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ABSTRACT OF THE DISSERTATION
OPTIMIZATION OF WIRELESS POWER TRANSFER VIA MAGNETIC
RESONANCE IN DIFFERENT MEDIA
by
Olutola Jonah
Florida International University, 2013
Miami, Florida
Professor Stavros. V. Georgakopoulos, Major Professor
A wide range of non-destructive testing (NDT) methods for the monitoring the
health of concrete structure has been studied for several years. The recent rapid evolution
of wireless sensor network (WSN) technologies has resulted in the development of
sensing elements that can be embedded in concrete, to monitor the health of infrastructure,
collect and report valuable related data. The monitoring system can potentially decrease
the high installation time and reduce maintenance cost associated with wired monitoring
systems. The monitoring sensors need to operate for a long period of time, but sensors
batteries have a finite life span. Hence, novel wireless powering methods must be devised.
The optimization of wireless power transfer via Strongly Coupled Magnetic
Resonance (SCMR) to sensors embedded in concrete is studied here. First, we
analytically derive the optimal geometric parameters for transmission of power in the air.
This specifically leads to the identification of the local and global optimization
parameters and conditions, it was validated through electromagnetic simulations. Second,
the optimum conditions were employed in the model for propagation of energy through

plain and reinforced concrete at different humidity conditions, and frequencies with

Vi



extended Debye's model. This analysis leads to the conclusion that SCMR can be used to
efficiently power sensors in plain and reinforced concrete at different humidity levels and
depth, also validated through electromagnetic simulations.

The optimization of wireless power transmission via SMCR to Wearable and
Implantable Medical Device (WIMD) are also explored. The optimum conditions from
the analytics were used in the model for propagation of energy through different human
tissues. This analysis shows that SCMR can be used to efficiently transfer power to
sensors in human tissue without overheating through electromagnetic simulations, as
excessive power might result in overheating of the tissue.

Standard SCMR is sensitive to misalignment; both 2-loops and 3-loops SCMR
with misalignment-insensitive performances are presented. The power transfer
efficiencies above 50% was achieved over the complete misalignment range of 0°-90°
and dramatically better than typical SCMR with efficiencies less than 10% in extreme

misalignment topologies.
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CHAPTER 1
INTRODUCTION

1.1 Problem Statement

A variety of non-destructive techniques (NDT) have been studied for many
decades. Specifically, NDT methods, which are based on wireless solutions, have also
been deployed on a wide range of applications. The three popular wireless powering
techniques, which have been previously proposed and used for non-homogenous
interface are: (a) inductive coupling, (b) Strongly Coupled magnetic resonance (SCMR)
and (c) electromagnetic radiation. Recently, SCMR has become the subject of research
work in the context of homogenous and non-homogenous interfaces. This increased
interest in SCMR stems from its higher wireless powering efficiency compared to the
other two methods and its ability to transfer larger amounts of power safely in the mid-
range. Some possible important applications of SCMR include Structural Health
Monitoring (SHM) of concrete structures and Wearable and Implantable Medical Devices
(WIMD). In concrete, recent scientific developments in sensors, microelectronics, and
wireless communications systems coupled with several incidents of large structures
(buildings, bridges, dams and airport infrastructures) collapsing without prior warning
and resulting in substantial financial and great human loss of life, prompted the need for
continuous SHM. Real-time SHM systems can locate potential defects and provide
crucial warnings, that will allow engineers to intervene and correct dangerous structural
problems on time. SHM systems rely on sensors that can assess and report certain
physical parameters, such as temperature, force, displacement, stress, humidity [1].

Unfortunately, traditional SHM systems use wired sensors that are linked by wires to a



central station, which power the sensors and retrieve their data. The installation of wired
SHM systems is expensive and time consuming. The installation of wires costs up to 25%
of the total system cost and take approximately 75% of the installation time [2]. In
addition, if some of the wires linked to the sensors are corroded, then these sensors
become useless. Hence, novel technologies and methods need to be developed for
monitoring the health of structures with minimum installation costs and with reliable
performance.

SHM systems based on wireless embedded sensors have many advantages. They
can be used to power sensors wirelessly, as well as retrieve the required data. SHM
technologies can also be used during construction to update contractors and inspectors of
vital information about the structure. In addition, wireless SHM systems allows industry
and government to collect data for future construction planning, management and
performance benchmarking. Hence, the development of new wireless SHM methods for
construction monitoring, will provide significant benefits including reliability and cost
minimization.

Wireless sensors have great potential for providing novel SHM systems. However,
one of the main challenges of wireless SHM systems involves the supply of power to the
embedded sensors. Traditionally, batteries can be used to power wireless sensor; however,
batteries have limited lifespan. Also, the battery replacement is difficult if the sensors are
embedded inside concrete structures. Hence, in order to enable a long life of the wireless
sensors, novel wireless powering solutions, that can charge the rechargeable batteries of
the sensors in a wireless manner are needed. Most WPT systems have been developed for

transmission in the air and do not have the same performance in air-to-concrete



transmission. Hence, the air-to-concrete transmission must be rigorously analyzed and
studied in order to develop efficient and economical WPT systems.

Also, in biomedical applications, implantable medical devices (IMDs) are
becoming very important as they can support artificial functions thereby saving and
extending lives. IMDs can monitor, stimulate and regulate vital internal organs, and
transmit to an external system detailed information about the state of health of the
particular organs. IMDs have found applications in a wide range of areas, including
pacemakers, physiological monitoring devices, pain relief devices, drug infusion pumps,
cochlear hearing implants, functional electrical stimulators (FES), ventricular assist
devices (VAD), artificial hearts, bladder-pressure monitoring devices and neuro-

stimulators.

The power requirements of IMDs depend on the need of each application, and the
typical range is from microwatts to milliwatts. Conventional operation of most IMDs
relies heavily on continuous power supply from (rechargeable) batteries, which limits their
applications due to their sizes and lifespan. A promising solution for this limitation is the
utilization of WPT methods, which can eliminate transcutaneous wiring, and the
replacement of device batteries. When developing WPT systems for IMDs, the power
level is stringently restricted. This happens because too little power will result in
malfunction of the IMDs, while excessive power might cause overheating of the tissue and
resulting in significant tissue damage. Infact, power restrictions of IMDs require designs
of low power transmitters with high power transmission efficiency as specified by the
Federal Communications Commission (FCC). In addition, Wearable Medical Devices

(WMD) have an increasing number of applications, WMDs are used to monitor the health



status of elderly patients or patients receiving medical care at their house, which can
reduce health care cost and improve the comfort of patients. WMDs can also be used for
tracking human body movements to allow health care providers to classify and analyze a

stroke patient’s progress over a period of time.

Therefore, the tasks of wireless SHM and WIMD applications can be classified into the
following two groups. The first group involves monitoring based on data that can be
received from sensors that are placed or mounted on the surface of structures and human
bodies; in such cases, the sensors in concrete can read surface: temperature, vibration,
displacement, and sensors on the body can read: surface temperature, blood oxygen
saturation, pulse rate and blood pressure. The second group involves monitoring based on
data collected from: (a) sensors embedded in concrete that can read volumetric data, such
as temperature, pH, strain, reinforced bar corrosion, cracks, pressure, and (b) sensors
embedded in the human body that monitor vital signs and functionality of organs. It
should be noted that the volumetric data from embedded sensors can depict the health
more accurately. Therefore, wireless embedded sensors are more suitable in many

applications than surface sensors.

1.2 Research Objectives
The rigorous investigation of wireless power transfer systems in sensors
embedded in different media (such as concrete and tissue) will lead to the development of

novel and efficient non-invasive solutions in terms of cost and performance. Our research



will concentrate on the development of novel WPT system for non-homogenous interface

power transmission. Specifically, the following research tasks will be performed:

(i) Derive the optimal conditions for optimal transmission of power in homogeneous

and non-homogeneous media.

(i)) Develop highly efficient WPT systems for air-to-concrete power transmission in
plain and reinforced concrete.

(iii) Develop highly efficient WPT systems for air-to-human tissue power transmission.

(iv) Develop novel RFID systems that can simultaneously transfer power and data
using highly efficient WPT methods.

(v) Develop novel misalignment insensitive and highly efficient WPT.

This work is expected to have significant impact to applications that strongly rely
on noninvasive or non-destructive testing of concrete volumetric characteristics using
wireless embedded sensors. Some of the applications include the following in concrete:
(a) monitoring of temperature and humidity level (moisture) of the concrete structure, (b)
collecting real-time data, such as, loads on concrete pavements, stress and displacement.
In addition, our work will impact the following biomedical applications: (a) monitoring,
stimulation and regulation of various vital internal organs, (b) bio-monitoring and bio

sensing.

1.3 Methodology
This dissertation uses the Strongly Coupled Magnetic Resonance (SCMR) method

to efficiently and wirelessly power sensors embedded in different media (such as,



concrete and tissue). This work demonstrates that rigorous analysis of the air-to-concrete
and air-tissue interface is critical for identifying the optimum conditions for efficient
WPT.

In this research, analytical and computational methods are used to develop and
design highly efficient SCMR systems in various media. In concrete, the extended Debye
model is used, the model is frequency dependent. This models the properties of the
concrete more accurately than fixed permittivity models. The Debye model that is used
here is available for six different humidity levels. Also, the effects of reinforced bars on
SCMR WPT systems are analyzed. Our results are validated by comparison of simulation
with measurements.

Analytical formulations in conjunction with simulation software are also used in
our analysis. Our simulations are performed using full-wave simulation software, such as,

MATLAB, Mathematica, Ansoft HFSS and Ansoft Designer with Nexxim.

1.4 Dissertation Outline

The chapters are arranged in the following order. Chapter 2 surveys the related
previous work in the field. In Chapter 3, analytical models for optimal WPT are
formulated and derived. Chapter 4 develops optimal WPT systems for plain and
reinforced concrete using loops, helices and spiral structures. Different rebar
configurations, concrete humidity levels and placement depths are also considered. In
Chapter 5, optimal WPT system for Wearable and Implantable Medical Devices (WIMD)
are developed. The Specific Absorption Rate (SAR), of our systems is compared to SAR

of the traditional WPT systems. In Chapter 6, novel RFID systems that simultaneously



transfer power and data through wireless channels are developed using SCMR. In
Chapter 7, misalignment insensitive and highly efficient WPT systems are developed.
Chapter 8 summarizes the conclusions of this research and identifies future research

directions.



CHAPTER 2
RELATED WORK
This chapter performs the literature review of previous related work. Initially, an
introduction to different wireless power transfer methods in air is presented. This is
followed by a discussion of Structural Health Monitoring (SHM) in concrete including
SHM wireless sensor networks with different power transfer methods. In addition, an
introduction to Wearable or Implantable Medical Devices (WIMD) is presented, and it is

followed by a review of different power transfer methods for biomedical applications.

2.1 Wireless Power Transfer in Air

2.1.1 Inductive Coupling

Inductive coupling has been used for several decades for WPT to two or more
devices in the air. An inductive coupled power transmission system consists of two coils
that are referred to as the primary and secondary coils. An overview of near field UHF
RFID was presented in [3] that discusses the advantages and disadvantages of near- and
far-field coupling in RFID applications. A misalignment analysis for loop antenna, which
are inductively coupled, was presented in [4], which also compares the power transfer
between different coil structures, such as short solenoids, with air or ferromagnetic core,
planar and printed spirals. This paper also shows the maximum degree of misalignment
permissible in a given application. In recent years, there has been significant interest in
the development of wireless charging platforms for electric automobiles. A system that

can recharge electric automobiles overnight was developed in [5]. This paper showed a



system that delivered 2 kW using 700 mm diameter pad at a 200 mm distance. A
contactless power system with a combination of inductive coupling technique and power
electronics was developed in [6] to eliminate the risk of electric shock and short circuit.
This paper also derived the optimal geometrical and electrical parameters for energy

transmission using combination of finite element and theoretical analysis.

2.1.2 Electromagnetic Radiation
Wireless power transfer in the far-field has been performed for several decades. In
1888, Heinrich hertz transferred power via electromagnetic radiation [7]. The optimum
setup for maximum power transfer between two spherical antennas was presented in [8].
In addition, the use of low-earth-orbit for the transmission of transfer power between two
satellites was investigated in [9], with each satellite having a 20 m diameter antenna and

30 m rectenna with an operating range of 5-10 km.

2.1.3 Strongly Coupled Magnetic Resonance (SCMR)

Strong resonant coupling employs strongly coupled magnetic elements to transmit
power wirelessly and efficiently over a mid-range distance [10], where the adverse
effects of the low coupling coefficient between two coils traditionally used for inductive
coupling are compensated by the high-quality factor of the four-coil system to achieve
higher efficiency. The strongly coupled magnetic resonance (SCMR) method is a novel
non-radiative wireless mid-range power transfer method (10 — 300 cm) that has been
recently developed [11]. The SCMR method achieved 40% wireless power transfer

efficiency in air at a distance of 2 m with a single receiver element. Subsequently, this



technique was extended to power multiple devices simultaneously in the air, and 60%
efficiency was achieved at a distance of 2 m [12]. In addition, SCMR provides
efficiencies much greater than the efficiencies of conventional resonant and non-resonant
inductive coupling [13].

In [14] a three-coil multiband system was embedded in a ferromagnetic material
and achieved a combined energy and data transmission with multiple receivers. Wireless
power transfer system was analyzed in [15] with band-pass filter models. The paper also
described a methodology for multi-receiver system using band-pass filter models and
impedance matching networks to support multiple loads. The physical limitations of
WPT between two electrically small devices was presented in [16], where the maximum
power transfer efficiency and the optimum load impedance were described as a function
of the distance between the two devices. A high power SCMR system was presented in
[17] with high Q-factor spiral coils that delivered 3 kW power across 30 cm air gap with
approximately 95% efficiency.

A main disadvantage of conventional SCMR systems is that they are highly
sensitive to the alignment between transmitter and receiver. An optimization technique
for improving the efficiency of SCMR systems under lateral misalignment was presented
in [18]. Specifically, 48.4% efficiency was achieved by using an adaptive matching
network. However, [18] did not provide any solution for angular misalignment.
Analytical formulations for the power transfer efficiencies of loosely coupled inductive
links under lateral and angular coil misalignment were presented in [19]. However, no
solutions that address the effects of misalignment were discussed in [19]. The effects of

changing the coil separation distance as well as the lateral and angular alignment,
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between transmitter and receiver in resonant coupling system were also examined. In
addition, the ability to transfer power and data was demonstrated via resonant coupling
systems in [20]. Furthermore, the effects of misalignment on the efficiency of resonant
and inductively coupled RFID systems were examined using analytical formulations and
FEM simulations in [21].

SCMR’s radial and angular misalignment sensitivity were examined by [22], [23]
respectively. Only [23], attempted to correct SCMR’s angular misalignment sensitivity
by using tuning circuits, which were not able to maintain high efficiency above 60° of
misalignment. In addition, tuning circuits add to the complexity of SCMR RX systems
and they cannot compensate for large angular and radial misalignments, as they cannot
recover the lost flux density between TX and RX. However, tuning circuits can be useful
for compensating the effects of variable axial distance between TX and RX [24]. These
papers have examined the effects of both lateral and angular misalignment of SCMR
systems. However, no solutions have been proposed to address the sensitivity of SCMR

systems to lateral, angular and test the performance isotropy of such systems.

2.2 Structural Health Monitoring (SHM)

The process of SHM necessitates the observation of a structure over a period of
time for the identification of damages before a failure. It can be done repeatedly at
specific times with spaced measurements to extract damage-related parameters and
implement a statistical analysis of the damage-related features [25]. In [26] an adaptive
learning method is presented, where stochastic models continuously evolve with the time-

varying environment and Dirichlet process models are used to self-adapt to the structure
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from the data collected. In concrete structures, a variety of methods has been employed to
perform the measurements and acquire damage-related data. Acoustic transducers were
used in [2], to determine the corrosion of reinforced concrete structures. A wireless
sensor network for SHM was designed in [27] using commercially available sensors to
measure and  extract the  vibration characteristics of  bridges  with
distributed processing algorithms for early damage discovery and estimation. Vehicles
with ground penetrating radar (GPR) were employed in [28] to implement the non-
destructive testing of bridge decks. Optical sensors were also used in [29], [30] for
monitoring reinforced concrete structures. These systems can measure various quantities
such as strain, temperature, moisture, and rebar corrosion. The first stage of the SHM
process is sensing followed by data collection [34-36].

Extraction is the process of locating damage and fatigue area of structures after
the measurement and data retrieval process. The measured data are then combined to
generate their statistical distribution that will lead to the identification of possible
structural damages and/or weakness. Principal component analysis was used in [34] to
reduce the amount of data collected from several measurement points on a bridge column.
Wavelet transforms as a time-frequency analysis method was applied in [35], [36] to find
the damage location in different structures. The extraction process transforms the
measured data into damage-related information, which leads to the regression analysis.

