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Abstract

Resonant Inductive Coupling Wireless Power Transfer (RIC-WPT) has been proven

to provide very high power transfer e�ciencies (above 80%) for moderate distances,

and is hence foreseen as a key technology to enable wireless power transfer to a

myriad of di�erent devices and related applications. Due to the multidisciplinary

nature of the WPT underlying principles, several approaches have been provided to

analyze RIC-WPT systems from di�erent perspectives (encompassing Electromag-

netic �elds, Circuit models and Optics), but they have failed to provide a uni�ed

model to understand and ultimately to design the behaviour of such systems. This

thesis is therefore aimed to, �rst, provide a multi-modal RIC-WPT complete model

oriented to the design and in turn optimisation of RIC-WPT systems and, secondly,

to explore and characterize the fundamental challenges precluding the widespread

deployment of RIC-WPT and thereby accordingly to yield a set of design guidelines

to overcome them. Finally, and due to the fact that multi-node RIC-WPT systems

are key to the adoption of this technology, this thesis models, characterizes and ana-

lyzes Multiple-Input Multiple-Output RIC WPT Systems, making special emphasis

on their scalability.
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This chapter exposes the thesis focus and describes the challenges underlying

resonant inductive wireless power transfer. The proposed research is described in

terms of innovation and its applicability to di�erent environments.

1.1 Overview

Recent research in wireless power transfer (WPT) using resonant inductive coupling

has demonstrated very promising e�ciencies (above 80%) [1] at large distances

compared to the antenna dimensions (more than three times the transmit-

ter/receiver diameters). Due to the number of applications that could bene�t from

such performance, namely from electric vehicles to sensor networks, commercial

electronic devices, health equipment, biomedical implants, fractionated spacecraft

and a long etcetera, the development and optimization of this technology is of great

interest. Since resonant inductive coupling (RIC) is still a very novel technology

interplaying various physical domains and disciplines, di�erent models should be

proposed to analyze and predict the behavior of these systems and to increase the

overall e�ciencies and transmission ranges.

Because the identi�cation and optimization of key elements, power management

circuits and WPT system integration is still missing in current RIC WPT imple-

mentations, the aim of this thesis is to model and circuit co-design these systems
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obtaining a complete characterization, scalability and optimization methods for

this technology. At the same time, new solutions to improve the e�ciency of the

system and its applicability will be explored, namely: frequency control/adaptation

systems, impedance matching systems, relaying policies and ways to circumvent

the various challenges precluding practical and robust WPT systems deployment..

In the following sections, the state of the art of resonant inductive coupling

wireless power transfer will be explored as well as the problems, objectives and

challenges of this thesis.

1.2 Wireless Power Transfer

1.2.1 Radiative and non-Radiative behavior of EM �elds

Electromagnetic Wireless Power Transfer consists on the transmission of electric en-

ergy through electromagnetic (EM) �elds. Because certain behavior characteristics

dominate these �elds at one distance from the transmitter antenna while completely

di�erent ones dominate at another, it is necessary to de�ne some boundary regions

to categorize these changes. These boundary regions will allow us to analyze the

characteristics of the transmission as a function of distance from the transmitter

antenna.

The behavioral changes in the electromagnetic �elds are predicted by Maxwell's

equations, which de�ne two di�erent behaviors for each of the two terms of electric

and magnetic �elds (radiative and non-radiative). Maxwell's equations state that

the electric �elds produced by changes in charge distribution are di�erent from

those produced by a change in magnetic �eld. Similarly, the behavior of magnetic

�elds produced by changes in electric currents is di�erent from the ones produced

by a change in electric �elds. In particular, currents and charge distributions

directly produce a magnetic �eld (magnetic dipole type and electric dipole type

respectively) that vanishes very steeply with distance, which di�ers from the �elds

produced by a change in electric or magnetic �elds.

