 Design evolution

The initial antenna element was designed using the parallel dual-loops to obtain a wider
bandwidth and relatively good impedance matching on high permittivity (water) in the
desired UHF RFID band, as shown in Fig. 6.5. The dual loops were simulated following the

Units: mm

Figure 6.5: Dimensions of the loop antenna.

procedure of Fig. 6.2; an input impedance of (22.12 + j136.69) is obtained. The parametric
analysis for this is reported later Section 6.2.6. To satisfy the second condition, in which
7y is to be improved, the radiating arms (unbalanced strips) of the presented H4D1 tag
antenna were targeted for compactness and, thus, carefully wrapped around the dual-loops
to minimize the adverse effects of the water. This is in contradiction with conventional
approaches where large-size radiators are common.

It is noted that the reactance of the T-matching and nested H-shaped slot vary significantly
in the presence of water, whereas the parallel dual-loops with reactance 136.69 2 offered
relatively good conjugate matching with the chip’s reactance (—154.31 2) when attached
to the water bottle. Furthermore, the 7, of the reported designs was ~ 12 %, whereas the
presented H4D1 tag antenna was 27 % in the presence of water. The folded, unbalanced

strips of balun-like arms wrapped around the parallel dual-loops are presented next.

6.2.4 Effect of Unbalanced Strips

The effect of the unbalanced strips was observed by evaluating the current distributions
shown in Fig. 6.6. The differential mode/common mode (DM/CM) was defined by means
of the current distribution along the tag antenna. Whereas in the dual-loops a DM was
present due to the opposite currents flowing at every point in the loops, in the unbalanced
strips a CM was triggered from currents flowing in an even direction. The effect with the

water bottle, depicted in Fig. 6.6 (a), demonstrated that the currents in the unbalanced
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Figure 6.6: Current distributions (a) with water bottle for d = 7.6 mm (b) d = 6.6 mm
and (c¢) d = 8.6 mm.

strips flowed constructively with the dual-loops. This is because the presented H4D1
tag antenna (unbalanced strips connected to parallel dual-loops) serves as an impedance
transforming balun, enabling a DM current in the dual-loops and a CM in the unbalanced
strips depending on design parameters. To corroborate this, the current distribution of the
tag for various lengths of d (defined in Fig. 6.4) are shown in Fig. 6.6 (a-c), where d defines
the location of the joint between the unbalanced strips and the dual-loops. For d = 6.6
mm, the current magnitude distribution in the dual-loops was non-uniform (Fig. 6.6 (b)),
similarly, for d = 8.6 mm Fig. 6.6 (c), the DM current distribution existed in the dual
loops. However, when d = 7.6 mm (Fig 6.6 (a)), desired current distributions in the
dual-loops and the unbalanced strips were found, corroborating the impedance transformer
balun-like behavior. The following input impedances, 38.83 + j153.30, 36.44 + j154.80,
and 29.62 + j159.76, were observed for d = 6.6 mm, 7.6 mm, and 8.6 mm, respectively,
proving that out-of-phase currents in the unbalanced strips (balun-like arms) affected the

impedance matching of the tag positively.

6.2.5 Simulated Results

The presented H4D1 tag antenna was simulated to evaluate its input impedance Z, =
R, + jXa, gain G.(¢,0), and read range performance by following the procedure of

Fig. 6.2. The read range, d, was calculated theoretically using Friss equation as

A \/ptctw, 0)Gr(¢,0)7 P (6.1)

d=—
47 Pth

where P; is the transmitter power, G is the gain of the transmitter antenna, P, is the

chip sensitivity (—22.5 dBm), and Py, is the polarization mismatch efficiency (P, = 0.5 for
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the circularly polarized transmitter antenna). Here, 7 is the power transmission coefficient

and can be calculated as

4R.R,
=————-0<7<1 6.2
Ze+ ZaP " =" 02

.
where Z, = R, — jX. is the chip impedance. For the conjugate matching, a 1.13 pF
capacitance with a parallel resistance of 0.7 k€2 was assumed for the chip. The impedance
matching between the tag antenna and chip was estimated using (2), and the simulated
input impedance of the presented H4D1 tag antenna with and without a water bottle is

illustrated in Fig. 6.7. Since the antenna was tailored for water applications, it is observed
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Figure 6.7: Impedance of the presented H4D1 tag antenna with and without water bottle.

that the impedance of the presented H4D1 tag antenna (with water) is well matched to
the chip impedance in ETSI and FCC bands. However, this is not the case when the water

is not present. That is a compromised 25 % efficiency.