Statistical analysis is used to categorize the extracted data distributions into
damaged or not damaged groups. This can be done by using either of the following
methods: (a) supervised learning, and (b) unsupervised learning [37]. Supervised learning

includes neural network methods [38], genetic algorithms [39], or support vector machine
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methods [40]. Unsupervised learning includes control chart analysis [15] and hypothesis
testing [41], which can be used for high-level detection, such as damage, identification
and classification.

Hence, the three stages of SHM enable decision making concerning structural and
operational maintenance, thereby potentially saving lives, protecting investments and
supporting the vitality of our economy [42], [43]. Novel SHM systems that can reduce
the installation cost and complexity are needed to ensure efficient implementation of such
systems. Wireless sensor networks are very suitable for such SHM systems and will be

discussed in what follows [44].

2.2.1 Wireless Sensor Networks

Wireless sensor networks (WSNs) methods have been implemented in a wide
range of applications [45], including biomedical monitoring [46], home surveillance [47],
battlefield surveillance [48]. In addition, WSNs have been used and embedded in various
media for monitoring purposes. Underwater sensor networks were used in oil-rig
maintenance and underwater environment observations for exploration purposes in [49].
Sensors with microstrip antennas were proposed in [50] for simultaneous detection of
moisture of soil and communication for agricultural research purposes, and antennas were
implanted in the human body to monitor several biomedical parameters and health signals

in [51].
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Wireless monitoring systems can be classified into two groups [52]: (a) systems
with surface-mounted wireless sensors, and (b) system with wireless embedded sensors

[53]. Some of the advantages of WSNs are the followings:

(1) They can significantly reduce the deployment time and lower costs since wired

connections are not required.

(i) They can use wireless embedded sensors that enable monitoring process
throughout the construction period, thereby enhancing the quality of the

construction.

(iii) They can utilize sensors that can perform monitoring without disturbing the

normal operation of the construction process.

(iv) They can be also be miniaturized in size by using compact and inexpensive

sensors such as, micro-electro-mechanical systems (MEMS).

(v) They can use wireless embedded sensors that read volumetric data inside concrete

thereby providing more accurate measurement results.

2.2.2 Wireless Power Transmission for SHM

Even though wireless sensor technologies are very suitable for SHM applications,
they also have some major challenges including limited lifetime. WPT can address this
issue by either charging the batteries of wireless sensors or by combining powering and
communication through the same channel, thereby eliminating batteries altogether.

Typical traditional wireless sensors are powered by small batteries, that can supply
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enough power for approximately 2 years with sleeping mode and energy-aware routing
algorithms [54]. However, wireless sensors for SHM are required to operate up to 50
years or more, and throughout the lifespan of the structures. The process of replacing the
batteries of the embedded wireless sensors is labor intensive and time consuming if not
impossible. In order to ensure the long lifespan of embedded wireless sensors, novel
wireless powering methods must be developed to efficiently charge sensor batteries.

Wireless powering of sensors can be done by one of the following approaches: (a)
power is scavenged from contiguous energy sources, and (b) power is received from
power sources via a WPT system. For example, power was scavenged from solar energy
to charge a sensor less than 16 mm® in [55], and thermal energy was converted to
electrical energy by a thermo-electric generator to power micro-sensors in [56]. Thermal
gradients were also converted by thermocouples to generate electrical power of
approximately 2 microwatt in [57] in order to operate a small preamplifier and sensor
control system. Power from human heel-strike energy was converted to electrical energy
through a flexible piezoelectric foil maintained on a shoe to charge wearable
microelectronic devices in [58]. Furthermore, radio frequency waves at 2.45 GHz were
harvested by a rectangular stacked patch array to charge a sensor in [59].

In addition, different WPT methods have been proposed. Inductive coupling was
employed in [60] to charge and communicate with RFID tags. SCMR was used in [61] to
perform power transmission in mid-range. Electromagnetic radiation was used to charge
RFID tags in [62]. Traditionally, these WPT methods have been applied to air-to-air
WPT. However, in many practical applications sensors are buried inside dispersive and

lossy media, such as, concrete and human tissue. In order to design optimal WPT
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methods for non-homogenous power transmission, various considerations must be taken
into account, such as material properties, size and the penetration of EM waves from one
medium to another. In what follows, a more detailed literature review is performed for

each WPT method mentioned.

2.2.3 Inductive Coupling

Inductive coupling has often been used in RFID, telemetry, myriad of biomedical
[63] and several industrial applications [64] for decades. Inductive coupling was
employed in [65] to charge SHM sensors embedded in concrete, where the reader coil
was connected to a power source outside the concrete, and it was used for both powering
and interrogating the embedded sensor through the magnetic coupling between the reader
coil and receiving coils. A novel WSN architecture for SHM was presented in [66], and
the system was based on the adoption of contactless sensors that rely on resonant
coupling to sense the displacements and communicate. Passive inductive coupling

systems can simultaneously perform wireless, power transmission and communication.

224 Electromagnetic Radiation
Electromagnetic radiation can be used to wirelessly transfer power by unitizing

antennas. A 14.5 dB Yagi antenna transmitted 1 W power at 2.5 GHz to a 19 dB patch
antenna at a distance of 2 m away, to deliver power to sensors mounted on the surface of
the Alamosa Canyon Bridge [67]. In addition, a stacked patch antenna with 75.8% WPT

for efficiency was used to power embedded sensors experiments on the Alamosa Canyon
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Bridge in 2007 [68], and the sensor node could be charged to 3.6 V in 27 s when the
power source was 1 W and a distance of 1.2 m. Furthermore, a DC-to-AC converter was
designed to operate at 5.7 GHz for WPT for sensors embedded in concrete [69]. Both dry
and wet concrete with different thicknesses and air-gaps were studied, and 10.37 mW
was received at 0.6 m for an input power of 7 W. A microstrip antenna operating at 2.45
GHz was embedded in concrete for SHM in [70], and the performance was dependent on
the concrete dielectric constant and loss tangent. Also, in [71] dipole and PIFA antennas
operating at 915 MHz were embedded inside a concrete platform.

Even though several electromagnetic radiation WPT systems have been proposed,
they all exhibit very low efficiencies thereby wasting a significant amount of power and
limiting the maximum power that can be transmitted while satisfying the pertinent RF

safety standards.

2.3 Wearable and Implantable Medical Devices (WIMD)

Wearable and Implantable Medical Devices (WIMD) are gaining prominence and
are expected to play a significant role in saving and extending human lives, due to their
ability to monitor, stimulate and regulate vital internal organs, and also communicate
with an external host about the state of health of the these internal organs. They have
been applied in a wide range of areas, including pacemakers, physiological monitoring
devices, pain relief devices, drug infusion pumps, cochlear hearing implants, functional
electrical stimulators (FES), left ventricular assist devices (LVAD) [72], artificial hearts,

bladder-pressure monitoring devices [73], and Neuro-stimulators [74].
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The power requirement of WIMDs depends on the specific application, and the
typical range is from microwatts [75] to milliwatts [76]. Conventional operation of most
WIMDs relies heavily on continuous power supply from batteries, which, however, limit
the range applications due to the size and/or lifetime. A promising solution for this
limitation is the use of WPT systems that can avoid transcutaneous wiring and the
replacement of batteries. When developing WPT systems for WIMDs, the power levels
are strictly regulated. Too little power can lead to malfunction of the device, while extra
power can cause excessive heat or damage in the surrounding tissues [77]. This power
restriction requires the design of low power transmitters that can wirelessly transfer
power with high efficiency [78]. Three WPT methods are reviewed below in the context

of air-to-tissue transmission.

2.3.1 Inductive Coupling

Inductive coupling was first used to charge an artificial heart in 1961 and since
then has been commonly used for wireless charging of IMDs. An inductive coupled
power transmission system consists of two coils that are referred to as primary and
secondary coils. The efficiency of the system is closely related to the quality factor of
coils, and depends on the size, geometry, physical spacing, relative location and
surrounding material [79]. A dual band telemetry for a retinal prosthetic device is
proposed in [80], [81] to ensure both the power transmission efficiency and higher data
rate. The optimization of WPT through inductive links along with their sensitivity is
studied in [82]. An inductive WPT system for endoscope micro-robot was proposed in

[83]. Optimal printed spiral coils were presented in [84], [85] to provide maximum WPT
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efficiency. Numerical methods that can be used for the design of coupled coils for single

and bi-directional communication links via electromagnetic energy transfer at low

frequencies in homogenous and non-homogenous media were presented in [86].

2.3.2 Strongly Coupled Magnetic Resonance (SCMR)

The SCMR method was extended to in-vitro and in-vivo experiments in [87]. In

addition, the SCMR method was optimized for biomedical implant applications in [60]. A

comparison of the performance of two-coil inductive coupling methods with SCMR is

performed in Table 2-1.

Table 2-1. Comparison of inductive coupling and SCMR

Reference Dimension (1, rs) (mm) Freq. (MHz) Efficiency Distance (d (mm),d/r,,)

[79] (15,15) 4.5 54% (10, 0.67)
[80] (8.5, 6) 1.0 30% (7, 0.98)
[81] (30, 10) 0.7 36% (30, 1.73)
[82] (26, 5) 6.78 22% (15,1.73)
[83] (12, 12) 2.0 40% (12, 1)

[84] (35, 10) 5.0 30% (20, 1.07)
[78] (32, 10) 0.7 82% (20, 1.07)

1, and ry are the radius of primary and secondary coils, while r,, is the geometric mean of

rp and ry.

In addition, an SCMR system for wireless power transfer to small biomedical

implantable was presented in [88], it also examined axial and angular misalignments at

15 mm axial distance and misalignments angle of 50°. A miniaturized SCMR system

operating at 6.78 MHz integrated with a Medical Implant Communication Service (MICS)

antenna and system operating in the 402-405 MHz band was presented in [89]. The

SCMR system was used for WPT and the MICS system was used for the data

communication. This system achieved a WPT efficiency of 35% at 20 mm distance .
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2.3.3 Electromagnetic (EM) Radiation
WPT based on EM radiation has also been used for powering WIMDs. A full
wave analysis was performed in [90] in order to identify the optimal frequency for power
transmission in biological media at GHz-range and at a depth of 2 cm. A PIFA antenna
operating at 2.45 GHz was proposed in [91] for microwave heating, radiometry and

implant communication applications, with the dimension of 5 mm % 4 mm.

2.4 Summary

In this chapter, the literature review of SHM methods has been presented. In
addition, various WPT and power harvesting methods were reviewed for charging
embedded sensors wirelessly. Furthermore, inductive coupling, electromagnetic radiation
and SCMR methods are reviewed in the context of for WIMDs. Inductive coupling is
widely used and several designs have been proposed based on it in the past. The
electromagnetic radiation method has small antenna size, and can support longer distance
of power transmission, but its efficiency is very small (low). SCMR has the largest

power transmission efficiency in the air, and should be explored for applications in

SHM and WIMD.
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CHAPTER 3
OPTIMIZATION FOR STRONGLY COUPLED MAGNETIC RESONANCE
In this chapter, the conditions for the optimal design of the SCMR elements are
derived. Specifically, the conditions for optimal Q-factor and maximum efficiency are

derived using analytical formulations for loops, helices and spirals.

3.1 Wireless Powering via SCMR

Numerous wireless power transfer methods have been proposed and studied in the
past for various applications. Specifically, wireless power transfer has been achieved
using near-field coupling in several applications such as, RFID tags, telemetry and
implanted medical devices [92], [3]. In addition, certain inductive coupling techniques
have been reported to exhibit high power transfer efficiencies greater than 90% at very
short distances (1 - 3 cm) [93]. However, the efficiency of such techniques drops
drastically for longer distance since it decays as 1/1° 1941, [95].

The SCMR method is a novel non-radiative mid-range wireless power transfer
method (10 — 300 cm) that has been recently developed [10]. In fact, the SCMR method
has achieved 40% wireless power transfer efficiency in the air at a distance of 2 m for a
single receiver [11] where it delivered 60 W. Also, SCMR technique was used to
simultaneously power multiple receivers in air, and achieving 60% efficiency at a
distance of 2 m [12]. Recent papers have shown that SCMR provides wireless power
transfer efficiencies that are significantly larger than efficiencies of conventional
inductive coupling methods [13], [96]. In order for SCMR to achieve high efficiency, it

requires that the transmitting and receiving elements (typically loops, coils or spirals) are
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designed so that they resonate at the desired operating frequency that must coincide with
the frequency where the elements exhibit maximum Q-factor. In this chapter, we
analytically derive equations that must be satisfied by the geometrical parameters of
loops, helices or spirals in order to guarantee maximum efficiency of the SCMR systems.
Strongly coupled systems are able to transfer energy efficiently, because resonant
objects exchange energy efficiently versus non-resonant objects that only interact weakly.
A standard SCMR system consists of four elements (typically four loops or two loops and

two coils) as shown in Figure 3.1 [10].
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Figure 3.1: Schematic of an SCMR power transfer system in air. Ks, Ktx rx and Kg are
the respective coupling coefficients.

The source element is connected to the power source, and it is inductively coupled
to the TX element. The TX element exhibits a resonant frequency that coincides with the
frequency, where its Q-factor is naturally maximum. Similarly, the RX element exhibits a
resonant frequency that coincides with the frequency where its Q-factor is naturally
maximum. Furthermore, the load element is terminated with a load. For our analysis, we
assume that the entire system operates in air. Also, SCMR requires that the TX and RX
elements are resonant at the same frequency in order to achieve the efficient wireless

power transfer. The optimization analysis of the different elements is discussed next.
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3.2 Optimal Loop and Helical Structures for SCMR

In this section, we will derive the guidelines for designing SCMR systems that use
loops and helices as TX and RX elements. The TX and RX elements can be equivalently
represented by a series RLC circuit. Helices are often preferred in SCMR system TX and
RX elements because they exhibit both distributed inductance and capacitance and
therefore, they can be designed to self-tune to a desired resonant frequency, f;, without
the need of external capacitors. In addition, external capacitors have losses, which in
practice can reduce the Q-factor of the TX and RX elements and in turn decrease the
efficiency of SCMR systems. Based on the equivalent RLC circuit of an SCMR system,

its resonant frequency, f,, can be calculated by the following equation:

1
- - 3.1
f” 2 LC G-l

The resonant frequency, f,, is also the operational frequency of the SCMR
wireless powering system. The Q-factor of a resonant RLC circuit is given by:

ol  2rnfL
Q = —/& = —— (3.2)

Therefore, the Q-factor of a resonant helix (i.e., self-resonant) can be written as:

2w f.L
= —l 33
0 R, tR, ., (3-3)

ohm
where L, R..4, and R, are the self-inductance, radiation resistance and ohmic

resistance of the helix, which are given by [102-104] [94].

L= ,uorN{ln(S—rJ—2} (3.4)

c
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R, =(m/6)n,N*(2xfr/c) (3.5)

R, =(Ju.pxf, )Nrir, (3.6)

where u is the permeability of free space, p is the helix's material resistivity, 7 is the
radius of the helix, 7. is the cross sectional wire radius, N is the number of turns, f'is the
frequency, 7, 1s the impedance of free space and c is the speed of light. It should also be
noted that (3.3)—(3.6) are valid only when » < A /67 [93]. It is important to note (3.1)
—(3.6) can be used to describe a loop (N =1), which will have a negligible self-
capacitance. Therefore, in order to resonate a loop element, it must be connected to an
external capacitor in order to form a resonant series RLC circuit.