For these reasons, in the spatial region very close to currents and charge

distributions, this is, the region very close to the antenna, the electromagnetic �eld

is dominated by electric and magnetic components produced directly by currents

and changes in charge distributions. The region were these e�ects dominate is

called the electromagnetic near-�eld region. On the other hand, at distances far

from currents and changes in charge distributions (far from the antenna), the EM

�eld becomes dominated by the electric and magnetic �elds indirectly produced by

the change in the other type of �eld, and thus e�ects of the charges and currents at

the EM source are negligible. This part of the EM �eld -predominantly radiative-

constitutes the far �eld region and it is the familiar type of electromagnetic

radiation occurring in �free space�.
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The di�erence between these regions can be easily illustrated by solving

Maxwell's equations for an in�nitesimal dipole (a small radiating wire in the z

direction where the axial current along it is uniform):

Figure 1.1: In�nitesimal Dipole [2]

The in�nitesimal dipole could either be fed with an electric current source

creating a vector potential A or a magnetic current source (in the case of magnetic

dipoles), creating a vector potential F . In this section we will use both electric

and magnetic dipoles to illustrate the di�erences between the electric and magnetic

�elds created in each case.

The vector potential A created by an electric current source (J) and the vector

potential F created by a magnetic current source (M) are found by:

A =
µ

4π

∫∫∫
V

J
ej

2πr
λ

r
dv′ (1.1)

In the case of an electrical in�nitesimal dipole, the vector potential A created

by an electric current Ie along the z axis [2] is given by:

A = az
µ0Iedle

−j 2π
λ
r

4πr
(1.2)

Similarly, in the in�nitesimal dipole, the vector potential F created by a magnetic

current Im along the z axis is:

F = fz
ε0Imdle

−j 2π
λ
r

4πr
(1.3)

being az and fz the �elds of a small current element, dl the longitude of the

in�nitesimal dipole, Ie and Im the electric and magnetic currents of an electrical

and magnetic dipole respectively, and r the distance to it. The next step is to �nd

the magnetic �eld (H) and electric �eld (E) using the curl of A and F for the
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electric and magnetic dipoles, respectively. In order to do this easily, we should �rst

transform A and F to spherical components:

Ar = Az cos θ = µ0Idl
4π ( e

−j 2π
λ
r

r ) cos(θ);

Aθ = −Az sin θ = µ0Idl
4π ( e

−j 2π
λ
r

r ) sin θ;

Aφ = 0;

Fr = Fz cos θ = ε0Idl
4π ( e

−j 2π
λ
r

r ) cos(θ)

Fθ = −Fz sin θ = ε0Idl
4π ( e

−j 2π
λ
r

r ) sin θ

Fφ = 0

(1.4)

Once the vector potential is known, the radiated �elds of the in�nitesimal dipole

can be found by di�erentiating the magnetic vector potentials:

H =
1

µ0
∇×A = aφ

1

µ0r
[
∂(rAθ)

∂r
− ∂Ar

∂θ
]

E =
1

ε0
∇× F = fφ

1

µ0r
[
∂(rFθ)

∂r
− ∂Fr

∂θ
]

(1.5)

And substituting the spherical components of the vector potentials (1.4) into the

magnetic and electric �elds (1.5) we �nd:

He,r = He,θ = 0

He,φ =
Idlπ sin θ

λ2

[
j
λ

2πr
+

(
λ

2πr

)2
]
e−j

2πr
λ

Em,r = Em,θ = 0

Em,φ =
Idlπ sin θ

λ2

[
j
λ

2πr
+

(
λ

2πr

)2
]
e−j

2πr
λ

(1.6)

Where He,r and He,φ are the magnetic �elds created by the electric current

(electrical in�nitesimal dipole) and Em,r and Em,φ are the electric �elds created by

a magnetic current (magnetic in�nitesimal dipole).