6.2.6 Parametric analysis

A parametric study of the unbalanced strips was carried out by varying | and p at 866
MHz to maximize the reading range. The thickness of the water bottle was 1 mm, and
the length of [ and p were varied in 1 — 20 mm and 1 — 15 mm range, respectively. The
maximum reading range of ~ 13.33 m is shown in Fig. 6.8 when [ = p = 13 mm, which
corresponds to a simulated gain of 0.2 dBi. Furthermore, the parametric study of the
dual loops (P, and L; in Fig. 5) was conducted to analyze the effects of its dimension
on the impedance matching, results are shown in Table 6.2. The P, and L; were chosen
10 and 37, respectively, based on the impedance matching, since other dimensions exhibit

significant reactance, which fluctuates more during the integration of unbalanced strips.

6.2.7 Effect of bottle thickness

The presented H4D1 tag antenna was attached to HDPE plastic bottles of different
thicknesses (0.3 — 1.5mm) to investigate the impact of bottle thickness on the reading
range. The result indicates a maximum reading range of 14.30 m achieved for 1.5 mm
bottle thickness and a minimum reading range of 10.19 m for 0.3 mm. This is shown in
Table 6.3.
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Figure 6.8: Parametric study of the unbalanced strips at 866MHz for tag on water-filled
HDPE bottle.

Table 6.2: Parametric study of dual loop impedance at 866MHz for tag on
water-filled bottle.

S.N. P Ly Impedance
(mm) | (mm) @
1. 9 36 15.24 + j160.12
2. 9 37 3.34 +j123.01
3. 9 38 31.39 4 j150.09
4. 10 36 24.87 4+ j153.26
5. 10 37 22.12 4 j136.69
6. 10 38 29.31 4+ j160.26
7. 11 36 24.62 + j184.98
8. 12 37 43.87 +j169.47
9. 13 38 49.65 + j185.12

6.2.8 Effect of bottle volume

The presented H4D1 tag antenna was also investigated for bottles of different volumes
filled with water. Table 6.4 shows the effect for the different cases. Although a compromise
performance can be observed for unrealistically small bottle volumes (3. and 4.), more

prominent results are observed for realistic cases (1. and 2.).

6.2.9 Effect of different graded bottle

The presented H4D1 tag antenna performance was also evaluated for bottles made from
various plastic materials HDPE, PET, PVC, Polypropylene (PP), and LDPE. Bottle
thicknesses of 1lmm were considered for this analysis. Table 6.5 shows reasonable
impedance matching results on various plastic materials with only a slight variation in

the reading range.

6.2.10 Performance of the presented H4D1 tag antenna with frequency

Although the presented H4D1 tag antenna was tailored for the 866MHz and 915MHz

frequency bands, Table 6.6 shows its behavior for several frequency bands. A maximum
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Table 6.3: Performance of the presented H4D1 tag on different thicknesses

of the water bottle.

S.N. Bottle- Impedance Gain Reading
thickness (mm) () (dBi) | Range (m)
1. 0.3 82.88 +j233.34 0.2 10.19
2. 0.4 54.80 + j183.40 0.5 12.84
3. 0.5 48.56 + j181.66 0.1 12.39
4. 0.7 45.92 + j162.7 0.3 13.31
5. 1 36.44 + j154.8 0.2 13.33
6. 1.2 46.56 + j155.52 0.1 13.06
7. 1.5 39.93 + j144.13 0.9 14.30

Table 6.4: Performance of the presented H4D1 tag antenna for various water

bottle volumes.