SCMR requires that both RX and TX helices also exhibit maximum Q-factor at
their resonant frequency f;, in order to achieve maximum wireless power efficiency. This
can also be seen from the following equation that describes the efficiency of an SCMR

system at its operational frequency, fr, as follows [100]:

k(2TX7RX)(fr)QTX(f;’)Q RX (fr) (3.7)

77(fr) = 1+k(2TX_RX)(f,)QTX (fr)Q RX (f’)

where Kry gy is the mutual coupling between the RX and TX helices, whereas Qrx and
Oryx are the Q-factors of the RX and TX helices respectively. If the TX and RX helices
are identical their Q-factors are equal, i.e., Oy = Orx = Q; therefore equation (3.7) can

be written as:

2

)0 (f,
207 = e 0 1) (3.8)
1+ k(TXfRX) (fr)QTX (fr)
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Equation (3.8) shows that in order to maximize the efficiency of an SMCR
system, the operation frequency f, must be equal to the frequency f,,.., where the Q-factor
is maximum. In what follows, the maximum Q-factor of a resonant helix is derived. The

Q-factor of a resonant helix can be expressed in terms of its geometric parameters using

(3.3)-(3.6) as:

27 f.uyrN°? {ln [8”} - 2}
O(f..r,r.,,N)= : e (3.9)
(sz +207r2N2(2”frr)4
c C

The maximum Q-factor, O, and the frequency, fy.y, Where O,y Occurs, can be

derived from (3.9) using calculus as:

8/7 ,,1/7 1/7
_ c up
f;nax(r’rc’N) - 4 . 152/7 N2/7r62/7ﬂ'11/7r6/7 (310)
27 f uyrN? {m [MJ - 2}
| T, (3.11)

Qmax(rsrcﬂN): 1 4
zr’f N \)? 2
[”‘)p AEFR RRTEIVET e

r C

Based on the above discussion, an SCMR system requires that the following equations

should be satisfied for maximum power transfer:

fo = Jfam (3.12)

which can be written based on (3.10) as:

817 , 17 /7
— c H P
S (r,r,N) = 41527 N2 2T 760 (3.13)

25



Therefore, (3.13) shows that the geometrical parameters of a helix can be appropriately
chosen so that the helix has maximum Q-factor at a chosen frequency, f.. For example, if
the parameters f,, 7., N and p are specified by a designer, (3.13) can be solved for the

radius of the maximum Q-factor, 7., as follows:

7/6
8/7 ,,1/7 1/7
[ M p
2/7 2/7 2/7 _11/7
4157 P 2ONTI VT

max

(3.14)

Similar equations to (3.10), (3.11) and (3.13) have been presented in [101] in
order to obtain the local maximum for the Q-factor. Next, the case of a loop (with N =1)
is analyzed using (3.10), (3.11) and (3.14) to study the behavior of the maximum Q-

factor, QOuax, versus the electrical length of the loop (C,, //IQW ) at fua, Which can be

written as:
C 2rr 2rr
dev max max fmax (315)
/lmax //i'max ¢

where Cg, is the circumference of the loop (device), A is the wavelength
corresponding to f. given by (3.10). Here, optimum SCMR loops are designed in the
frequency range 100 KHz <f < 100 MHz for four values of the cross-sectional radius, 7.
=0.01, 0.1, 1.0 and 5 mm. The material of the loops is assumed copper and for each pair
of fuax and r., the optimum r is calculated by (3.14). Then Q. from (3.11) is plotted in

Figure 3.2 versus the electrical length of the loop (C,, /ﬂg‘m ), which is calculated by

(3.15). Specifically, Figure 3.2 illustrates that for each pair of f,, and 7. there is an 7,
that provides the global maximum for the Q-factor, QOgma. The 3D plot of the local,

global optimal resonant frequency and set of optimal Q-factor are shown in Figure 3.3.
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Figure 3.2: Qmax Vs. electrical length of the loop.
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Figure 3.3: Local maximum Q-factor (Qy.x) vs. cross-sectional radius (7,) and optimal
frequency (fiax).
In what follows the global maximum Q-factor of the helix, Qgmay,, 18 formulated.

First, the local maximum Q-factor, Qs .y, 1s derived by substituting (3.10) into (3.11):

I,

c

C8/7ﬂ8/7p8/7

7 ,..2/7 3/7 4/7 ,,4/7 417 1/7 1/7_,3/7

ST rt Ut pt 61, "N 'r T
r""N7r

2 3 36/7 r66/7C8/7ﬂ8/7N6/7p1/7 |:1n(8rj _ 2:|
(3.16)

QL max =
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Using again calculus, we can find out that the global maximum of Q-factor occurs

when:

13/3

V(Gmax) _ e

r 8

c

~9.52 (3.17)

This is an important finding, which shows that the ratio between the helix radius,
r, and the cross-sectional radius, 7., must be approximately 9.52 in order to achieve the
maximum Q-factor. This ratio is also independent of frequency and material. Also, by
substituting (3.17) into (3.16) we can write the global maximum for the Q-factor as:
28. 22/7 VC3/7CS/7,US/7N6/7PI/7

08/7ﬂ8/7p8/7
1/7 13/7_.2/7 4/7 ,,4/7 417 4/7 1/7
15" 7227 | Tt p¥ 46 TINYT S B

QG max (318)

Therefore, if a helix is designed to operate at the global maximum Q-factor it will
yield the maximum possible wireless efficiency for the corresponding SCMR system. In
order to verify the global maximum design of (3.17), we assume that an arbitrary ratio of
r/r. = t, and solve (3.13) to obtain the » and r. given the number of turns, N, and the

desired frequency of operation, f;:

c 1/8 1/8
o= (3.19)
me T VSN £ T TS,
1/8 _1/8 ,1/4
- cHpl (3.20)

Finax 2. 2 SV N £ TR I
Based on (3.19) and (3.20), SCMR systems were designed and simulated in
Ansoft HFSS for different ratios 7/7. (2 <t < 50) and assuming the number of turns, N =
1, distances, £; = {3 = 2 cm, £,= 7 cm (see Figure 3.1), and operational frequency, f, =

197 MHz. The efficiency of these designs is compared in Figure 3.4. The results clearly
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illustrate that the maximum efficiency is achieved for a ratio of # = 9.52 that matches our

derived global maximum condition of (3.17).
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Figure 3.4: The efficiency of an SCMR system for different r/r. ratios.

3.2.1 Optimal Spacing of SCMR Helices

In this section, we will examine the guidelines for designing helical TX and RX
elements of SCMR wireless powering systems. An SCMR system based on helices will
not be optimal unless the spacing, s, is picked so that the helices exhibit the appropriate
capacitance in order to resonate at the desired operating frequency of the system. In
[102], it was also shown that the spacing, s of an SCMR helix is an important parameter
that should be carefully picked to ensure optimal wireless power transfer efficiency. The

capacitance formula for closely wound helix was presented in [103] as follows:

C - 27’re,

‘ ln[s/Zrc+ «/(S/Zrc)z—l}

(3.21)
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where r is the radius of the helix, ». is the cross sectional wire radius, € is the
permittivity of free space, s is the spacing between adjacent turns of the helix, C; is the
total distributed capacitance of the helix, and ¢ is the thickness of the insulation coating.
The capacitance formula of (3.21) is valid when s / 2r. <2 and ¢ << s -2r.. In
order to resonate the helix at a desired frequency f, the spacing between two adjacent
turns, s, can be adjusted to provide the required capacitance calculated from (3.1) as:

1
C = —— 3.22
l 4”2f2Lhelix ( )

Then equation (3.21) can be solved for the optimal spacing, Smax, as follows:

471'4}’28&

o= (3.23)
27[2”80
C

Therefore, the spacing, s, can be adjusted using (3.23) independently from the
other geometrical parameters to achieve the necessary capacitance and without affecting
the frequency where a helix exhibits maximum Q-factor since (3.13) shows that the f.x
does not depend on s.

In the case of a loop (N = 1), only self- inductance, L, exists and negligible self-
capacitance. Therefore, in order to resonate a loop element, it must be connected to a
capacitor in order to form a resonant series RLC circuit. The capacitance required to
resonate a loop at a frequency, £, is calculated from (3.22).

Next, we examine the performance of SCMR system using helices with number

of turns, N = 6, coil radius, » = 10 cm, cross-sectional radius, ». = 2.2 mm, distance
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between helices, ¢, - 40 cm and the spacing, s is varied. The table 3-1 clearly shows that

there is an optimal spacing for efficient power transfer. Figure 3.5 also illustrates the

effect of spacing on SCMR's efficiency.

Table 3-1. Helix with varying spacing, s

Helix spacing 6 mm 10 mm 20 mm 30 mm 50 mm
Efficiency (HFSS) | 10.7 % 59 % 80.1% 61.8% 34.7%
Frequency of
Maximum 15,6 MHz |22.5MHz |28.1 MHz |31.7MHz |37.1 MHz
efficiency (HFSS)
Omaxand f, Ona=4913, | Ona=2948, | Ona=1474, | Ona=983, | Omax =583,
(Analytical) (MHz) |/,.e= 26094 | /,,,,=26.94 |/, =2694 | f =2694 |/ =2694
! ! ‘ ‘ ; ‘ -o Q-factor
: : : : : : —Effats =6 mm
! ! ! ! ! ! Effats = 10 mm
I T s e, | —Effats = 20 mm |
] ; ; L eeT ; L Eff at s = 30mm
% : : D?D : : I == Effats =50 mm
2
\Z, | & | | |
g s e I Sl
5| 0 i
o3 2 I I I I
’60-477p/7T77717777\7777\ 7777 [
B S | | |
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Figure 3.5: The Q-factor and efficiency of helical SCMR system with different spacing
[ »=10 cm, . =2.2 mm, £, =40 cm].

3.3 Optimal Spirals for SMCR
A standard SCMR system based on spirals is shown in Figure 3.6. The setup of
the system in Figure 3.6 is similar to the previous arrangement in Figure 3.1, and all

corresponding parameter names are the same as previously defined.
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Figure 3.6: The schematic of an SCMR system with spirals in the air, where Ks, Ktx rx
and Kj are the respective coupling coefficients.

The TX and RX resonators shown in Figure 3.6 can be equivalently represented
by an RLC circuit shown in Figure 3.7. Helices and spirals are often preferred as SCMR
TX and RX resonators because they exhibit both distributed inductance and capacitance
thereby requiring no external capacitors to tune to the self-resonant frequency. Also,
external capacitors have losses, which in practice can reduce the Q-factor of the TX and
RX elements and in turn decrease the efficiency of SCMR systems.

L R

o

Figure 3.7: The RLC representation of a spiral.

Figure 3.8 shows a square spiral with a rectangular cross-section. The basic
dimensional parameters of such spiral are N, W, S, T and d,,; which are the number of
turns, cross-sectional width, spacing between turns, thickness of the trace material, and

the outermost side length of the spiral, respectively.
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~

Figure 3.8: The spiral model geometry.

The inner diameter, dj,, is derived from the other geometrical parameters as:
d,=d, —2[NK-S5] (3.24)
where K = W + S, is the distance between the centers of two adjacent turns. The total

length, 7, , of the spiral can be calculated as:

Etot = 4N|:dout _K(N_l):l (3.25)

The resonant frequency, f. is also the operational frequency of the SCMR
wireless powering system. The f; can be calculated from (3.1) and the Q-factor from

(3.3). The inductance, L, of a spiral can be written as [104]:

ﬂoNz(d‘“er
L

out jcl
= 2 {ln (0—2)+ co+ qaﬂ (3.26)
o

2
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where ¢; =1.27, ¢, =2.07, ¢3 =0.18 and c4 =0.13, are the constants derived based on the
geometrical layout of the square spiral; and a is the fill ratio defined by

0. = (din - dow)/(din + dout). The ohmic and radiation resistances can be written as [94] :

/ R
R, =— [Jrupf|1+—= 2
o = TWT ﬂpf( R()] (3.27)

R, :31200(% (i df) (3.28)
C

i=1
where, d; is the side length of the ith turn of the spiral, p is the spiral's conductor

resistivity, ¢ is the speed of light, and W represents the conductor’s sheet resistance
[94]. The factor Ry/R, in (3.27) represents the proximity effect factor that accounts for the
additional resistance due to the closeness of the conductors. The proximity factor depends
on W, S and N and adds additional resistance that is undesirable as it reduces the Q-factor.
Hence, the spiral dimensions have to be chosen carefully to maximize the Q-factor.
Specifically, the proximity factor can be significantly reduced by increasing the spacing
between turns, S, and decreasing the width, W, (S > 5W) [105]. In order to derive
analytical expressions for Omax and fmax, the analytical and simulation setups are chosen

such that the proximity effect is negligible reducing (3.28) to:

14
R, =—F2=\7u, 3.29
o =TT HoP S (3:29)

It should also be noted that (3.27) — (3.29) are effective in SCMR analysis only
when ¢ < A /3 [94]. The Q-factor of a resonant spiral can be expressed in terms of its

tot

geometrical parameters using (3.1), (3.3), (3.28) and (3.29) as:
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wfu,N? (d‘“-;d"“‘] ¢ {ln (czj+ c,a + c4052}
i (3.30)

. 4\/_W+31200( j (Zd j

The maximum possible Q-factor, Omax, of a spiral and the frequency, fmax, Where Omax

occurs, can be derived from (3.30) using standard calculus as:

2/7

fmax = 12044X106 gtm ﬂ;p 2 (3-3 1)
JWT (Zizldf )
zf. MN (d‘“-’_d‘“‘j [ln[ )+c30{+c4 }
0 = 2 o (3.32)

N_\/MHUOO[ max) [Zd j

Equations (3.31) and (3.32) were derived assuming the proximity effect is
negligible; therefore, they are valid only when S > 5W. A similar work was done in [106]
with spirals for resonant inductive coupling and not SCMR, in which both the proximity
and radiation resistance effects are ignored.

SCMR requires that each of the TX and RX spiral elements exhibit maximum Q-
factor at a frequency fmax that is equal to their resonant frequency f;, in order to achieve
maximum power transfer efficiency (i.e., f; = fmax). This condition may not be naturally
satisfied. This means that if we use (3.31) to design an SCMR system with spirals that
have a certain fn, that does not necessarily mean that the spirals will also resonate at fiax.
If f; and fmax happens to be different that would mean that the spirals are not resonating at
the maximum Q-factor frequency thereby reducing the efficiency of the SCMR system.

In what follows, we examine under which conditions f; and fi,.x of a spiral are equal. This
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cannot be done analytically, i.e., solving system of equations (3.30) and (3.31) assuming

Jfr = fmax, as there is no adequately accurate analytical formulas for the capacitance of a

spiral. Therefore, we perform our analysis using simulations. We used circuit parameter

extraction to calculate the L, C and R of the equivalent circuit of a spiral versus

frequency using Ansoft Designer thereby allowing us to calculate and compare f; and fiax.

Figure 3.9 shows the f; and fimax of a spiral with parameters W =2 mm, S =2 mm,

T'=2 mm, and d,,; = 50 mm versus the number of turns. The Figure 3.9 shows that as the

number of turns of the spiral increases, f; converges to fmax. This happens because: (1) fmax

does not change significantly for varying N, and (2) the inductance, L, and capacitance,

C, of a spiral increase when N increases as f; decreases according to (3.1). A simulation

study was conducted for several combinations of spiral dimensions within the range of

dout = 50 mm to 100 mm. Our results show that f; = fmax Within a tolerance of 5% when the

following conditions are satisfied:

K<0.1d,,

Frequency (MHz)
N
o
<)

Figure 3.9:

Number of Turns,N

Frequencies f; and fmax of a spiral versus V.
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Table 3.2 shows a sample of our results for spirals with geometrical parameters
dout, N, K, W and T that satisfy conditions (3.33) and (3.34). The rightmost column shows
the difference between f; and fiax that is less than 5% for all cases. Next we examine, if

the Q-factor of a spiral has also a global maximum, Qgmax, in respect to W.

Table 3.2 f; and fimax of different spiral dimensions.

dout (Mmm) N K w T fr Jax Diff.

(mm) | (mm) | (mm) (MHz) (MHz) %
50 8 3 2 2.0 129.35 124.20 4.2
50 12 2.1 1 0.5 93.60 96.07 2.6
50 5 5 2 2.0 220.13 215.60 2.1
75 15 2.5 1 1.0 50.58 49.00 3.2
75 11 3.4 3 2.0 61.95 62.00 0.1
75 7 5 2 0.5 102.39 98.2 4.3
100 19 2.6 1 1.5 29.41 29.1 1.1
100 14 3.5 2 1.0 39.81 40.6 2.0
100 10 5 3.5 0.5 57.43 57.7 0.5

The proximity effect should also be considered as we increase the width, by including

the factor Rp/R,, (3.32) can be written as:

7 [ iy N (d“’-;d"“‘j ¢ {ln [(Zj +c,o+ 04052}

2

l, R (f j y J
o T 1+ =2 |+31200] Lmax d.
4 (WT /uopf;nax[ ROJ ; i

Qmax -

c

(3.35)

The standard calculus cannot derive the global maximum analytically due to the
complexity of (3.35). Nevertheless, Ogmax can be calculated analytically by plotting Onax
using (3.35) and observing if a global maximum exists. For example, a spiral with
parameters N = 5, K = W+S = 10.2 mm, 7 = 0.5 mm, do, = 100 mm is examined. The
maximum Q-factor QOnax is calculated analytically using (3.35) for W varying from 0.2

mm to 9 mm while keeping the distance between the centers of adjacent turns (K) of the
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spiral constant at 10.2 mm. Figure 3.10 shows the plots of Omax versus W and compares
the analytical calculations with simulations. Figure 3.10 also illustrates clearly that a
global Ogmax occurs at W = 3.6 mm, in both the analytical and simulation results. This
indicates that the spiral designed with a width of 3.6 mm will be globally optimum and
have maximum efficiency for: N =5, T'= 0.5 mm and do, = 100 mm and K= 10.2 mm.
The existence of the global maximum can be explained with reference to (3.27). The
ohmic resistance of the spiral is inversely proportional to+/# and it decreases if the width
of the spiral is increased. However, if the width is increased while keeping K constant,
the spacing between the turns decreases thereby increasing the proximity effect factor
Ry/R,. Hence, R,/R, sets a limit on the minimum value that the ohmic resistance can
attain. The width corresponding to the minimum resistance is its optimum value, and

when this happens, Omax can attain its global maximum.