Once the magnetic �elds of the electrical dipole and the electric �elds of the

magnetic dipole are known, it is possible to �nd the electric �elds of the electrical

dipole and the magnetic �elds of the magnetic dipole as:

Ee =
1

jωε0

[
ar

1

r sin θ

∂

∂θ
(He,φ sin θ)− aθ

1

r

∂

∂r
(rHe,φ)

]
Hm = − 1

jωµ0

[
fr

1

r sin θ

∂

∂θ
(Em,φ sin θ)− fθ

1

r

∂

∂r
(rEm,φ)

] (1.7)

Considering that the length of the current element is much less than a wave-

length (in�nitesimal dipole), the electric and magnetic �eld equations of an electric

in�nitesimal dipole are:
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Ee,θ =
jZ0Iedlπ

λ2
sin θ

[
−
(

λ

2πr

)3

− j
(

λ

2πr

)2

+

(
λ

2πr

)]
e−j

2πr
λ

Ee,r =
2πZ0Iedl

λ2
cos θ

[
−j
(

λ

2πr

)3

+

(
λ

2πr

)2
]
e−j

2πr
λ

Ee,φ = 0

Hm,θ = −jImdlπ
λ2Z0

sin θ

[
−
(

λ

2πr

)3

− j
(

λ

2πr

)2

+

(
λ

2πr

)]
e−j

2πr
λ

Hm,r = −2Imdlπ

λ2Z0
cos θ

[
−j
(

λ

2πr

)3

+

(
λ

2πr

)2
]
e−j

2πr
λ

Hm,φ = 0

(1.8)

where Z0 = 120π is the free space impedance. It is important to note that while the

�eld components of the in�nitesimal electrical dipole are predominantly electric,

the �eld components of the magnetic dipole are predominantly magnetic which will

make the magnetic dipole more suitable for near-�eld wireless power transfer as we

will explain later.

Analyzing equations (1.6) and (1.8) we can di�erentiate three terms:

• Terms proportional to 1/r. This is called the radiation term and represents

the �ow of energy away from the wire.

• Terms proportional to 1/r2. This is called the induction term and represents

the energy stored in the �eld during one quarter of a cycle and then returned

to the antenna in the next.

• Terms proportional to 1/r3. This is called the quasi stationary term, or the

electrostatic �eld term, and results from the accumulation of charge at the

ends of the element.

Notice that all the terms λ2/2πr will be equal to one at the distance r = λ/2π.

This distance, where all the contributions from the radiation, induction and

the electrostatic term are of the same magnitude, is the boundary between the

non-radiative and radiative �elds. However, because of the di�erent terms behavior

with distance, this separation is not sharp and a mid-range zone (where both

radiative and non-radiative �elds coexist) has to be de�ned.
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• If r << λ/2π then the electrostatic and induction �eld dominate, de�ning the

non-radiative (reactive) near-�eld zone.

• If λ/2π < r < λ both the induction and radiation term coexist. This is called

the mid-range or radiating near �eld (Fresnel) zone.

• If r >> λ/2π then the radiation term will dominate, de�ning the radiative

far �eld (Fraunhofer) zone.

Figure 1.2: Reactive and Radiative terms of electric �elds of an In�nitesimal Dipole.

When considering wireless energy transfer, the near �eld is characterized by

only transferring energy e�ciently when both the transmitter and receiver are in

close proximity. However, because of the near-�eld proximity to the source, it has a

powerful e�ect on it, causing an increase in the transmitter's load whenever energy

is withdrawn from the EM �eld by a receiver. On the other hand, if the emitted

energy isn't withdrawn, it doesn't propagate freely out into space but oscillates

back and forth returning its energy to the transmitter and therefore making these

systems very e�cient. Examples of this type of interaction are magnetic induction

in an electrical transformer.

In the mid-range �eld zone, not only there is an electromagnetic wave being

radiated but there is also the reactive component to the electromagnetic �eld,

which makes the radiated power density very hard to predict. Oppositely, the

radiative zone of the near �eld region does not contain reactive �eld components

from the source antenna (back-coupling of the �elds becomes out of phase) which

makes energy in the radiative near-�eld to be all radiant energy.