S.N. Volume-water- Impedance Gain Reading
filled bottle (mm?) () (dBi) | Range (m)
1. 120 x 80 x 108.8 36.44 + j154.8 0.2 13.33
2. 200 x 100 x 120 5.71 + j145.88 0 8.79
3. 80 x 50 x 100 1.92 4+ j125.60 | —5.7 2.36
4. 75 % 50 x 50 2.58 4j136.69 | —5.3 3.22

reading range of 13.33 m is achieved in the ETSI band (866MHz) and a read range of 4.22
m in the lower FCC band (902MHz).

6.2.11 Magnetic field distribution and bending tolerance

The magnetic field (H-field) distribution of the presented H4D1 tag antenna was also

simulated and is illustrated in Fig. 6.9. The H-field was observed in a plane 1 mm away
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Figure 6.9: H-field distribution of the presented H4D1 tag antenna.

from the tag. It is apparent from Fig. 6.9 that the H-field intensity is higher within the
dual-loop area. It was witnessed that a large dual-loop led to wide H-field distribution
and that, compared to other conventional methods, significantly improved the read range.
The bending tolerance of the presented H4D1 tag antenna used as a label was evaluated
when affixed on bottles of various shapes.

This tag antenna was placed longitudinal or across the length of the water bottle, as shown

in Fig. 6.10 (a). Naturally, the bending was prominent for the latter. Therefore, the read
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Table 6.5: Performance of the presented H4D1 tag antenna on the different grades of
the water bottle.

S.N. Material Impedance Gain Reading
() (dBi) | Range (m)
1. HDPE 36.44 + j154.8 0.2 13.33
2. PET 46.52 + j165.26 0.6 13.72
3. PVC 38.6 +j159 0.59 13.90
4. Polypropylene (PP) | 33.72 + j138.91 0.5 13.46
5. LDPE 36.81 + j156 0.2 13.32

Table 6.6: Performance of the presented H4D1 tag antenna for in various
frequency standards.

S.N. | Frequency Frequency Impedance Gain Reading
MHz allocated () (dBi) | Range (m)
1. 866 Europe/ India 36.44 + j154.8 0.2 13.33
2. 902 American 1.93 + j137.86 —-1.9 4.22
3. 908.5 Korea 2.79 4 j145.30 —14 5.59
4. 915 FCC/ American | 13.26 + j158.79 0.3 11.92
5. 928 American 41.15 + j186.06 | —2.4 9.11

range for different bendings was simulated using the model depicted in Fig. 6.10 (b), where
the bending radius is denoted as r. Note that r = oo represents a flat surface, whereas
lower values of r represent a higher bending corresponding to water bottles of smaller size.
The simulated read range of the presented H4D1 tag antenna on water bottles of different

r is shown in Table 6.7. A maximum read range of 13.33 m and 5.8 m was found for

Table 6.7: Bending tolerance of the presented H4D1 tag on the water bottle

35
12.43

30
10.3

25
10.1

20
6.8

15
5.8

00
13.33

Radius 7 of bottle (mm)
Read Range (m)

r = oo and r = 15 mm, respectively. Additionally, results revealed that for a typical water
bottle of 50 cl having r = 35 mm, the presented H4D1 tag antenna attained a read range

of 12.43 m, which is an acceptable bending tolerance.

6.2.12 Mutual coupling

Mutual coupling can cause a change in the input impedance of tag antennas, resulting in
significantly reduced power transfer to the chip. Therefore, especially in systems where
several RFID tag antennas must coexist, the mutual coupling should be assessed in order
to validate the design. Fig. 6.11 shows the simulation setup, considers two neighbor models
and evaluates the mutual coupling effect by stimulating both tags simultaneously. The
response is given in Fig. 6.12 and shows a -30dB coupling effect between tags which is

reasonable for stockpiling applications.
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Figure 6.10: The presented H4D1 tag (a) affixed on water bottle (b) bending tolerance
simulation model for different bottle sizes.

Tag antenna -1 Tag antenna -2

Figure 6.11: Simulation of two neighboring presented H4D1 tag antennas.