20T T T e
: : : | : : ---Qmax (Analyth)
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O A | | | | | | |
;o | | | | | | |
;o 1 1 1 1 1 1 l
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i | | | | | | | |
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0 1 2 3 6 7 8 9

Figure 3.10: Local Omax Vs. W.
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In order to verify that Ogmax exists, we designed SCMR systems that utilized the
spiral parameters: N =5, K=10.2 mm, 7 = 0.5 mm, do, = 100 mm and W = 0.2 mm,
3.6 mm and 9 mm. The distance between TX and RX resonators was set to /> = 150 mm.
The efficiency versus frequency plot of each of these designs is shown in Figure 3.11,
which illustrates that the SCMR system with the highest efficiency is the one that uses a
spiral with ' = 3.6 mm. In addition, Figure 3.12 plots the maximum efficiency achieved
by the SCMR systems for W varying from 0.2 mm to 9 mm. Figure 3.13 plots the
frequency where the maximum efficiency, femax, occurs for each of the SCMR systems
where W is varying and N, K, T and d,, are kept constant. It can be seen that fomax does
not significantly change for varying W. In fact, the maximum variation in femax 1S only
4.38% across the entire range of W. It can be concluded that the selection of the right

value for W is critical in order to achieve globally maximum efficiency.

80
===w=02mm
70 — 1 =3.6 mm||
W =9.0 mm
60 *
50 *

Efficiency %
N
S
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Frequency (MHz)
Figure 3.11: The efficiency of the SCMR system for W= 0.2, 3.6 and 9.0 mm.
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Figure 3.12: The maximum efficiency of the SCMR system versus WV.

Based on the results so far, we can propose a process of designing spirals for
globally optimal SCMR systems with maximum efficiency as follows: (1) pick desired
frequency, fo, for WPT, (2) design spiral using (3. 31) and satisfying S > 5W to exhibit
maximum Q-factor at f, (3) use (3.35) to find the optimum cross-sectional width of a
spiral, W; (4) model SCMR system with the designed spirals in simulation software using
optimal W; (5) fine tune the performance of SCMR design and femax In simulation

software (e.g., by making minor adjustment in K).
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Figure 3.13: The frequency of maximum efficiency versus width of the spiral, V.

3.4 Summary

This chapter analytically examines the optimal design of SCMR elements.
Specifically, loops, helices and spirals were analyzed. In these cases, we analytically
derived equations that can be used to design optimal SCMR systems. In addition, our
formulations proved that the global maximum Q-factor of a loop or helix is achieved
when the ratio between the radius, », and the cross-sectional radius, 7., of the loop is
approximately equal to 9.52. This important finding can be used to design maximally
efficient SCMR wireless powering systems, that use loops or helices as transmitting and
receiving elements. Also, this chapter examines the optimal design of SCMR systems that
use spiral resonators. Specifically, a methodology, which guarantees globally optimal

spiral based SCMR systems, has been derived and verified.
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CHAPTER 4
WIRELESS POWER TRANSFER IN CONCRETE STRUCTURES

Transmission of RF energy through plain and reinforced concrete via SCMR are
analyzed in this chapter. The Electromagnetic properties of the concrete are modeled
using the extended Debye model at different depths and the properties of the concrete for
six different humidity levels. Power was scavenged from bridge vibrations in [107], while
an air core coil was connected to a voltage doubler to collect power in [108]. RFID
technology was employed in [109], [110] to transfer power by inductive coupling
between master and sensor magnetic coils. In addition, the effects of concrete material
properties of the radiation pattern and gain of a microstrip patch antenna were studied in
[111].

Health monitoring of structures is a very important topic that has been studied
extensively. Continuous monitoring can identify potential problems or hazards and
provide essential warnings. Such warnings can allow engineers to intervene and correct
dangerous structural problems. Structural health monitoring is commonly performed with
sensors that are embedded in concrete. These sensors can measure volumetric data such
as, temperature, displacement, pressure, strain, and humidity. The data can then be used to
access the health of a structure during and/or after construction and detect problems such

as cracking and rebar corrosion.

Most monitoring systems rely on embedded sensors connected through wires to a
central station, which provides them with power and collects their data. The installation of
such sensors is usually expensive, inefficient, labor intensive and difficult. In fact, the

installation of a monitoring system can represent up to 25% of the total system cost with
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over 75% of the installation time focused solely on the installation of wires [1], [112]

Also, if the wires of certain sensors get corroded then these sensors become useless.

In this chapter, we use a computational methodology to develop an optimal
receiver/transmitter system that will support efficient wireless power transfer from air to
concrete at different humidity levels. The material properties of concrete vary with the
frequency and humidity level, and they are modeled using the extended Debye model
[113], [114]. The performance of SCMR wireless power transfer systems is analyzed
using coupling simulations for concrete with different humidity levels and at various

depths. In addition, the simulation results are compared with measurements.

4.1 Simulation Models

The transmission of the electromagnetic field in plain and reinforced concrete has
been studied before using the finite element method (FEM), finite-difference time-
domain (FDTD) technique, and the method of moments (MoM). The propagation losses
in brick and concrete walls were studied at 900 MHz band using measurements and MoM
simulations in [115].  Optimal frequencies for propagation in plain and reinforced
concrete slab were identified in [116] for far field applications for various concrete
thicknesses, rebar diameters and incident angles. This work is focused on studying the
optimal power transfer from air to plain and reinforced concrete via SCMR, for various

humidity levels of the concrete, concrete slab thicknesses, rebars period, rebar sizes.
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4.1.1 The Plain and Reinforced Concrete Models

The plain concrete slab model is 8” thick, 12 wide and it is placed in the bottom
of the model, with air box added above the slab. Previous work in [116] used fixed
concrete permittivity and conductivity values. The reinforced bar in the simulations has
these parameters: mesh period of 6”, rebar diameter of (5/8)” and the gap between two
rebar layers of 3.5 (see Figure 4.1). The material of the reinforced bars is steel in HFSS.
Our work implements the extended Debye model the simulations in order to accurately
describe the electromagnetic properties of concrete at different humidity conditions and

frequencies.

/

Figure 4.1: Two layers of cross rebars in HFSS.
In Figure 4.2, all parameters are kept the same except the mesh period, g, which is
increased to 12” in order to examine the effects of various mesh periods on power

transmission.
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(a) Rebar period is 6”. (b) Rebar period is 127 .

Figure 4.2: Reinforced concrete simulation setup in HFSS.

4.2 Optimization of Wireless Power Transfer in Concrete

Prior to designing the WPT system for air-concrete interface, first we outline our
computational methodology for the design and analysis of SCMR systems for air-to-air
power transfer. Our computational methodology consists of the following steps:
1. Select a desired resonant frequency, f,, at which the TX and RX will operate.
2. Pick the geometric parameters of a loop using the equations (3.1)-(3.6) so that /. is
equal to the desired resonant frequency.
3. Simulate the TX loop in Ansoft Designer with geometric parameters obtained from
step 2 above, compute the self-inductance and Q-factor as function of frequency. The TX
loop is then tuned for maximum Q-factor.
4. Calculate the required capacitance that needs to be connected to the loop in order to

exhibit a resonance frequency f;, using (1).
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5. Add an identical loop at a distance of > which is the RX loop. Then, simulate both TX
and RX loops using ansoft designer in order to calculate their corresponding self
inductance and Q factor .

6. Recalculate the required capacitances that need to be connected to the TX and RX
loops, so that they both are resonant at frequency f,.

7. Add the source and load loops at distances ¢; = {3 =10 cm and ¢, = 20 cm.

8. From the simulation results of step 7, we export the equivalent four port network into
Ansoft Nexxim, and connect the required capacitors (already calculated from step 6) to
the TX and RX resonator loop and terminate the load loop in a load.

9. Perform Nexxim simulation of the circuit for the frequency range of interest, in order
to calculate the power transferred.

10. Fine tune the capacitors that are connected to TX and RX loops in order to maximize
the power delivered to the load.

11. Calculate the efficiency for the wireless power transfer using the following formula:

‘2

_ Power deliveredtotheload |52

Power fromsource (1_‘&1‘2) (3.35)

A typical reinforced concrete slab is shown in Fig 4.2. It consists of two rebar
layers inside the concrete slab, and it is widely used in concrete structures, such as,
reinforced concrete walls and bridge decks. Reinforced bars are metallic periodic
structures that are expected to significantly affect the propagation of EM waves when
they are inserted into concrete structures. Therefore, rigorous analysis of rebar effects is
necessary for the development of optimum wireless powering systems. Here WPT from

air to concrete is studied for various SCMR elements, such as loops, helices and spirals at
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different various humidity conditions and depths, in plain and reinforced concrete

structures via SCMR.

4.3 Wireless Power Transfer with Loops

An SCMR designed for the air-to-air power transfer cannot be directly used in non-
homogenous interfaces (e.g., from air to the concrete) and must be modified. The
electrical performance of each loop depends on the material properties of the medium
around it. Therefore, if the RX loop that was designed for the air-to-air transmission is
embedded in concrete without any change, it will exhibit a Q-factor that is not maximum
at the desired resonant frequency thereby significantly reducing the SCMR system’s
efficiency. In order to illustrate this point, the same pair of RX and load loops that were
designed for air (» = 10 cm, a = 2.2 mm) is embedded in concrete as shown in Figure 4.3,
where H is the placement height of TX loop above air-to-concrete interface, D is the
placement depth of RX loop in concrete, and 4 is the humidity level of the concrete. We
simulated the system shown in Figure 4.3 using Ansoft Designer and calculated the Q-

factors for TX and RX loops with H =10 cm, D =4 cm, and /& = 0.2%.
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Figure 4.3: An SCMR system for air-to-concrete transmission.
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The dispersive properties of concrete are modeled using the extended Debye
model described in [113], [114]. Also, the properties of concrete depend on the humidity
level. The humidity condition describes the percentage of water by volume, and it is
represented here by the symbol, 4. The Debye model parameter values for six different
humidity conditions are shown in Table 4.1, where &y, and ¢.. are the relative
permittivities at low and high frequencies, respectively, 7 is the relaxation time, and o, 1S
the DC electrical conductivity of concrete [113]. This Debye model is implemented in
Ansoft Designer using the “Debye Model Input” menu in order to accurately model the
properties of concrete in our simulations.

Table 4-1. Extended Debye's model parameters values for concrete.

Moot | e £ a(ns) e (2'”)
0.2% 4.814 4.507 0.82 6.06 x 10™
2.8% 6.750 5.503 2.28 2.03%x 107
5.5% 8.630 6.023 1.00 5.15%x 107
6.2% 9.140 5.930 0.80 6.7% 107
9.3% 11.19 7.200 0.73 23 %107
12% 12.84 7.420 0.611 20.6 x 107

By comparing the TX and RX loop Q-factors for the air-to-air and the air-to-
concrete power transfer systems, we observe that the RX loop’s Q-factor is significantly
different for these two scenarios. This change occurs due to the higher conductivity and
dielectric constant of concrete compared to the ones of air. Specifically, the RX loop in
air exhibits maximum Q-factor of 1300 at 39.75 MHz, whereas the identical RX loop
embedded in concrete has a maximum Q-factor of 380 at 5.1 MHz. Therefore, the

resonant frequencies of TX and RX loops are different, which in turn significantly
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reduces the SCMR system’s wireless efficiency. This problem needs to be addressed by
redesigning the RX loop such that its Q-factor is maximum at the desired resonant
frequency, f,, which must be the same with the resonant frequency of the TX loop. Also,
in order to achieve maximum power transfer from the source to load, the distance
between TX loop and source loop, £;, and the distance between RX loop and load loop
elements, {3, must be optimized. Tables 4-2 and 4-3 illustrate the effects of varying
distances ¢; and (3, respectively for the SCMR system of Figure 4.3. The results show
that maximum power transfer is achieved, when ¢; = €3 = 4 cm (these distances will be
used for the SCMR designs considered below).

Table 4-2. Comparison of efficiencies for varying €; (H= 10 cm, D = 10 cm, £;=4 cm)

{; (cm) 1 2 3 4 5
Efficiency
%) 28.1 | 543 | 579 | 59.2 | 56.4

Table 4-3. Comparison of efficiencies €3 (H= 10 cm, D = 10 cm, 3= 4 cm)

{3 (cm) 1 2 3 4 5
Efficiency
(%) 283 | 55.0 | 57.8 | 59.9 57

Furthermore, in order to redesign the embedded RX loop in concrete for efficient
power transfer we follow the steps below:

12. Enclose RX and load loops in a 7.5 x 7.5 x 3 em’ cubic air box as shown in Figure
4.4 An air-box is used in order to maximize the value of the RX loop’s Q-factor. This is
because we discovered through simulation analysis that when the RX and load loops are
inside an air-box instead of touching the concrete, both the Q-factor and the efficiency

improve significantly. Similar configuration to our air-box was used by [52], [53], where
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an air-gap was added on top of patch antennas embedded in concrete in order to optimize
their performance. In practice, the air-box around the RX and load loops can be
incorporated by the packaging of sensors. Such packaging must be used in order to
protect the circuitry of sensors inside concrete. Therefore, since the height of our design’s
air-box is only 3 cm, it can be easily realized by the packaging of our design.

13. Make use of (3.1) to (3.5) to design and optimize the RX loop and also calculate the
required capacitance. The optimized RX loop’s size was reduced to 3.5 cm radius with a
cross-sectional radius of 2.2 mm. The resonating capacitances were calculated to be C; =
38.4 pF and C, = 0.137 nF. Also, the distances are £; =4 cm, {, = H+D =20 cm (H = 10
cm and D = 10 cm), and €3= 2 cm. The Q-factors of the TX and RX loops are maximum
Q-factor at the same frequency.

14. Simulate the model from step (13) in Ansoft Nexxim and calculate the efficiency.
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Figure 4.4: An SCMR system for air-to-concrete transmission.

Steps (12) to (14) lead to a design where the maximum Q-factor frequencies of
the RX and TX loops (RX loop is embedded in concrete) are equal to 39.75 MHz. Also,
the Q-factor of the redesigned RX loop at 39.75 MHz is 920. This design of Figure 4.4

achieved a wireless power transfer (from source to load) efficiency of 59.0% for a
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concrete humidity of h = 0.2%. These results clearly illustrate that SCMR systems can be
designed to provide wireless powering efficiencies through non-homogeneous interfaces
that are significantly larger than the efficiencies achieved by other conventional wireless
powering methods [77], [78]. In what follows, a detailed study of the effects of the
height, H, the depth, D, and the humidity, /4, on the efficiency of such SCMR systems is

presented.

4.3.1 Effects of varying TX loop’s Placement Height
In this section, the height, H, is varied between 10 cm and 50 cm and the depth, D

is fixed at 10 cm (see Figure 4.5).

Figure 4.5: Measurement setup of an SCMR system for air-to-concrete interface.

The setup of our measurements is shown in Figure 4.5. Specifically, an HP 8714
network analyzer was used for all measurements. As part of the concrete setup, we
utilized a concrete block to simulate as closely as possible the air-box around the
SCMR’s receiver. Figure 4.6 shows the simulated and measured efficiency of the SCMR

system of Figure 4.4 for different values of H (H = 10, 30 or 50 cm). All simulations
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were carried out using Ansoft Designer and HFSS; Ansoft Designer was used for the
large number of Q-factor calculations to save computational time, as it is faster than
Ansoft HFSS, and the efficiency analysis was performed with Ansoft HFSS. The
simulation results agree very well with the measurements (see Figure 4.6). The maximum
measured efficiency of 57.2% was achieved for H = 10 cm (59.0% in the simulation
results). Figure 4.6 shows again that the SCMR method can achieve efficiencies that are
significantly larger than the efficiencies that are achieved by conventional inductive
coupling techniques. Finally, Figure 4.7 shows the measured efficiency versus height H,
which peaks when the TX loop is placed at a height of 10 cm above the air-concrete
interface. Therefore, there is an optimum value of TX loop’s placement height, H, above
the air-to-concrete interface for which SCMR’s efficiency is maximized.
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Figure 4.6: Efficiency for various placement heights (/) of the TX loop (4 = 0.2%).
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Figure 4.7: Measured efficiency versus the placement height, H, of TX loop (2 = 0.2%)

This optimum value of H does not coincide with the minimum value of H because

when H is too small, coupling effects between the TX and RX loops de-tune the SCMR

system thereby reducing its efficiency.