By contrast, the EM far-�eld is self-sustained in the sense that it requires

the same amount of power to transmit the energy to the receiver whether it
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is immediately withdrawn or not (the �eld doesn't go back and forth), this is,

the energy on both transmitter and receiver is completely independent. This

is because the far �eld is predominantly radiative making it less dependent on

distance (the �eld decreases as r−1 in contrast with r−2 and r−3 of the reactive �eld).

Another way to interpret this behavior is that the far �eld that composes

electromagnetic radiation is the part of the electromagnetic �eld that has traveled

su�cient distance from the source so as to become completely disconnected from

any feedback to the charges and currents that were originally responsible for it

(reactive �eld). Therefore, the �eld in this region generates itself only as a result of

changing �elds.

Also, it is important to note that the �elds generated in the near �eld can be

either predominantly magnetic or predominantly electric. Because in the far �eld

the electromagnetic �eld is only generated as a result of changing magnetic and

electric �elds, both terms coexist and are very similar (both proportional to 1/r2).

In an electric dipole, the near �eld is predominantly electric (1/r3 term) but

in the far �eld, both electric and magnetic �elds vary as 1/r2. This is why an

electric dipole produces very high electric �elds in the near �eld. In contrast, the

magnetic dipole generates a predominantly magnetic �eld (proportional to 1/r3) in

the reactive zone which makes magnetic dipoles and other elements that generate

high magnetic �elds in the near-range very suitable for wireless inductive power

transfer.

Because magnetic currents are physically unrealizable it is of interest to �nd an

element that generates a predominantly magnetic �eld in the reactive zone while

being fed with an electric current. One of the elements that has this property is

the current loop. In a current loop, although the �elds are generated by an electric

current, the generated EM �eld in the near-range zone is predominantly magnetic.

The �eld equations of a sinusoidally excited in�nitesimal current loop can be easily

found knowing that a small electric loop of radius a and constant electric current Ie
is equivalent to a magnetic dipole of magnetic moment Iml provided that [2]:

Iml = jS
2πZ0Ie
λ

(1.9)

where S = πa2 (area of the loop).

The �eld equations of such current loop thus become:
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Er = Eθ = Hφ = 0

Eφ =
jS2π2Z0Ie

λ3
sin θ

[
j
λ

2πr
+

(
λ

2πr

)2
]
e−j

2πr
λ

Hθ = −S2π2Ie
λ3

sin θ

[
−
(

λ

2πr

)3

− j
(

λ

2πr

)2

+

(
λ

2πr

)]
e−j

2πr
λ

Hr = −jS4π2Ie
λ3

sin θ

[
−
(

λ

2πr

)3

− j
(

λ

2πr

)2

+

(
λ

2πr

)]
e−j

2πr
λ

(1.10)

Because of these properties, current loops and similar elements (coils, solenoids)

are widely used to wirelessly transfer energy through magnetic inductance in the

reactive range.

1.2.2 Wireless power transfer using EMR and EMI �elds

First theoretically predicted by Maxwell in 1873 and later con�rmed by Hertz,

wireless power transmission has been illustrated and strongly advocated for in the

last century. Although wireless electromagnetic power transfer is achievable in both

near and far �eld, the di�erence in the behavior of the EM �elds explained above

requires the development of particular solutions for each particular region.

If the transmitter and receiver are located within the near �eld, where the re-

active component is dominant (whether the source type is predominantly magnetic

or electric), the energy is more e�ciently exchanged by the use of electromagnetic

induction (EMI). In contrast, when the distance between the transmitter and the

receiver is such that the system is considered to be in the far �eld, the radiative

component of the EM �eld dominates and the energy must be transferred by the

use of electromagnetic radiation (EMR).

1.2.3 Radiative WPT

The idea of using electromagnetic waves to transmit power has been a subject

of research since the development of high-power non-coherent microwave emitters

(magnetrons) in World War II and the development of a special antenna with an

integrated recti�er (called a rectenna) which converted radiated power back to

electricity [3].