6.2.13 Fabrication and Measurement

The presented H4D1 tag antenna was fabricated, as shown in Fig. 6.13 (a), by a screen
printing process, which involved a transfer of copper ink onto a single-sided polyester
(typical label of a bottle of water) whose material properties were earlier detailed in
Section 2.1. The tag antenna (used as a label) was then affixed on a water bottle.
The measurement setup is shown in Fig. 6.13 (b), which includes a 9 dBi transmitter
horn antenna fed with an RF signal generator (Agilent Technologies) and a Keysight
N9915A handheld spectrum analyzer (SA) connected to the presented H4D1 tag antenna
for measuring received power. A matching circuit was employed for the experiments when
connected to the Spectrum Analyzer (SA); the associated insertion loss (IL) was accounted
for. The measurement is accurate enough since the SA is a narrow band with a lower noise
floor and better dynamic range, so its sensitivity is better than traditional power meters.
The signal generator was set at 27 dBm, and the received signal strength was measured
using the SA. The measurements were performed for the ETSI (866 MHz) and the FCC
(915 MHz) bands. It was witnessed that the presented H4D1 tag antenna had better signal

strength compared to the literature. The maximum received signal strength reported in the
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Figure 6.12: Mutual coupling between two neighboring presented H4D1 tag antennas.
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Figure 6.13: (a) Fabricated and (b) measurement setup of the presented H4D1 tag antenna.

literature is —50 dBm, compared to the presented H4D1 tag of —19 dBm; both measured
12 m away from the transmitter using the ETSI band. The presented H4D1 tag antenna
was affixed to the water bottle for realistic measurements and moved carefully closer to
the transmitter until a minimum of —19 dBm at 866 MHz and —20 dBm at 915 MHz was
attained, which led to a read range of 12.28 m and 11.13 m for the ETSI and FCC bands

respectively.

6.2.14 Impedance Measurement

A two-port S-parameter approach [155] is used to calculate the input impedance of the
tag antenna, which transforms the S-parameter into Z-parameters. The tag antenna
is regarded as a two-port network in this approach, and the differential impedance is
calculated using (3). Two semi-rigid coaxial cables and a Keysight PNA-L were required

to perform the S-parameter measurements.

7 - 2 Zop(1 — S11592) + (S125921) — S12 — Sa1
¢ (1 —=511)(1 = Sz2) — S12521

(6.3)

The Vector Network Analyser (VNA) was carefully calibrated to obtain accurate
S-parameters, and the effects of the semi-rigid coaxial cables were compensated using
the port extension technique. The measured and simulated impedance of the presented
H4D1 tag antenna with a water bottle at 866 MHz and 915 MHz are listed in Table 6.8.

The theoretical chip impedance 35.58 — j154.31 (2 at 866 MHz and 32.28 — j146.83 (2 at
915MHz, is also provided for reference. The simulated and measured findings indicate
similar trends, however, certain inconsistencies between the simulated and measured

results were due to the manufacturing tolerances and some variation in water and HDPE
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Table 6.8: Measured and Simulated impedance of the presented H4D1 tag antenna.

Frequency (MHz) Measured Simulated

866 23.17+j137.03 Q 36.44 + j154.8 Q
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Figure 6.14: Measurement setup of the presented H4D1 tag antenna with water bottle.
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Figure 6.15: (a) Simulated and (b) measured radiation patterns of the presented H4D1
tag on water-filled HDPE bottle.
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Figure 6.16: (a) Simulated and (b) measured read range patterns of the presented H4D1
tag on water-filled HDPE bottle.

bottle properties, which led to a slight deviation of the measured input impedance of the

fabricated tag antenna from simulations.