4.3.2 Effects of varying RX loop’s Placement Depth in Concrete

This section examines the effects of varying depth, D, when the height is H = 10
cm and concrete’s humidity is 7 = 0.2% (see Figure 4.4). Our simulation analysis
concluded that the depth, D, does not significantly affect the Q-factors of both the TX and
RX loops. Also, Figure 4.8 illustrates the simulated and measured efficiency for various
depths. Figure 4.9 shows the measured efficiency versus the increasing depth, D. It can
be seen that SCMR’s efficiency peaks when the RX loop is placed at a depth of 10 cm.
This optimum depth is not the minimum depth because when the depth is too small,

coupling effects between the TX and RX loops de-tune the SCMR system thereby
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reducing its efficiency. Therefore, TX loop’s placement height, H, and RX loop’s

placement depth, D, must be carefully chosen and analyzed in order to achieve optimal

efficiencies in practical SCMR system installations.
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Figure 4.8: Efficiency for various placement depths, D, of the RX loop in concrete (h =
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Figure 4.9: Measured efficiency

versus the placement depth, D, of RX loop (2 =
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Also, by comparing Figs. 4.6 and Figure 4.9, it can be concluded that the
efficiency of an SCMR system for air-to-concrete interface drops from its maximum at a
slightly faster rate for increasing placement depth rather than increasing placement

height.

4.3.3 Humidity Effects

Here, the effects of concrete’s humidity [105] on the performance of the SCMR
system of Figure 4.4 are examined. Specifically, the humidity effects are studied because
many applications require monitoring a concrete structure while the concrete is still wet
and curing. For example, high strength concrete may take 6 to 60 days to cure depending
on the structure and the weather conditions. Therefore, high strength concrete needs to be
closely monitored by sensors while it is curing (it is wet) to ensure that it reaches its full
strength before any mechanical load is applied to it. Hence, when designing SCMR
wireless powering systems for concrete applications, the concrete’s moisture content
must be taken into consideration to maximize the efficiency.

Here, the Q-factor and the wireless powering efficiency are calculated for six
humidity levels for the same SCMR system (see Table 4-4). It can be concluded that the
SCMR system’s efficiency reduces as the humidity increases. This is attributed to the
increasing conductivity of concrete with increasing humidity level that in turn affects
SCMR’s performance by de-tuning the resonant frequency of RX and load loops inside

concrete.
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Table 4-4. Humidity effects on SCMR design (H =10 cm, D =10 cm)

Humidity RX loop’s | TX loop Q- | Rx loop Q- Efficiency
Level (%) a (mm) factor factor (%)
0.2 2.2 3650 2010 59.0
2.8 22 920 1269 18.5
5.5 2.2 900 915 14.5
6.2 2.2 890 830 13
9.3 22 750 479 9.8
12 2.2 300 432 8.7

Subsequently, the RX and load loops were optimized for each humidity level in
order to achieve an optimal Q - factor and maximize the SCMR system’s wireless
efficiency. In order to re-tune the RX and load loops for each humidity level we had to

increase their cross-sectional radius, a, as shown in Table 4-5.

Table 4-5. Humidity effects on optimized SCMR designs (H = 10 cm, D = 10 cm)

Humidit RX loop’s | TX loop Q- | Rx loop Q- )
Level (%}; a (mrrlz) fact(?rQ fact(l))rQ Efficiency (%)
0.2 2.2 2650 2010 59.0
2.8 2.4 2920 1750 53.5
5.5 2.7 2830 1690 44.8
6.2 2.9 2480 1640 42.9
9.3 33 2250 1410 34.7
12 3.5 1450 1320 27
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Figure 4.10: Efficiency vs. frequency in optimized SCMR designs (D =10 cm, H = 10
cm).
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Figure 4.11: Efficiency vs. distance in optimized SCMR designs (H = 10 cm).

The efficiency results of the optimized designs are illustrated in Table 4-5. It can
be concluded from Tables 4-4 and 4-5 that by optimizing the SCMR system for each
humidity, we were able to achieve significantly larger efficiencies. Therefore, depending

on the application the humidity of the concrete needs to be taken into consideration when
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designing SCMR systems. Also, Figure 4.10 shows the simulated efficiency versus the
frequency at H = 10 cm and D = 10 cm for different humidity levels. Finally, Figure 4.11
illustrates the simulated efficiency versus the placement depth, D, of RX loop for

different humidity levels.

4.3.4 Effects of Reinforced Bars on Wireless Power Transfer

In this section, the performance of SCMR systems in reinforced concrete (i.e.,
concrete with rebars) is examined. Both parallel and cross rebar configurations are
considered. Specifically, the SCMR system of Section 4.2 is used here with the same
geometrical parameters (¢, = 4 cm, {3=2 cm, H = 10 cm) and operational frequency
(39.37 MHz). In addition, dry concrete is assumed in this analysis (i.e. # = 0.2%). The
performance of SCMR is examined for concrete with parallel rebars (see Figure 4.12) and
with cross-bars (see Figure 4.13). The rebars have a cross-sectional radius of 2.2 mm.
The spacing between the rebars, G, is 10 cm. The distance, g, between the SCMR
receiver and the rebars is 3 cm. The set depth of the rebars inside concrete, ¢, is fixed to
10 cm. In our analysis, the embedded depth of the SCMR receiver, D, is varied between
10 cm and 50 cm. The results are illustrated in Table 4-6 and they show that SCMR can
be used to efficiently transfer power through reinforced concrete. It can be also
concluded, that SCMR exhibits the largest efficiency for plain concrete and the smallest

efficiency for reinforced concrete with crossbars.
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(a) (b)
Figure 4.12: An SCMR system inside concrete with parallel rebars. (a) 3D view. (b) 2D view.

Concrete

Air

(a) (b)
Figure 4.13: An SCMR system inside concrete with parallel crossbars. (a) 3D view. (b)
2D view.
Furthermore, the efficiencies observed in all three cases of Table 4-6 are
significantly larger than the efficiencies achieved by traditional inductive coupling

techniques [96].

Table 4-6. Comparison of Efficiencies for varying RX depth ({;, =4 cm, {3=2 cm)

Efficiency (%)
D (cm) . Concrete with parallel Concrete with
Plain Concrete
rebars crossbar rebars
10 59 53 39
20 48 46 35
30 35 32 25
40 29 23 15
50 14 10 5
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4.3.5 Power Rectification

In order to charge the batteries of sensors that are embedded in concrete, DC
power is required. Therefore, the RF power that is wirelessly transferred to the load loop
needs to be rectified. Figure 4.14 shows the SCMR system integrated with a rectifying
circuit. Here, the depth is D = 10 cm, and the height is H = 10 cm. The power supplied by

the source is 1W at 39.75 MHz. The rectifying circuit consists of one 1N5819 diode and a

0.8 UF capacitor. The

load of the rectifier is 50 ohms.

Rectification
& Load

TX_R

T

—————

TX_D RX_D

é Source Air
+

___________

Figure 4.14: Wireless power transfer with rectification.

Table 4-7. Comparison of efficiencies (H =10 cm, D = 10 cm)

Humidity level Efficiency before Efficiency
(%) rectification (%) after rectification (%)
0.2 59.0 38.5
2.8 53.5 354
5.5 44.8 29.3
6.2 42.9 27.8
9.3 34.7 21.7
12 27 17.2
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The analysis of the power rectification was carried out using Ansoft Nexxim. Our
maximum rectified power was recorded at 0.2% humidity (dry concrete) with a
rectification efficiency of 65.4%. The maximum overall efficiency of this SCMR system
was 38.5% after rectification (compared to an efficiency of 59.0% before the
rectification). A comparison of the efficiencies before and after rectification is shown in

Table 4-7 for different humidity levels.

4.4 Wireless Power Transfer with Helix Structures

Wireless power transfer across two different media (air-to-concrete) is
significantly different from homogenous interface. The RX helix design described in the
previous section (air-to-air power transfer) must be changed for the air-to—concrete power
transfer. This is because the electrical properties of a helix depend on the material
properties of the medium where it is embedded. When the RX helix designed above was
embedded in dry concrete (0.2% humidity in simulation and dry concrete in
measurements) without any other changes, we observed that the efficiency of the air-to-air
system at {, = 15 cm reduced significantly from 81.3% to approximately 25%. This
problem is addressed by re-designing the RX helix so that the sensor embedded in
concrete (see Figure 4.15) is resonant and exhibits high Q factor at f.. The design of the
TX helix remained the same (= 6 cm, . = 0.22 cm, N = 9) since it is still located in air
as shown in Figure 4.15. The RX helix embedded in concrete redesigned yielding the
following geometrical parameters: » = 4.9 cm, r. = 0.22 cm, and N = 11. The air-box was
added because we observed through simulations and experimentations that when the RX

helix and load loop were inside the air box, instead of touching the concrete, the Q factor
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as well as the power transfer efficiency improve significantly. In addition, similar
configuration to our air box was used by [70], where an air-gap was added on top of patch
antennas embedded in concrete in order to optimize their performance. Practically, the air
box around the RX helix and load loops can be implemented by using appropriate

packaging.

Ls Ly
Kirx_rk) Ky
—

Ra

RX Helix R.

TX Helix

Source

Figure 4.15: SCMR in non-homogenous interface with helices.

Also, the distances of this design (see Figure 4.15) are as follows: £; =2 cm, £, =
H + D, {; =2 cm. Figure 4.16 shows two different views of the measurement setup.
Figure 4.16 (a) shows the top view of the setup, exposing the dry concrete embedded
sensor, while Figure 4.16 (b) shows the side view of the entire setup. A vector network
analyzer was used for all measurements. Figure 4 shows the simulation and measurement
results for concrete of 0.2% humidity and for a depth, D = 10 cm and for two different
heights, H, (see Figure 4.15). It is observed that this design achieved a wireless power
transfer efficiency of 62.6% shows the maximum wireless power transfer efficiency
occurs at our desired frequency, f. of 27.2 MHz. The simulation results closely agree with
the measurements, and the discrepancies can be attributed to the non perfect geometrical

uniformity of the helical coils (versus the perfect simulated coils) which we built in our
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laboratory. Based on both our simulated and measured results, this SCMR wireless power
system for sensors embedded in concrete achieved efficiencies that are significantly larger
than the efficiencies achieved by typical RFID [69], [3] systems using conventional
resonant loops. Tables 4-8 and 4-9 shows the S-parameters and efficiency at 4 = 2.2%

and 5.5%.

(b)
Figure 4.16: Two different views of the measurement setup. (a) Top view with the top
concrete slabs removed. (b) Side view of the setup.
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Figure 4.17: Efficiency of simulation and measurement results for 27.2 MHz (4 =0.2%).
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Table 4-8. Efficiency at humidity level, 7 =2.2%

Depth, D S parameters and Efficiency

(cm) S11 (dB) S12 (dB) Efficiency (%)

5 -1.7 -7.45 56.0

10 -1.9 -8.30 41.2

15 -2.1 -9.60 334

Table 4-9. Efficiency at humidity level, 2 = 5.5%
Depth, D S parameters and Efficienc

(cm) S11 (dB) S12 (dB) Efficiency (%)

5 -1.95 -8.10 44.6

10 -2.19 -9.15 31.1

15 -2.30 -10.10 26.2

4.5 Wireless Power Transfer with Spiral

4.5.1 WPT in Plain Concrete

The setup for the air-concrete interface with spiral resonators is shown in Figure
4.18. In order to achieve high efficiency, TX and RX spiral must be designed to resonate

at the desired operational frequency and coincide with the frequency both naturally

exhibit maximum Q-factor.
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Figure 4.18: Schematic of SCMR system with spirals.
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The spirals are made from 0.5 mm copper sheet, the embedded and external
spirals are 2.5 cm and 8 cm diameter respectively. The SCMR system of Figure 4.18
was simulated in Ansoft HFSS, at three different concrete depth, D, and humidity levels,

h at 40.65 MHz ISM band.
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Figure 4.19: Efficiency at humidity level, 4 = 0.2% .

Figure. 4.19 shows the efficiencies achieved at 7 = 0.2 % for three different
placement depth. The Tables 4.10 show the S-parameters and the efficiencies achieved

at h = 2.2%. These results show that spiral resonant element can achieve efficient WPT.

Table 4-10. Efficiency at humidity level, & =2.2%

Depth, D S parameters and Efficienc
(cm) S11 (dB) S12 (dB) Efficiency (%)
5 -2.15 -7.00 51.40
10 -2.30 -8.50 34.30
15 -2.70 -9.60 25.10
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4.5.2 WPT in Reinforced Concrete
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Figure 4.20: Schematic of the SCMR power transfer system with rebar.

The SCMR system in Figure. 4.20 was simulated in Ansoft HFSS for different

rebar configurations at depth, D =10 cm, and for various humidity levels, 4, at 40.65 MHz

ISM band. The spirals are made from 0.5 mm copper sheet, the embedded and external

spirals are 2.5 cm and 8.2 cm diameter, respectively.

Figure 4.21: Different rebar configurrations (a) rebars on top (b) rebars on top and

bottom.

Figure 4.21 shows two different rebar configurations for the reinforced concrete.

The Table 4-12 and Table 4-13 show the S-parameters and the efficiencies achieved at

humidity level, & = 2.2% for different placement D for the configuration of Figure 4.21(a).
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Figure 4.22: Efficiency at humidity levels, 7 = 0.2% .

Table 4-11. Efficiency at humidity level, & = 2.2%

Depth, D S parameters (dB) and Efficiency (%)
(cm) Sy (dB) S12 (dB) Efficiency (%)
5 -1.90 -6.95 55.40
10 -1.80 -8.90 37.54
15 -1.60 -11.40 29.20

These results show that the spiral resonant element can be used to efficiently

deliver power to sensors deep in reinforced concrete, even with rebars.

4.6 Summary

An efficient SCMR wireless power transfer system was developed for powering
sensors embedded in both plain and reinforced concrete using the SCMR method. SCMR
systems based on loops achieved maximum efficiencies that range from 27% at 12%

humidity to 59.0% at 0.2% humidity inside concrete at a depth of 10 cm before
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rectification. After rectification the maximum efficiency ranged from 17.2% at 12%
humidity to 38.5% at 0.2% humidity. The SCMR system with helical elements achieved
efficiencies in dry concrete at 27.2 MHz that range from 62.6% at 15 cm depth to 38.3%
at 30 cm depth, and the spirals achieved efficiencies that range from 56.0% at 5 cm depth
to 25.1% at 15 cm depth. The efficiencies reported here for the SCMR method are
significantly larger than typical efficiencies achieved by conventional wireless powering
methods. Therefore, the SCMR method can be used to efficiently transfer power
wirelessly to embedded sensors in concrete structures. Finally, based on our results,
SCMR is expected to be highly efficient for wireless power transmission through other

non-homogeneous media interfaces.
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CHAPTER 5
WIRELESS POWERING OF WEARABLE AND IMPLANTABLE MEDICAL

DEVICES

In this chapter, we study the WPT of Wearable and Implantable Medical Devices
(WIMD). Computational methods are applied to calculate the efficiency of the different

WPT systems. The Specific Absorption Rate (SAR) calculations are also performed.

5.1 Powering of Wearable and Implantable Medical Devices

When developing wireless power transmission system for Implantable Medical
Devices (IMDs), the power lever is restricted. Too little power might lead to system
malfunction, and excessive power might cause overheating of the tissue and may result in
significant tissue damage [77]. This restriction requires the design of low power source
with high transmission efficiency for such system [100]. The Federal Communications
Commission (FCC) specifies that the exposure to radio frequency (RF) energy from
wireless devices must be limited to a maximum SAR value of 1.6 W/kg for 1 g of tissue,
beyond which significant tissue heating and damage may occur. In this chapter, we
simulate WPT system near or inside a human phantom model in HFSS. The aim is to
evaluate SCMR WPT system for implantable and wearable devices in terms of efficiency
and safety. Our analysis will examine if SCMR systems can operate within the safety

limits established by FCC [117].
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5.2 Wireless Power Transfer in Air-Tissue Interface via SCMR
SCMR systems use resonant transmitters (TX) and receivers (RX) that are strongly
coupled, due to their ability to exhibit maximum Q-factor and resonance at the same
frequency, f,. The setup for the air-tissue SCMR system is shown in Figure 5.1. The
source loop is linked to the power source, Ps, by the coupling coefficient k;, and on the
receiver side the load loop is linked to the load, R, similarly with the coupling coefficient

k.

| U [ ; RS |

L

L K
1 K, @ (TX_RX) -

Source
\Element

RX

Element Load
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Figure 5.1: Schematic of SCMR power transfer system for tissue.

The TX and RX resonating spirals are linked by the coupling coefficient k/zy ry).
In order to achieve high efficiency, the TX and RX spirals must be designed to resonate at
the desired operating frequency that coincides with the frequency where they naturally
exhibit maximum Q-factor. In the next section, novel SCMR systems for implantable and

wearable devices are presented.
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5.3 Wireless Powering with Standard SCMR

5.3.1 Wireless Power Transfer
Wireless power transfer efficiencies of SCMR device are strongly constrained by
the media in which they are embedded in. Table 5-1 shows the conductivities of different
tissue types at different frequency bands [118]. In this work, we set up the SCMR system
in the 40.65 ISM band. From Table 5-1, it can be seen that the lower frequency bands

will result in less losses because of their lower conductivities.