The �rst microwave power transmission demonstration was performed by

William C. Brown in 1964 by wireless feeding a miniature helicopter with a

combination of an antenna and a recti�er device that would convert microwave
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power into electricity, allowing the helicopter to �y [4].

Since then, several experiments have been performed which very well proved

and characterized Microwave Power Transmission demonstrating good e�ciencies

with high directional antennas [5]. In addition, some experiments in the tens of

kilowatts range were carried out at Goldstone in 1975 and more recently at Grand

Bassin on Reunion Island [6].

Many applications have been proposed for the use of Microwave Power Transfer

in aerospace since it was successfully studied and proved in two rocket experiments

(MINIX 1983 [7] and ISY-METS in 1993 [8]) and three demonstrations (MILAX

1992, Kansai-demo 1994 and ETHER 1995) carried out by Kobe University.

Microwave Power Transfer has been suggested for space elevator applications and

beamed microwave sailing, amongst many others [9]. Nowadays, Microwave Power

Transmission is currently being a study of research for its applications into a Solar

Power Satellite [10, 11] where solar energy is collected in orbit and then converted

into microwave energy in order to beam it to a receiver on the ground, such as in

the Lunar Wireless Power Transfer [12] and Space Solar Power Systems [13].

Although EMR power transfer has been successfully demonstrated and veri�ed

in both mid-range �eld [14] and far �eld [2, 15, 16], the requirement of an uninter-

rupted line of sight within the transmitter and receiver antennas and the pointing

requirements of this type of wireless power transmission have constrained these sys-

tems to a very speci�c type of applications.

1.2.4 Non-Radiative WPT

The transmission of wireless power transfer using electromagnetic induction was

�rst demonstrated in the early 20th century by Nikola Tesla. Tesla used electro-

magnetic induction (EMI) to illuminate incandescent lamps in 1894 [17] and in 1897

he patented a device called the high-voltage resonance transformer or �Tesla Coil�,

which was capable of producing very high voltages at high frequency through the

transfer of electrical energy from a primary coil to a secondary coil. The principle

of operation of this system was magnetic inductive coupling between a pair of

resonant coils, known as Resonant Inductive Coupling (RIC). However, typical

embodiments involved undesirably large electric �elds and thus were thought to be

impractical [18]. Tesla's �eld of research was stopped and non radiative wireless

power transfer was eventually abandoned.

In the 1960s the concept of WPT by electromagnetic induction (EMI) at a

lower frequency (kHz) for the powering of arti�cial hearts was re-introduced [19]

jointly with the advancement in high-e�ciency switched sources [20]. Since then,

inductive coupling has been commonly used in implantable devices [21, 22]. These

coupled inductors, such as typical transformers, required a very short distance
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between transmitter and receiver (typically in the centimeters range) and usually

a magnetic core to con�ne �elds. While the early systems used non-resonant links,

later systems [23], [24], [25] implemented resonant transmitter coils thus creating

a resonant inductive coupled (RIC) link, similar to Tesla Coils. In such a link

each coil is capacitively loaded forming a tuned LC tank resonating at a common

frequency, which allows to transmit signi�cant power over a larger range (about

50% of the coil diameter). Inductively coupled resonant and non-resonant links

have been used since then in medical and consumer applications. However, the

inductive links were limited to the near range (less than the coil diameters) and

experimented an exponential decay of e�ciency over distance.

In 2007, EMI links were extended to larger ranges (several times the diameter

of the antennas) stretching the behavior of RIC links using strong coupling [26].

This e�ect, explained by coupled mode theory, was demonstrated by lighting a

bulb at 2m with a 40% e�ciency [27] and attracted a lot of attention in wireless

power transfer because of the non-radiative behavior of this method (which makes

it safe for humans) and the e�ciencies obtained at distances of several meters.