89



Chapter 6. WPT-enabled IoT Application

6.2.15 Radiation Pattern Measurement

The radiation patterns of the presented H4D1 tag antenna (with water bottle) were
measured in an anechoic chamber, Fig. 6.14, and the results shown in Fig. 6.15. The
bidirectional patterns, more apparent at 866 MHz, are perceived as positive for bottling
lines applications where a reduction of the mutual coupling [156] among tagged water
bottles in closely stacked or piled packing is expected in the bottled water industry. The
maximum measured gain of the presented H4D1 tag antenna (with water bottle) was 0.05
dBi and —0.6 dBi at 866 MHz and 915 MHz, respectively. Although the presented H4D1
tag antenna was specifically designed for the 866 MHz band, results are shown additionally
at 915 MHz to demonstrate its performance in the FCC band. Further, the reading range
of the presented H4D1 tag antenna measured at various angles (0° to 360°) was evaluated
and is presented in Fig. 6.16. The simulated result is also included in the figure and
show reasonable agreement between both, Fig. 6.16 (a) and (b). Because the read range
patterns are more bidirectional like, this is attractive for water inventory in industrial
applications such as a conveyor belt and stockpiling where mutual coupling minimal effect
(0° and 180°) is preferred.

6.3 Various other robust, flexible, biodegradable
WPT-enabled IoT tags

A WPT-enabled ultra-high frequency (UHF) RFID tag antenna using nonuniform
meandered lines for the textile industry is presented in Fig. 6.16 (a). The presented
WPT-enabled UHF RFID tag antenna offers relatively low cost, wideband, compactness,
and good conjugate matching in the presence of its robust housing with a good dipole-like
read range. Results show an antenna with a wide bandwidth of 900 MHz and a long
read range of 10.2 m, making it a potential candidate for retail garments in the textile
industry. However, the presented tag antenna is designed on FR4 substrate, which is
not easily attached to textiles. Therefore, a fully bendable UHF RFID tag antenna
is presented in Fig. 6.16(b), which can be easily attached to clothing using adhesive.
This is aimed at being embedded in retail garments for long-life cycles. Moreover, the
presented bendable UHF RFID tag antenna results show a wide bandwidth of 900 MHz
and a long read range of 10.1 m, making it a potential candidate for retail garments in
bendable applications of the textile industry. Moreover, the presented bendable cloth
tag antenna is designed on polyamide material, which is not biodegradable. Therefore,
a biodegradable and cost-effective passive UHF RFID tag antenna for short-life cycle
IoT applications is presented in Fig. 6.16 (c). The biodegradability and cost-effectivity
are given by inking bioresorbable copper-based paint on a bioresorbable cellulose-based
substrate. Results showed 130MHz bandwidth and a long read range of 10.2m-12.7m when
attached to several host objects of materials typically encountered in IoT applications.
Hence, reasonably to be regarded as multi-platform tolerant. Further, to enhance the
reading range, WPT-enabled RFID tags are designed at 5.8 GHz, shown in Fig. 6.16 (d).
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Figure 6.17: Various WPT-enabled IoT tags.

This RFID tag antenna is designed with multi-band features, making them suitable for
various upper and lower wifi band applications. This RFID tag is designed with a compact
Vivaldi-like antenna with a completely modified ground plane. These WPT-enabled RFID
tags harvest more RF waves and provides to chip for one bit data transmission with long

reading range.

6.4 Summary

In this chapter, WPT-enabled RFID tag antennas are evaluated for multi-platform
applications. The reported tag antenna performance is degraded when attached to
different dielectric materials. To address this issue, two techniques are followed in this
chapter. Dual loops with folded lines and non-uniform meander line techniques. The
non-uniform meander line technique is designed for low-dielectric materials, whereas
the folded loop technique is designed explicitly for high-dielectric materials. The
measured results showed that, presented RFID tag antenna harvest more RF power and

re-transmitted to long distance.
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Chapter 7

Conclusion and Future Works

7.1 Conclusion

In conclusion, this thesis aimed to design efficient wireless power transfer (WPT) rectennas
to harvest maximum DC power and improve power conversion efficiency (PCE). The
literature survey of the state-of-the-art rectennas is discussed in Chapter 1. The
background design theory and basic fundamentals of the WPT rectenna are discussed
in Chapter 2. The literature designs are found to suffer from low PCE in the WPT
systems due to various design problems. Therefore, the authors made four significant
contributions to wireless power transfer in this thesis, which are outlined in the following

sub-sections:

7.1.1 Chapter 2

Chapter 2 presented a rectenna system utilizing a conventional patch antenna. The chapter
also introduced a radial stub-enabled matching network and a higher-order low-pass filter.
In addition, combining techniques for rectenna arrays are introduced to mitigate angular

misalignment, providing an optimal method for mitigating this issue.