Table 5-1. Conductivities (Siemens/m) of different tissue at various frequencies

Tissue/Freq Conductivities at different tissues at different frequencies
133 KHz 6.78 MHz | 13.56 MHz | 27.0 MHz | 40.0MHz

Skin 0.0854 0.1471 0.2380 0.4275 0.4540
Fat 0.0245 0.0278 0.0304 0.0329 0.0341
Muscle 0.3689 0.6021 0.6282 0.6540 0.6692
Lung 0.2761 0.4211 0.4516 0.4843 0.5046
Bone 0.0842 0.1159 0.1285 0.1419 0.1500
Heart 0.2241 0.4713 0.5262 0.5877 0.6269

The simulations were carried out with HFSS and a human phantom model in
which the various tissue types were characterized. Figure 5.2 shows two views of the
human phantom in the presence of the standard SCMR system using rectangular spiral

elements.
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Figure 5.2: The SCMR system in tissue. (a) Front view of the SCMR system with
implant. (b) Side view of the SCMR system with implants.

Figﬁre 5.3: The spiral model geometry

The spiral model and specification are as shown in Figure 5.3, the dimension of

the TX spiral (outside) are d;, = 4mm, d,,; =92 mm, w =2 mm, s =1 mm, N =16, p=

5.7 x 107 (copper), L = 11.2 uH, Rg = R; = 50 ohms. The dimension of the RX

(embedded) spiral model dimensions are d;, =2 mm d,,, =34 mm,w =1 mm, s =0.3

mm, N =16, p = 5.7 x 107 (copper), L = 0.39 uH, Rg = R, = 50 ohms. The distance

between the TX and RX spiral resonator is 80 mm. This SCMR system is designed to
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operate at 40.65 MHz, this frequency belongs to the ISM band and it was selected
because is appropriate for biomedical applications. The RX resonating spiral and load
loop are enclosed in a small air box to avoid direct contact with tissues, which might

result in high losses. The result of the power transfer in the muscle tissue at three

different depth is as shown in Figure 5.3.
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Figure 5.4: The Efficiency plots of the three different tissue types.

It is important to note that the geometrical size of the embedded RX spiral devices
is still large for IMDs and more work is required to miniaturize the RX spiral for practical
IMD applications. The results from Figure 5.4 show that SCMR can be used to efficiently
transfer power to various human tissue in the ISM frequency band, to charge and power a

wide range of power thirsty implantable devices.

5.3.2 Specific Absorption Rate (SAR) Analysis

The electromagnetic fields generated by the SCMR coupling causes power

dissipation in the surrounding tissues, which may cause tissue heating. SAR is closely
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dependent on the electric field [119], as it can be observed from SAR equations. The
simulations were carried out with Ansoft HFSS. Figure 5.5 show the distribution SAR of

the human phantom.
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Figure 5.5: The SAR distribution for SCMR system with implants.

Table 5-2 shows the maximum electric and magnetic field, maximum SAR and the
maximum efficiency, for D = 5, 10 and 15 cm. The tissue investigated is muscle tissue.
This WPT can be used in a wide range of IMDs applications, such as, pacemaker

defibrillators and micro-prosthetics.

Table 5-2. Human Muscle and Distance (D =5, 10 and 15 cm)

Distance. D Field Parameters and Efficiency
(cm) ’ Max E-field Max M-field Max SAR Efficiency
(V/m) (A/m) (W/kg) (%)
5 400 24 3.05 76.20
10 100 9.6 0.75 62.00
15 65 4.8 0.15 58.70
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The results of Figure 5.4 and Table 5-2 show that the spiral resonant element can
be used to efficiently deliver power to sensors implanted in the human body, the SAR
exceeds the FCC limits for D = 5 cm, but it is significantly smaller than the FCC limits
for D =10 cm and 15 cm. Therefore, it is very important that a safe compromise is
reached between SAR requirements and efficiency when SCMR systems are used for

IMDs, in order to prevent tissue heating and damage.

5.4 Conformal Strongly Coupled Magnetic Resonance (CSCMR)
5.4.1 Conformal Structure for Wireless Power Transfer
A typical SCMR system is formed by a transmitter and a receiver resonator (self
resonant elements, such as, helices, spirals, etc., can be used or loops with capacitors can
also be used) and two single loops acting as the load and source devices, as shown in
Figure 5.6(a), [11]. In the setup of Figure 5.6(a), ¢, is the distance between source loop
and TX resonator, ¢, is the distance between the TX and RX resonator and ¢; is the
distance between the load loop and RX resonator. SCMR systems use resonant
transmitters and receivers that are strongly coupled, and able to transfer energy
efficiently. In order for SCMR to achieve high efficiency, the TX and RX resonators
(typically loops or coils) must be designed so that they resonate at the desired
operational frequency that must coincide with the frequency at which the resonators
exhibit maximum Q-factor. As seen in Figure 5.6(a), a conventional SCMR system
requires certain spacing (£; and £3) between the source and load elements and the TX and

RX resonators, respectively. It has been shown that for each SCMR design an optimum
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distance exists where the efficiency is maximum. In fact, previous work on SCMR has
showed that if distances ¢; and ¢; smaller than their optimum values are used then the
efficiency decreases. These spacing requirements make TX (source and TX resonator)
and RX (load and RX resonator) systems for SCMR systems three dimensional and bulky
in volume. Here, a new SCMR method, which flattens traditional SCMR systems, is
proposed. Figure 5.6(b) shows the proposed Conformal SCMR (CSCMR) that shrinks the
source and load elements in size and places them on the same plane with the TX and RX
resonators, respectively, thereby providing conformal TX and RX systems. CSCMR
systems are more suitable for IMDs and wearable biosensors and devices since they can
be implemented in planar circuits and flexible substrates thereby minimizing their

volume and yielding conformal devices.
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Figure 5.6: Schematic of an SCMR system in air.

In what follows, the performance of CSCMR is compared through simulations
and measurements with the performance of conventional SCMR. In order to achieve

maximum efficiency for both SCMR and CSCMR systems, the TX and RX resonators
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are designed to resonate at the frequency where the loops exhibit maximum Q-factor.
Previously established analytical quasi-static and simulation models are used to calculate
the frequency where the loops exhibit maximum Q-factor, and fine tune their design. In
this case, the resonant frequency is 46.5 MHz for the SCMR and CSCMR designs and the
RX and TX loops are resonated at this frequency using a 68 pF capacitor. HFSS is used
for all simulations. The measurement setups for SCMR and CSCMR are shown in Figure
5.7. All loops in Figure 5.6(a) and 5.6(b) have a cross-sectional radius of 2.2 mm, and
conductivity of copper, o = 5.8x10” S/m. The SCMR system of Figure 5.6(a) uses
identical loops that all have a radius of 4.5 cm. The TX and RX resonators of the
CSCMR system in Figure 5.6(b) has a radius of 4.5 cm, which is same with a radius of
the loops in the conventional SCMR system. Also, the radius of CSCMR load and source
loops is 2.5 cm. The distances between the loops are as follows: £, = 10 cm, and £;= ;=
1.5 cm. Distances ¢; and €3 were optimized using simulation to provide optimal efficiency

in the SCMR system.

Figure 5.7: Loop-based wireless powering systems. (a) SCMR, and (b) CSCMR.

Figure 5.8 compares the S;;-parameter and efficiency of the SCMR and CSCMR

systems using simulations and measurements. It shows that CSCMR achieves high
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efficiency similar in magnitude to the efficiency of SCMR for the same size resonators
and the same distance between the resonators. In fact, both the measurements and the
simulations show that CSCMR exhibits slightly larger efficiency than SCMR. This may
be partially attributed to the fact that the source and load resonators for CSCMR are
embedded into the TX and RX resonators, and therefore, they are physically closer by an
amount equal to distance £; + €3 (i.e., the distance between the source and load of the

SCMR system is ¢; + £>+ {3 whereas for the CSCMR system is ¢>).
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Figure 5.8: Performan(cae) comparison of SCMR and CSCMR:( ]Ze)l) S12 and (b) efficiency.
CSCMR is a very promising wireless powering method because it achieves large
efficiencies similar to SCMR and it is conformal thereby requiring minimal volume.
Therefore, CSMR is more suitable than SCMR for wireless powering of several mobile
devices. The CSCMR was be extended to have multiple RX and TX resonators, with the
following specifications: £ = 10 cm, Source loops radius = 1.5 cm,TX; and RX radius =
2.2em, TX, and RX; radius = 6.5cm,r, = 2.2 mm. The measurement model is as shwon in

Figure 5.9(a) and the efficiency plot is as shown in Figure 5.9(b).

78



s
—Measurement
— Simulation

Frequency (MHz)

(a) (b)
Figure 5.9: Multiband CSCMR: (a) Model (b) efficiency.

5.4.2 Conformal Bifilar Structure for Wireless Power Transfer

In this section, a planar novel Conformal SCMR (CSCMR) system, which is
suitable for wireless powering of biomedical devices, is presented [120]. In addition, the
performance of the proposed CSCMR system is compared to the performance of
traditional resonant inductive coupling and SCMR. Here, all three wireless powering
systems are designed based on self-resonating bifilar spirals shown in Figure 5.10. Self-
resonating TX and RX elements (i.e., helices and spirals) are preferred for SCMR
systems because external capacitors lower the Q-factor and in-turn the efficiency of
SCMR systems. Bifilar resonators are used here because they can be excited at their
center thereby facilitating a direct comparison of the performance of the three wireless
powering systems shown in Figure 5.11. The basic geometrical parameters of a bifilar

spiral are N, W, S, T and d,,, which are the number of turns, cross-sectional width,
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spacing between turns, thickness of the trace material, and the outermost side length of

the spiral, respectively.

out

Figure 5.10: Bifilar spiral.

The resonant inductive coupling system of Figure 5.11(a) relies on the use self-
resonant source and load elements (i.e., bifilar spirals) that are fed at their center. The
SCMR system uses loops for the source and load elements and bifilar spirals for TX and
RX resonators, as shown in Figure 5.11(b). Finally, the CSCMR consists of source and
load loop elements, and bifilar TX and RX resonators. The bifilar TX and RX resonators
are placed inside the source and load loops, respectively. It should be noted that the
bifilar spirals used in the SCMR and CSCMR systems have their excitation gaps open
since they are used as parasitic resonators. For both methods the source loop is connected
to the power source and the load loop is connected to a 50 Ohm load. All systems are
designed to operate at 39.7 MHz.

The three systems of Figure 5.11 use the same two bifilar spirals, one in the air

(external) and one in tissue (implanted). The implanted spirals are embedded at a depth of
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2.6 cm in muscle tissue in a human phantom, as shown in Figure 5.12. The geometrical
parameters of the external TX bifilar spiral are as follows: dy,, = 98 mm, N =8, T = 0.5
mm, W = 1.52 mm, and S = 1.52 mm. The geometrical parameters of the implanted RX
bifilar spiral are as follows: d,,; =30 mm, N=9, 7= 0.3 mm, W = 0.48 mm, and S = 0.48
mm. The distances in Figure 5.11(b) are as follows: ;=5 mm, £, = 50 mm and £;= 4
mm. The SCMR system shown in Figure 5.11(b) also uses: (a) a source loop with radius
of 30 mm and cross-sectional of 1 mm, and (b) a load loop with radius of 15 mm and
cross-sectional of 0.5 mm. The CSCMR system shown in Figure 5.11(c) uses: (a) a
source loop with radius of 55 mm and cross-sectional of 1 mm, and (b) a load loop with
radius of 17 mm and cross-sectional of 0.1 mm. All elements in Figure 5.11 are assumed
to be made from copper (i.e., o= 5.8 x10” S/m). In order to achieve miniaturization of the
SCMR and CSCMR implanted RX resonator bifilar spirals, they were embedded in a
dielectric with permittivity value of 10.2. This can be implemented in practice by either
stripline circuits on the appropriate substrate or by encapsulating the bifilar spirals inside
an appropriate dielectric material. All simulations are performed using Ansoft HFSS and

the top portion of the HFSS 3D human body model (see Figure 5.12).
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Figure 5.11: Models of three wireless powering systems. (a) Resonant inductive
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coupling, (b) SCMR, and (c) conformal SCMR (CSCMR).

Power requirements of IMDs depend on the specific applications, and the more
efficient a wireless powering method is the less power needs to be used at the transmitter
thereby decreasing the intensity of the generated fields as well as lowering the SAR.
Therefore, it is expected that SCMR and CSCMR will outperform traditional resonant

inductive coupling in terms of safety.

5.4.3 Specific Absorption Rate (SAR) Analysis

The conformal SCMR model is simulated using Ansoft HFSS and Nexxim with a
IW input power. An output power of 385 mW was achieved at £, = 50 mm. In order to
compare the three techniques for the same power delivered to the load, the input power of
the resonant inductive coupling and the SCMR systems is adjusted so that an output
power of 385 mW is delivered to the load. The performance of the three methods is
compared in Table 5-3, where the input power, maximum H-field intensity, maximum
SAR, and wireless powering efficiency are reported. As expected, it is clearly seen that
SCMR and CSCMR significantly outperform resonant inductive coupling. Specifically,
SCMR and CSCMR achieved an efficiency of 36.9% and 38.5%, respectively, versus
resonant inductive coupling that achieved an efficiency of only 0.46%. This in turn
means that resonant inductive coupling must utilize significantly greater amount of input
power (i.e., 97 Watts) to achieve the same output power with SCMR and CSCMR. As a
result, SCMR and CSCMR exhibit substantially lower levels of SAR (approximately 35

times lower maximum SAR) and magnetic field intensity.
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Figure 5.12: CSCMR in the human body. (a) Geometry of the human body, and (b)
SAR distribution.

Therefore, SCMR and CSCMR are safer methods for wireless powering of
implanted or wearable devices. Also, the SAR distribution for the CSCMR model is
shown in Figure 5.11(b). In addition to achieving large efficiency and reducing SAR
levels, CSCMR exhibits a compact size because it uses planar transmitter and receiver
configurations thereby minimizing the volume required. Minimization of volume is
particularly important for IMDs and biomedical applications. Therefore, CSCMR is very
well suited for wireless powering of wearable and implantable devices. A comparison of
the dimensions, volume and height of reported SCMR systems for biomedical
applications is shown in Table 5-4.

Table 5-3. Comparison of three WPT methods

Coupling Field Parameters and Efficiency
type Input Power Max H-field Max SAR Efficiency
W) (A4/m) (Wikg) (%)
Resonant 97 50 35 0.46
SCMR 1.3 5.6 0.98 36.9
CSCMR 1 34 0.91 38.5
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Table 5-4. Comparison of different WPT systems for IMD applications

Dimension 3 Volume Freq. of operation
Papers (v, H) (mm) Volume (mm) (mm) ! (]{4}1;?2)
[87] (85,50) 1,134,900 50 6.9
[78] (11,2.5) 950.3 10 0.7
SCMR (15, 4) 2,827.4 4 39
CSCMR (15, 0.35) 247.4 0.35 39

The data reported in Table 5-4 clearly illustrate that the proposed CSCMR system

presented in this section requires very small volume and footprint.

5.5 Wearable medical devices (WMD)

Wearable devices are expected to play an important role in many applications,

such as monitoring the health status of elderly patients or patients undergoing medical

care at home. In addition, wearable devices can reduce cost and improve comfort [121].

They can also be used for tracking human body kinematics to allow clinicians to classify

and analyze a stroke patient’s progress, which aid in the rehabilitation plan [122]. A

wearable medical device (WMD) is also used in high-risk cardiac and respiratory patients

to monitor and alert as necessary, the system might include periodical or continuous

collection and evaluation of multiple vital signs [123]. WMDs are saving and extending

lives, dues to their ability to monitor, stimulate and regulate vital organs, and also

communicate with the host about the state of health of the these organs intelligently.
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5.5.1 Wireless Powering of Wearable Devices

The design process for optimal SCMR spiral, which was presented in section
3.2.2 is used here to calculate the geometrical parameters of the TX and RX spirals in
order to design an SCMR system for wearable devices. The specification of the models
are: TX spiral model dimensions are N =45, d;, =4mm d,,, =272 mm, w =2 mm and
the material is copper. The RX spiral model dimensions are d;, = 3.8 mm d,,, = 243 mm,
w = 1.7 mm. The distance between TX and RX spiral is varied from 10, 20 and 30 cm.
The RX spiral is 3 mm from the skin and embedded in a dielectric with a permittivity

value of 4.2 to simulate clothing effect.

Figure 5.13: Wearable CSCMR system.

The models were simulated in HFSS with the human phantom model. Figure 5.13
shows the part of the human phantom included in our simulations with the planar SCMR
system. The efficiency plots for the different parts of the body examined are shown in

Figure 5.14 and Figure 5.15.
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Figure 5.14: Efficiency plot human chest at 3 mm distance.
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Figure 5.15: Efficiency plot human head at 3 mm distance.