This experiment demonstrated how magnetic near �eld can transfer power through

certain materials and around metallic obstacles (even when the direct line of sight

was blocked).

Resonant inductive coupling (RIC) in the strong-coupling regime has revived the

interest in wireless power transfer and lots of applications are being developed to

use these systems in consumer electronics [28, 29], electric vehicles battery charging

[30, 31], biomedical implants [32], underwater power transfer [33] and robotics power

supply [34], amongst others.

1.3 Previous State of the art on Resonant Inductive

Coupling

The di�erence between RIC systems and conventional transformers is that in a

resonant system, both the transmitter (primary) and receiver (secondary) coils can

be strongly or loosely coupled (which means that they can share all or only a part

of their respective �elds) but, as the transmission occurs over a number of �eld

cycles, provided that losses are low, the achievable e�ciencies can still be very high.

Therefore, loosely coupled but high e�cient transmission can be achieved if the

transmitter and receiver coils have high Q-factors [35]. Also, as the nature of the

electromagnetic �eld is not radiative but inductive, no direct line of sight is needed.

Because of the potential number of applications that resonant inductive coupling

has and the relatively wide range of distances at which RIC systems can transfer

power to (from centimeters to tens of meters), RIC is foreseen as a key enabling

technology for wireless power transfer in the following years. Although RIC can
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theoretically transfer power to tens of meters, there hasn't been any demonstration

of this type of wireless power transfer for ranges above 2m. For this to happen,

it is necessary to perform a scalable qualitative analysis of the system and to �nd

new ways to increase the transmission and system e�ciencies which will allow to

increase the distance range. Equally important to optimizing the system's e�ciency

for the application of RIC is the maximum amount of power that can be sent to

the receiving coil using this system. In order to increase the power range of a given

con�guration, it is necessary to model the e�ects of a high coupling (high power

transfer) with low losses (high Q values) and to system co-design to derive the

optimal conditions at which the given �gure of merit is maximum.

1.4 Problem Satetement and Objectives

1.4.1 Current Progress on Wireless Power Transfer

As progress unfolds in the �eld of mid-range wireless power transfer based upon

resonant magnetic mid-range coupling -Resonant Inductive Coupling Wireless En-

ergy Transfer (RIC-WPT) [26]-, the scienti�c community is addressing a collec-

tion of challenges at various design levels. Leveraging them would enable myriad

applications that would bene�t from the availability of wireless remote powering,

namely: from consumer electronics to biomedical implants [32], electric vehicle bat-

tery charging, underwater power transfer, robotics power supply and fractionated

satellites [36], amongst others. However, applications are currently mostly limited

to point-to-point links due to the associated complexity of cross-coupling behavior

in Single Input - Multiple Output (SIMO) scenarios and therefore do not exploit

all the capabilities that RIC-WPT can o�er. Furthermore, RIC is envisioned as a

key enabling technology for Wireless Sensor Networks, Internet of Things and other

naturally SIMO scenarios [37].

This section revises the current State of Art on resonant magnetic wireless power

transfer emphasizing the current de�ciencies so as to put in context the contributions

of this thesis. Aspects related to recent progress in WPT encompass the analysis

and design of point-to-point SISO WPT links, from new circuit models to provide a

uni�ed design-oriented understanding [38, 39] to load matching techniques to max-

imize point-to-point coupling e�ciency for varying conditions [40, 41]. Point to

point systems have also been addressed covering the electronic front-end e�ciency

optimization [42, 43, 44], as well as their system-wide co-design and optimization

[45]. Driven by miniaturized applications, asymmetrical WPT links have been stud-

ied to provide design guidelines [46] and optimized operating frequency to minimize

losses [47], and even multi-frequency multi-band operation [48]. In point-to-point

WPT links, the existence of additional elements or objects altering the link, be it

exploring the e�ect of nearby bodies [49] (or conversely characterizing the impact of