7.1.2 Chapter 3

Chapter 3 presented an analytical framework to mitigate angular misalignment by
imposing specific conditions on the DC power pattern. Based on this framework, three
antennas with omnidirectional capabilities in the azimuth plane are developed to improve
PCE. The first two designs offer 3D geometries, which have limited applications. A
dual-purpose WPT system with orientation estimation capabilities is designed to address
this issue. The simulation and measurement results corroborate with each other at 5.8
GHz.

7.1.3 Chapter 4

Chapter 4 presented two novel fully integrated planar multi-sector rectenna arrays designed
to achieve nearly uniform 3D spherical DC coverage. To achieve orientation-insensitive
azimuth and elevation plane coverage, the first antenna utilizes six boresight and endfire
antennas with inherent DC combining. Additionally, direct conjugate matching of
the antenna and rectifier circuit with integrated operation is applied to realize a fully
integrated design. This reduces insertion losses and achieves the desired 3D coverage

and miniaturization, making it suitable for deployment at space-constrained IoT sensor
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nodes for orientation-oblivious wireless powering. The second antenna design also achieves
orientation-insensitive azimuth and elevation plane coverage. This presented rectenna
features eight radially arranged end-fire (EFR) elements and a bore-sight (BSR) element
with multi-arms for inherent DC combining, utilized at the center with orthogonally
polarized ports. Further, direct conjugate matching of the antenna and rectifier circuit

with integrated operation is applied to realize a fully integrated design.

7.1.4 Chapter 5

Chapter 5 presented a multi-cell linear, boxed, and combined stacking for a scalable
plug-in-type WPT system at 5.8 GHz. The presented design scheme enables dynamic
power harvesting and polarization-insensitive operation. A novel end-fire integrated
miniaturized plug-in-type rectenna element is presented to achieve scalable design features
in WPT systems. The scalable approach mitigates the need to design different rectenna
modules as the energy requirement or orientation of the sensor nodes changes in an IoT
application, resulting in a low-cost system. The experimental results validate the claims
regarding the advantages of the presented scalable design feature with the presented

plug-and-play rectenna element.

7.1.5 Chapter 6

Chapter 6 presented the WPT-enabled RFID tag antennas to achieve wireless operations,
which include cloth inventory, biodegradability, and water inventory applications.
Moreover, the presented IoT antennas offer long-distance wireless operation, which makes
them suitable for IoT applications. The long reading range is achieved by developing
two new techniques, non-uniform meander lines for low dielectric materials, i.e., wood,
glass, plastic, and rubber, and the dual loops technique is investigated for high-dielectric
materials, which include water, alcohol, and fruit juices. The results show that the
presented WPT-enabled RFID antennas harvest more power efficiently, and the DC chip

retransmits one-bit data to the user at a longer distance.

7.2 Future work

The generalized rectenna systems have a large footprint, which makes them unsuitable for

IoT applications. Future work can be carried out in the following areas:

e The WPT system should be compact, with high power harvesting capabilities. This
can be achieved by employing new schemes in designing compact high-gain, wideband
and multi-polarized antennas. Furthermore, the performance of the WPT system
can be improved by introducing advanced Schottky diodes, which have low circuit

losses and efficiently rectify RF power.

e The performance of the WPT system can be improved by increasing the surface area

of the rectennas. This can be achieved by utilizing reversible rectennas.
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e The literature work and presented WPT system lack a complete integrated system,
which includes power management circuits and DC-DC converters. The harvested
power must be stored in an integrated supercapacitor or battery for later use.
Moreover, fully integrated sensor nodes are desirable which can harvest RF power
as per their requirement and retransmit undesired RF power to increase reflections

at the adjacent or power-hungry nodes to fulfill their needs.
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