5.5.2 Specific Absorption Rate (SAR) Analysis
The maximum SAR, along with the maximum magnetic and electric field
intensity are reported in Figure 5.16, Tables 5-5 and 5-6 for two cases examined in the

previous section. The result shows that the SCMR has great potentials in MWMD, and
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has low SAR, which is important for biomedical applications. Also, the SCMR geometry

that was presented here is planar and therefore can be embedded in clothing easily.

Figure 5.16: Magnetic field distribution in the chest distance of 20 cm.

Table 5-5. CSCMR system at 3mm from chest ( 1 Watt input power)

Field Parameters and Efficiency

Distance (cm) | Max E-field Max H-field Max SAR Efficiency
(V/m) (A/m) (W/kg) (%)
10 18 0.21 0.07 83
20 12 0.08 0.0004 64
30 0.9 0.004 0.00008 56

Table 5-6. CSCMR system at 3mm from the head ( 1 Watt input power)

Distance Field Parameters and Efficiency
(cm) Max E-field | Max H-field Max SAR Efficiency
(Vim) (4/m) (Wikg) (7o)
10 15 0.15 0.0005 92
20 5 0.05 0.00001 81
30 1.2 0.001 0.000002 63.5
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5.6 Summary

The chapter illustrated that SCMR and CSCMR techniques are more efficient
than resonant inductive coupling for wearable and implantable devices. However, more
work is required to further reduce the size of the embedded sensor in the tissues and
increase the range of the embedded sensor. A new conformal SCMR method (CSCMR)
was introduced that achieves high efficiency and minimizes the volume of wireless
powering systems. High efficiency enables CSCMR to deliver a significant amount of
power to IMDs without excessive transmitter power. In fact, CSCMR outperformed
resonant inductive coupling and performed similarly to SCMR in terms of the SAR levels
for the same power delivered. CSCMR is also planar and therefore, it is more suitable for
planar and flexible implantable or wearable circuits. Due to these important features,
CSCMR is very well suited and promising technique for wireless powering of
implantable and wearable devices. The result shows that the SCMR has great potentials

in WIMD, and has very low SAR, which is important for biomedical applications.
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CHAPTER 6
SIMULTANEOUS WIRELESS POWERING AND COMUNICATION IN RFID

APPLICATIONS

Simultaneous wireless powering and data transfer is beneficial for applications
such as, passive RFID tags. An important advantage of SCMR over resonant inductive
coupling which is currently used in near-field RFID, is the ability to wirelessly transfer
power in the mid-range with high efficiency [10]. Even though simultaneous wireless
power and data transfer has been achieved by resonant inductive coupling, it has never
been attempted with the SCMR. An AC-powered RFID transponder using shadow-masks
were developed in [124]. The system operated at 8.8 MHz frequency, and created a pulse
signal by powering directly from the RF energy absorbed from the resonant LC tank. An
on-chip integrated RFID system, which is designed and fabricated was developed in [125].
The system operates at 900MHz with the coverage range of more than 0.4 cm. An RFID
system with reflect-array antenna, which can work at 2.4GHz and produce near-field
focused patterns in a target area was presented in [126]. The design has less complexity
than phased array antennas in the beam-forming. An RFID antenna was presented in [127]
which is composed of two printed dipoles with dimension of 80 x 70 x 30 mm3. The
antenna can provide in-phase current performance. The measured reading range was 37
mm, with voltage standing wave ratio less than 1.5, and far-field gain less than -20 dBi.
The RFID tag antenna that was presented in [128] can work at both HF and UHF, the

UHF antenna was embedded inside the HF coil to save the space, and the size of whole
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antenna is similar to a credit card. The UHF antenna consists two meander lines and set as

the diagonal symmetric to enlarge the UHF bandwidth.

In this chapter, the SCMR method will be used to develop a passive RFID system.
This system is expected to have greater range than the range of conventional inductive
resonant coupling RFID system [10]-[13] due to the SCMR's high efficiency. However,
SCMR system exhibits less bandwidth that inductive coupling system. This problem will
be mitigated by developing a novel SCMR system that can provide both high efficiency

and sufficient bandwidth.

6.1 Comparison of WPT Methods

In this section, SCMR will be compared with resonant inductive coupling using
single turn loops. Figure 6.1(a) shows the resonant inductive coupling system used in
RFID. Figure 6.1(b) shows an SCMR system. In Figure 6.1(a) a capacitor is connected
across each of source and load loops to form a resonant circuit and with low efficiency.
In contrast, in the SCMR system of Figure 6.1(b) the source and load loops are
inductively coupled to the RX and TX loop resonant circuits, and the TX and RX loops

have high Q-factors resulting in high wireless power transfer efficiency.
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Figure 6.1: Inductive coupling systems: (a) RFID resonant coupling with loading from
source and load loops. (b) SCMR resonant coupling with source and load inductively
coupled to the resonant circuit. (¢; =3 =50 mm and ¢, = 200 mm).

The systems of Figure 6.1 were simulated in Ansoft Designer and measured in the
lab with the following parameters: loop radius, » = 100 mm, cross-sectional radius, 7. =
2.1 mm, €; = €; = 50 mm and €, = 200 mm, the capacitance C = 10 pF. Figure 6.3
compares the efficiencies of the system. Figure 6.3 shows the loop-based SCMR wireless

power transfer system measurement setup. The efficiency is approximately 9.5% and

58.7% for the resonant inductive coupling and SCMR respectively.
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Figure 6.2: Comparison of the efficiency of the resonant and SCMR coupling.
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Therefore, even though the SCMR system of Figure 6.2 (b) has a larger efficiency
than the resonant inductive coupling, it will be challenging transferring data through the
SCMR system's because of its narrow bandwidth. In what follows, we will explain the
novel SCMR system that can achieve sufficient bandwidth to sustain data transfer, while

maintaining large wireless powering efficiency.

Figure 6.3: SCMR system measurement setup.

6.2 Wireless Powering with Resonant Inductive Coupling

Wireless power and data transfer (WPDT) by the RFID or SCMR system are
functions of their geometrical and electrical properties. From the equivalent RLC circuit
of Figure 1, the resonant frequency, f,, is usually calculated from (3.1). In this loops are
used and hence in the loops, which will have negligible self-capacitance, in order to
achieve resonance in the loops, it must be connected to a capacitor in order to form a
resonant series RLC circuit and the capacitance can be calculated from (3.1).

Furthermore, in order to achieve an optimal design, the RFID and SCMR devices must be
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optimized for Q-factor that will have sufficient bandwidth to transfer data at the specified

RFID frequency.

6.2.1 RFID

The simple RFID reader and tag consist of two loops (each connected to the
source and load respectively), the loaded Q-factor at load and source for a typical two
device system can be written as [92]:

1
O(R,,R,,L,) = R, (6.1)
oL, R

L

For the loop-based RFID system, from (3.2) to (3.4) this can also be written as:

-1

wuyrIn [81” - 2]
7.

c

R (6.2)

1
2\ : 8r_
(ﬂof[fr J 0r ) %rm['@ 2]

r C

c

OR,,R,, L)) =

where L and C are the self-inductance and resonating capacitance. The other basic
parameters of the loops are R, R; R,z and R,,, which are the source, load radiation and
ohmic resistance of the respective loops [94], 1 is the permeability of free space, p is the
loop's material resistivity, r is the radius of the loop, 7. is the cross sectional wire radius,
1, 1s the impedance of free space, and c is the speed of light. The bandwidth, BW of the
RFID resonant system circuit is inversely proportional to the Q-factor and can be

calculated as [94], [80]:

/

=t
Q Q(RZDRL’LZ) (63)
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6.2.2 SCMR

In an SCMR system, there are two types of Q-factor namely, loaded and the
unloaded Q-factor. The unloaded Q-factors exist in the inductively coupled TX and RX
loop resonators (which are not connected to any device, except a capacitor to achieve
resonance at the desired frequency in loops) (see Figure 6.3), while the loaded Q-factors
occur in the load and source loops. The loaded Q-factors in an SCMR system are
identical to the ones of an RFID system described by (6.1) - (6.3). The unloaded Q-factor
of a resonant TX and RX loops can be expressed in terms of their geometrical parameters
using (3.9)—(3.11). The maximum Q-factor, O,., and the frequency, f,., Where O
occurs, can be calculated from (3.10) and (3.11) respectively. For instance, if » = 100
mm, r.=22mmand 1 KHz <f<100 MHz, we can plot the Q-factor as shown in Figure
6.4. Hence, the maximum Q-factor (Q,..) and the corresponding frequency, f.., Where
Onax Occurs can be easily obtained from (3.10) and (3.11) are as shown in Figure 6.4.
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Figure 6.4: Q-factor of SCMR TX and RX resonators.
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Generally, SCMR systems require that both RX and TX loops are resonant where
they exhibit maximum Q-factor , in order to achieve maximum wireless power efficiency.
However, this is a major drawback for applications that requires simultaneous data
transfer, because of the inverse relationship between bandwidth and Q-factor. Three
approaches are proposed in order to improve the bandwidth in the SCMR system
significantly. The first approach involves resonating and operating the RX and TX loops
of at a resonant frequency that is lower than the f,,,. , thereby exhibiting a Q-factor much
lower than Q. (see Figure 6.4), and in turn increasing the bandwidth significantly.
However, this approach leads to an SCMR system with lower efficiency and range.
Figure 6.4 shows some applicable RFID frequencies at which the SCMR system could be
operated.

Table 6.1, which is extracted from Figure 6.5, shows the various Q-factors and
the respective bandwidth of the loop at different RFID frequencies. Table 6.1 shows that
the bandwidth of the TX and RX loops calculated from (6.2) and (6.3), is not sufficient as
required by RFID applications at these RFID frequencies, while the bandwidth of the
source and load loops is sufficient.

Table 6.1 Q-factor and bandwidth of SCMR elements.

TX and RX Loops Source and Load Loops
Fi rg\c/];;;zljcy O-factor Bai(ilgz’l_vlvzl)dth O-factor Ba?g}vlvzl)dth
43.5 (fnax) 1520 (Omax) 29.6 3.8 11,447
40.7 1420 30.9 4.3 9,465
27.2 1310 20.8 6.9 3,942
13.5 950 14.2 12.2 1,150
6.8 670 10.2 25.0 272
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The second approach is to design an SCMR system with the lower Q-factor than
the model in Figure 6.3, such that it exhibit high bandwidth at the desired frequencies.
This modification was done on the model of Figure 6.3 with the following specifications :
r =100 mm, r. = 0.05 mm and 1 KHz <f< 100 MHz. Figure 6.5 shows the Q-factor of
the modified system. In addition, Table 6.2 shows the Q-factors and their respective
bandwidth of the four identical loops calculated from (6.2), (6.3). The bandwidth of the
TX and RX loops does not lead to sufficient bandwidth required by RFID applications
due to their high Q-factor, but the bandwidth of the source and load loops is
sufficient,because of their low Q-factor. These results also show that the approach does
not lead to sufficient bandwidth for RFID applications, at the cost of significantly

reduced efficiency.

Quality Factor

20 40 60 80 100
Freauencv(MHz)

Figure 6.5: Q-factor of modified TX and RX resonator.
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Table 6.2 Q-factor and bandwidth of SCMR elements.

TX and RX loops Source and Load loops
Frequency Bandwidth Bandwidth
(MHz) O-factor (KHz) O-factor (KHz)
65.5 (fnax) 570 (Qmax) 115 3.8 11,447
40.7 506 80.5 4.3 9,465
27.2 424 64.2 6.9 3,942
13.5 296 45.6 12.2 1,150
6.8 201 33.8 25.0 272

6.2.3 Broadband SCMR

The third approach is based on a novel SCMR system that uses a multiple TX and
RX resonating loops and resonates lower frequency than the f,,,. and the Q-factor lower
than Q.. such that it exhibit bandwidth sufficient for power and data transfer. This
modification was done on the model in Figure 6.3 with the following specification : r; =
30 mm, r; = 50 mm, r; = 65 mm , while the distance between adjacent loops is 20 mm, r,
= 2.2 mm, capacitance C; = 10 pF and C, =18 pF for 1 KHz << 100 MHz, the plot the
Q-factor as shown in Figure 6.6. The broadband has both high and low Q-factor with
high coupling coefficient (alternated loop and source) to support efficient power transfer
and data rate transfer. Table 6.3 shows the Q-factors and the respective bandwidth
calculated from (6.2), (6.3) for the four loop resonators. The bandwidth of the loops 7,
does lead to sufficient bandwidth at 40.7 MHz as required by RFID applications, due to

their low Q-factor. The loops 7 still exhibit low bandwidth and only useful for WPT.
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Figure 6.6: Q-factor of modified TX and RX resonator.

Table 6.3 Q-factor and bandwidth of SCMR elements.

R, loops R, loop
Frequency Bandwidth Bandwidth
(MHz) O-factor (KHz) O-factor (KHz)
40.7 210 203.2 1080 37.7
27.2 195 139 900 30.3
13.5 170 80 650 20.1
6.8 90 85 470 14.5

6.3 Simulation Results

The design of the three approaches is simulated in HFSS and Nexxim. The three
designs are the standard RFID, standard SCMR and SCMR with multiple loops [114],
The three models are shown in Figure 6.7. The efficiency plot for the three cases is

shown in Figure 6.8.
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Figure 6.7: The three models (a) Standard RFID, (b) standard SCMR and (c) the
broadband (multiband) SCMR.
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Figure 6.8: The efficiency plot of the three models at £3 = 100 mm.

Furthermore, it is assumed that the message is "1" followed by "0" in a continuous

stream and operating at 40.7 MHz ISM band. Simulations are set up for the three
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systems of Figure 6.7 for backscattering modulation. When the three models were
simulated with high bit rate (100 kbps), only the RFID and SCMR setup did not result in
over-modulation because of their large bandwidth. However, when the bit rate was
reduced to 15 kbps and bandwidth is 30 kHz, the three models modulated tag and
backscattering at the reader did not result in over modulation. The result of the high and

low bandwidth are shown separately in the following sub-sections.

6.3.1 Modulation and data transfer (High Bandwidth)

In this case, the three models were simulated with high bit rate (100 kbps), only
the RFID and SCMR (broadband) system did not result in over modulation because of

their larger bandwidth.

6.3.1.1 RFID
The result of the RFID in the proposed design is as shown in Figure 6.9 and

Figure 6.10 for the reader and tag respectively. The result shows that the tag can

backscatter the message from the tag to the reader succesfully, hence can transfer data.
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Figure 6.9: RFID with modulation at the reader.
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Figure 6.10: RFID with modulation at the tag.

6.3.1.2 Standard SCMR
The result of the SCMR in the proposed design is as shown in Figure 6.11 and

Figure 6.12 for the reader and tag respectively. The result shows that modulated

backscattering from the tag to the reader does not occurs, hence cannot transfer data.
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Figure 6.11: Standard SCMR with modulation at the reader.
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Figure 6.12: Standard SCMR with modulation at the tag.

6.3.1.3 Broadband SCMR

The result of the broadband SCMR in the proposed design is as shown in Figure

6.13 and Figure 6.14 for the reader and tag respectively. The result shows that modulated

backscattering from the tag to the reader occurs, therefore can transfer data.
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Figure 6.13: Broadband SCMR with modulation at the reader.
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Figure 6.14: Broadband SCMR with modulation at the tag.

6.3.2 Modulation and data transfer (Low Bandwidth)

In this case, the three models were simulated with low bit rate (15 kbps), the three
system, RFID, standard SCMR and broadband SCMR system did not result in over-

modulation because of the low bit rate, which only requires low bandwidth for operation.
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6.3.2.1 RFID

The result of the RFID in the proposed design is as shown in Figure 6.15
and Figure 6.16 in the reader and tag respectively. The result shows that modulated

backscattering from the tag to the reader occurs.
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Figure 6.15: RFID with modulation at the reader.
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Figure 6.16: RFID with modulation at the tag.
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6.3.2.2 Standard SCMR

The result of the Standard SCMR in the proposed design is as shown in

Figure 6.17 and Figure 6.18 in the reader and tag respectively. The result shows that

modulated backscattering from the tag to the reader occurs.

0 0.05 0 1 0.15 0.2
Time(ms)

Figure 6.17: Standard SCMR with modulation at the reader.
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Figure 6.18: Standard SCMR with modulation at the tag.
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6.3.2.3 Broadband SCMR

The result of the broadband SCMR in the proposed design is as shown in Figure

6.19 and Figure 6.20 for the reader and tag respectively. The result shows that modulated

backscattering from the tag to the reader occurs.
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Figure 6.19: Broadband SCMR with modulation at the reader.
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Figure 6.20: Broadband SCMR with modulation at the tag.
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6.4 Summary

The results of higher bit rate and bandwidth models show that, broadband SCMR
has potential applications in RFID. However, standard SCMR results in over-modulation
and modulated backscattering of the message to the reader does not occur. In addition,
when the bit rate was reduced and bandwidth requirement reduced to (15 kbps) 30kHz, in
all three models there were no over-modulation and modulated backscattering of the

message to the reader occurs.
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CHAPTER 7

MISALIGNMENT INSENSITIVE SCMR SYSTEM

Standard SCMR devices are highly sensitive to misalignment resulting in
significant power losses when the orientation of any of the device are changed, the work
of several author have highlighted some of the sensitivity issues, however none has
shown a process or model that is insensitive in several directions. The three common
types of misalignments are axial, lateral and angular misalignments.

A main drawback of standard SCMR systems is that they are highly sensitive to
the alignment between transmitter and receiver. An optimization technique for improving
the efficiency of SCMR systems under lateral misalignment was presented in [18].
Specifically, 48.4% efficiency was achieved by using an adaptive matching network.
However, [18] did not provide any solution for angular misalignment. Analytical
formulations for the power transfer efficiencies of loosely coupled inductive links under
lateral and angular coil misalignment were presented in [19]. However, no solutions that
address the effects of misalignment were discussed in [19]. The effects of changing the
coil separation distance as well as the lateral and angular alignment, between transmitter
and receiver in resonant coupling system were also examined. In addition, the ability to
transfer power and data were demonstrated via resonant coupling system was reported in
[20]. In addition, the effects of misalignment on the efficiency of resonant and
inductively coupled RFID systems were examined using analytical formulations and

FEM simulation in[21].
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SCMR’s radial and angular misalignment sensitivity were examined by [22] and
[23], respectively. Only [23], attempted to correct SCMR’s angular misalignment
sensitivity by using tuning circuits, which were not able to maintain high efficiency
above 60° of misalignment. In addition, tuning circuits add to the complexity of SCMR
RX systems and they cannot compensate for large angular and radial misalignments, as
they cannot recover the lost flux density between TX and RX. However, tuning circuits
can be useful for compensating the effects of variable axial distance between TX and RX
[24], Even though these papers has examined the effects of both lateral and angular
misalignment of SCMR systems. However, no solutions have been proposed to address
the sensitivity of SCMR systems to lateral, angular and the test for the isotropy of WPT
misalignment. Despite the fact that, some of these papers has examined the effects of
both lateral and angular misalignment of SCMR systems. However, no solutions have
been proposed to address the sensitivity of SCMR systems to lateral, angular and test for

isotropy of WPT misalignment.

7.1 Coil Misalignment Cases

RX System

TX System

Figure 7.1: SCMR system with angular elevation, 6 and angular azimuth misalignment
angles, @.
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Coil orientation and alignment are critical in the design of efficient magnetic
resonance coupled systems. A conventional SCMR system exhibits high sensitivity to
lateral, test for the isotropy of WPT and angular misalignments cases. In Figure 7.1, a
simple and typical SCMR system is shown with the angular elevation and angular
azimuth misalignments cases. In what follows, we explain the different types of

misalignment cases that will be considered here

7.1.1 Angular elevation misalignment

In this case, the RX devices (RX resonator and load element) is rotated in the
YZ(elevation) plane from & = 0° to 90° from the center of the two devices on its axis,
while the TX devices (TX resonator and source element) are fixed, as shown in Figure
7.1. where ¢; is the distance between source element, and TX element, £, is the distance
between the TX and RX elements, and ¢;is the distance between the RX element and the

load element.

7.1.2 Angular azimuth misalignment

In this case, the RX system rotates around its axis in the XY (azimuth) plane from

¢ = 0° to 360°, while the TX system is fixed shown in Figure 7.1.

7.1.3 Lateral misalignment

In this case, the RX system is misaligned by moving it parallel to the TX system and
keeping the distance between RX and TX ¢, constant, while the lateral misalignment

offset distance, D increases as shown in Figure 7.2.
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Figure 7.2: SCMR power transfer system with lateral misalignment.

7.1.4 Test setup for isotropy of WPT

In this case, the RX device moves around the fixed TX elements and keeping the
distance between RX and TX constant. Therefore, the RX elements move by following
the trace of a circle in the elevation and azimuth plane, as shown in Figure. 7.3. This test

setup is used to examine the wireless powering isotropy of the different SCMR system.

z

Elevation plane

Azimuth plane

Figure 7.3: SCMR power transfer system with test for isotropy of misalignment angle.
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7.2 Misalignment analysis

In this section, the performance of standard SCMR systems will be
compared to the performance of novel SCMR system for various misalignment
conditions. Standard SCMR systems consist of four elements (see Figure 7.4) and
require that TX and RX systems be aligned in order to achieve high efficiency. In fact,
such standard SCMR systems suffer significant decrease of their wireless powering
efficiency when they are misaligned. The high sensitivity of standard SCMR to
misalignment is a major disadvantage for many applications, such as, implantable or
wearable devices, biosensors, and other mobile devices, where alignment between TX
and RX not only cannot be guaranteed but also it changes due to movement or mobility.
Hence, there is a need for new misalignment insensitive and high efficient SCMR designs

that can solve this practical problem.

| {1 | {2 | f; I
I I
L K(TX RX) @ Ky
TX Element RX Element
Source Element Load Element

Figure 7.4: Schematic of an SCMR power transfer system in air.

Figure 7.5(a) shows a standard SCMR system, our proposed novel misalignment
insensitive SCMR systems are shown in Figure 7.5(b) to Figure 7.5(f). All the
simulations in this paper used Ansoft HFSS and Nexxim. The performances of the SCMR
systems are shown in Figure 7.5(a) - Figure 7.5(f) are examined for the different

misalignment conditions in Section II.
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Figure 7.5. Different SCMR systems. (a) standard SCMR with parallel
loops elements, (b) SCMR with orthogonal loop disconnected elements,
(c) SCMR with two orthogonal (disconnected) loops and two parallel
loop elements, (d) SCMR with two orthogonal (connected) loops and
two parallel loop elements, (¢) SCMR with two orthogonal embedded
(connected) loops and two parallel loop elements (f) misalignment
Insensitive SCMR device (2- loop structure).
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7.3 Standard SCMR

First, the performance of standard SCMR, which is shown in Figure
7.5(a), is examined under different misalignment conditions. The standard SCMR system
was designed for optimal performance following the equations presented in [102]. Figure
7.6 compares the simulation and measurement results of the SCMR system. Specifically,
Figure 7.6(a), 7.6(b) and 7.6(c) shows the variation of the SCMR's efficiency for

elevation, angular and lateral misalignment conditions respectively.
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Figure 7.6: Standard SCMR with the coils d(i(gerent misalignment. (a) Angular elevation,
(b) angular azimuth, (c) lateral and (d) test for isotropy of WPT.

The specification of the models in the simulations and measurements are the
radius of the loop, r; = 50 mm, the cross sectional wire radius, 7. = 2.2 mm, the distance
between the TX and RX devices, D = 200 mm, and the capacitor is 68 pF. Figure 7.6(a)
- Figure 7.6(c) show that as the elevation, azimuth and lateral misalignment increases the
efficiency rapidly decreases. These results verify the high sensitivity of conventional
SCMR systems to misalignment. Also, the isotropy of the SCMR system was examined

using the test setup of Figure 3 and the result is shown in Fig 6 (d), the result also

illustrates that the efficiency of the standard SCMR system does not exhibit isotropy.

115



7.4 SCMR with four disconnected orthogonal loop pairs

In Figure 7.5(b), the standard SCMR system is modified to include four
pairs of orthogonal loops (disconnected) to achieve misalignment insensitivity, for the
different misalignment angles and cases (see Section II). However, from the simulation
result (see Figure 7.7) the misalignment insensitivity was still poor and the power
transfer efficiency was worse than standard SCMR, because of the increases in the
distance between the adjacent orthogonal loops(TX to source elements and RX to load
elements) compared to standard SCMR, resulting in lower coupling coefficient.
Measurement analyses were not carried because the simulations indicated that the system

would not be efficient.

7.5 SCMR with two orthogonal and two parallel loops

In Figure 7.5(c) and Figure 7.5(d), another SCMR system is proposed
comprising of is further modified to include pair of orthogonal loops (inter-connected or
disconnected) and a pair of parallel loops as seen in Figure 7.5(c) and Figure 7.5(d)

respectively, The orthogonal loops are the moving receiver and the parallel loops are the
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Figure 7.7: The modified SCMR with misalignment. (a) angular elevation, (b) angular
azimuth (c) lateral and (d) test for isotropy of WPT.
fixed transmitter. For the two SCMR systems of Figure 7.5(c) and Figure 7.5(d) for

different misalignment conditions (see Figure 7.7), it can be seen that the system exhibit

less misalignment sensitivity when compared to standard SCMR.
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7.6 SCMR with embedded orthogonal loops

In an effort to further improve the performance of the SCMR system of
Figure 7.5(d) we embedded the load element inside the RX resonator (see Figure 7.5(e)),
and examined the effects of different misalignment conditions. The simulations and
measurement result are shown in Figure 7.8, which illustrates that the system of Figure
7.5(e) has significantly improved misalignment insensitivity compared to standard SCMR.
This can be attributed to the high coupling coefficient from the pair of parallel loops
(similar to standard SCMR) between the TX resonator and source, and the embedded RX
devices which also has increase coupling coefficient and orientation insensitive structure
and also because they are embedded. However, the isotropy of this SCMR system was
also studied and the result is shown in Fig 7.8 (d), the result shows that the efficiency of
the standard SCMR system does not exhibit isotropic behavior. The specification of the
models in the simulations and measurements are outermost loop radius, »; = 50 mm,
inner loop radius, , = 45 mm, cross sectional radius, . = 2.2 mm, distance between TX
and RX devices, D = 200 mm, and the capacitors are 56 pF and 68 pF in the orthogonal

and the parallel elements.
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Figure 7.8: SCMR with two connected orthogonal (embedded) loops and two parallel
loops misalignment cases. (a) angular elevation (b) angular azimuth, (c) lateral
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misalignment, and (d) test for isotropy of WPT.

119



7.7  Misalignment Insensitive SCMR device (2- loop structure)

A novel SCMR system is proposed here and it is shown in Figure 7.5(f).
In this SCMR system, the RX and TX resonator elements as well as the source and load
elements are 3-D continuous loops. In addition, the source and load loops are embedded
inside the TX and RX resonators respectively. This type of system has a spherical
symmetry and thereby expected to have misalignment insensitive performance. Figure
7.9 illustrates the simulation and measurement results of the system for different
misalignment conditions. The specification of the models in the simulations and
measurements are: the radius of the outermost loop, »; = 50 mm, the radius of the inner
loop, 7, = 45 mm, the cross sectional wire radius, . = 2.2 mm, the distance between the

TX and RX devices, D = 200 mm, the capacitors are 56 pF.
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Figure 7.9(a) and Figure 7.9(b) show that the efficiency of this system is insensitive to
angular azimuth and elevation misalignment. In fact, the performance of this system is
significantly better than standard SCMR. Fig 7.9(c) shows that the efficiency of the
proposed system does not exhibit isotropic performance, which is desirable. In order to
mitigate this and develop and SCMR system that is isotropic, further modification of the

design is required. The measurement setup for Figure 7.9 is shown in Figure 7.10.

(2) ‘ )
Figure 7.10: The measurement setup of the misalignment insensitive SCMR (2- loop
structure) (a) without misalignment (b) with lateral misalignment.

7.8  Misalignment Insensitive SCMR (3- loop structure)

In an effort to develop an SCMR system that is misalignment insensitive and
isotropic, we designed the system as shown in Figure 7.12(b). The new system is similar
to the design of Figure 7.5(f), also shown in Figure 7.11 (a) for direct comparison with
the system of Figure 7.11(b). The difference of the system in Figure 7.11(b) is that each
element (TX resonator, RX resonator, source and load) consist of a 3D loop that
comprises of three connected orthogonal loops. Figure 7.12 shows that this system will
be misalignment insensitive and efficient in these directions, and Figure 12 (d) show that

the system is efficient with lateral misalignment. The specification of the models in the
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simulations and measurements are the radius of the outermost loop, »; = 50 mm, the

radius of the inner loop, 7, = 45 mm, the innermost radius of the loop, r; = 40 mm, the

(a) (b)

Figure 7.11: SCMR structures with misalignment insensitivity. (a) SCMR with two
orthogonal loops each (connected) and embedded. (b) SCMR with three orthogonal loops
each (connected) and embedded.

cross sectional wire radius, . = 2.2 mm, the distance between the TX and RX devices,
D = 200 mm, resonance frequency, f.= 41.5 MHz. The capacitor of the 3-loop SCMR
system is 22 pF. The measurement setup for Figure 7.12 is shown in Figure 7.13. The
challenges of implementing this system can be solved by embedding the elements in the

body of the mobile device of interest. The system efficiency and range can be further

improved by working with other materials and geometries.
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-
Figure 7.13: shows the measurement setup for the misalignment insensitive SCMR (3-
loop structure).

7.9 Summary

The work presented various optimized designs of SCMR elements, 2-loops and 3-
loops structures with misalignment-insensitive performance. Five setups were proposed,
of connected or disconnected loops, which are either parallel, orthogonal, embedded or a
combination. The optimal SCMR features power transfer efficiencies above 50% over
the complete misalignment range of 0°-90° degrees in a performance dramatically better
than typical SCMR elements utilized for wireless power transfer applications that suffer

of efficiencies down to 10% in extreme misalignment topologies.
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CHAPTER 8

CONCLUSIONS AND FUTURE WORK

8.1 Conclusions

This dissertation presented a detailed analytical optimization of SCMR elements
with loops, helices and spiral structures. In the loop and helices cases, our formulations
proved that the global maximum Q-factor of a loop or helix is achieved when the ratio
between the radius, , and the cross-sectional radius, 7., of the loop is approximately
equal to 9.52. This important finding can be used to design maximally efficient SCMR
wireless powering systems that use loops or helices as transmitting and receiving
elements. In spiral, the optimization numerically proved that the global maximum Q-
factor of a spiral exist and the optimal design of SCMR systems that use spiral resonators
can be achieved.

Using the optimal parameters derived, wireless power transfer to sensors
embedded in plain and reinforced concrete structures for SHM applications via SCMR
were investigated with loops, helices and spiral structures. The extended Debye model
was also used to describe the electromagnetic properties of concrete. The result shows
that maximum efficiencies that range from 27% at 12% humidity to 59.0% at 0.2%
humidity inside concrete at a depth of 10 cm. It also shows that SCMR can transfer
power more efficiently than other methods and the loss are closely related to the humidity
conditions of concrete and depth.

Furthermore, the use of the optimal SCMR device to power Wearable and

Implantable Medical Devices (WIMD) were also investigated. The result showed that
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WIMD can based on SCMR can be used to efficiently power biomedical implants, the
high efficiency enables the SCMR device to deliver a significant amount of power to
biomedical implants without excessive transmitter compared to resonant coupling in
terms of the Specific absorption rate (SAR) levels for the same power delivered. The
result also shows that, the SCMR has great potentials in WMD, and has very low SAR,
electric and magnetic field distribution close to the tissue, which is important for
biomedical applications. It is a planner, hence can be embedded in clothing easily.

The Standard SCMR structures are highly sensitive to misalignment and
significant power losses when the orientation of any of the devices is changed, this work
also presented various optimized designs of SCMR elements, using 2-loops and 3-loops
structures with misalignment-insensitive performance. The optimal SCMR exhibits high
power transfer efficiencies above 50% over the complete misalignment range of 0°-90°
degrees in several directions and perform dramatically better than typical SCMR
elements utilized for wireless power transfer applications that suffer of efficiencies down
to less than 10% in extreme misalignment topologies.

In conclusion, the wireless power transmission systems that we developed showed
greater efficiencies than existing solutions, for the plain and reinforced concrete

applications and in biomedical for Wearable and Implantable Medical Devices.
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8.2 Future Work

This research was centered on optimization of wireless power transfer to sensors
embedded in concrete for SHM and WIMD in biomedical applications. However, there
are some areas that requires further work.

First part of the work focused on analytical optimization of SCMR elements with
loops, helices and spiral structures. More work can be done on miniaturization of the
structures for non-homogenous interface (concrete, tissues, etc.), this can be done with a
combination of different dielectrics and ferromagnetic materials with very high
permeability, to achieve optimal miniaturized embedded structures with high efficiency.
This research can be extended to other applications such as water and soil.

In addition, the SCMR is a type of inductive coupling method, and only operated
at the reactive near field region, hence it has a limited range. The range can be improved
by operating at a lower frequency (therefore increasing the wavelength) and designing
the SCMR devices to have structures with special topologies and materials, which might
include some types of metamaterials.

Furthermore, part of this work is to maximize the power transfer efficiency to
embedded sensors and minimize the required battery charging time. The research can be
extended to the optimization of embedded sensors that are completely passive and
batteryless.

Finally, part of the SCMR system developed in this work is the multiband SCMR,
with two or more frequencies of operation for simultaneous multiple frequencies efficient
WPT. This can be improved developing optimal reconfigurable SCMR system to achieve

more multiple frequencies WPT and also for directional WPT through beamforming.
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