RIC upon human exposure [50], or metallic interfering objects [51, 52] has hitherto

been studied). In particular, previous research has identi�ed their bene�cial e�ects

as relay/repeater elements [50, 53, 54, 55, 56, 57] whereby properly tuned resonant
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metallic objects can extend the distance range for which achieving a moderately

high e�ciency WPT link is feasible. However, the relaying e�ect and its reper-

cussion upon cross-coupling behaviors and overall system performance in multiple

receiver scenarios -in which the bene�t of multipath-relay would be very signi�cant-

has not yet been analyzed in depth. Regarding multi-node systems, with the advent

of new advances that enable more robust WPT links and new applications with

multiple receiver scenarios, works for the SIMO WPT scenario include the original

investigation in terms of the physical �elds [58], power converter perspective [59]

and system deployment [60], subsequently on impedance matching techniques ex-

tended to the SIMO case both from RF techniques [61] and from a circuit-centric

model standpoint [62], analytical description of cross-coupling e�ects [54] and more

recently load-tuned e�ciency-optimized charging control for multiple receivers [63]

and selective multiple receiver powering [64]. More recently, a system-level analyti-

cal description of cross-coupling e�ects [54] in multiple receiver scenarios has been

reported.

Notwithstanding the notable progress of this research �eld, it is still unclear how a

system-wide deployment of a WPT system capable of remotely supplying multiple

receiver ends will perform in terms of destructive de-tuning interfering e�ect or with

bene�cial constructive range-enhancing e�ect for the multiple receiver scenarios. To

address this crucial question towards the applicability of resonant inductive coupling

to a network of devices, this thesis studies the e�ects of multiple devices acting as

relays -potentially increasing the performance of the system through a multi-path

relaying e�ect- or as interfering objects detrimental to the overall system perfor-

mance.

Accordingly, pursuing the deployment of RIC-WPT technology in multiple receiver

applications with inevitable inter-coupling e�ects, it is necessary to revisit the cur-

rent models of RIC-WPT systems from the SIMO perspective and to �nd new

performance metrics and analytical procedures to optimize the behavior of such

systems and design their parameters in turn predicting their interfering or relaying

nature.

1.4.2 Objectives

The aim of this thesis is therefore to �rst, provide the grounds for analyzing RIC-

WPT deployments through a Design-Oriented Uni�ed RIC Model and secondly, to

characterize and provide guidelines to overcome the fundamental challenges pre-

cluding the development of RIC WPT. A system-codesign methodology is proposed

towards optimizing such deployments based on the analytical models presented and

the challenges discussed during the thesis. Finally, the scalability of RIC-WPT

deployments is analyzed for multiple-input multiple-output applications.
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1.4.2.1 Design-Oriented Uni�ed RIC Model

Some analysis of RIC systems in the strong coupling regime have been carried

out, but they were based on coupled mode theory [26, 27, 65] failing to provide a

practical method to explain how the optimal design parameters of the system could

be found (frequency, distances between coils, coil diameters) or how the loose or

strong coupling a�ects the overall e�ciency. Being RIC a very multidisciplinary

�eld of research, di�erent approaches have been performed from the antenna point

of view [66] [67] and the circuit point of view [68, 69, 38] but there is no model that

links them.

It is important to revisit RIC from antenna concepts which can predict very well

where optimal distances between transmitter and receiver antennas are and where

e�ciency can be maximized. Because a coil can be seen as an special type of an an-

tenna, the interaction between a coil and the electromagnetic �eld can be analyzed

as such. To do this, we propose to model this interaction from the electromagnetic

and antenna point of view and to use impedance matching techniques to increase

the system's e�ciency and coupling to the receiving load. In this context this thesis

has developed a new model that solves the di�erences between the existent meth-

ods: physical model (coupled mode theory)/circuit model (lump and re�ected load

theory) and incorporates antenna concepts such as S-matrix and impedance match-

ing techniques to analyze the optimal distances at which maximum e�ciency or

maximum power transfer occur. This design-oriented model will merge the di�erent

existing RIC-WPT models obtaining a uni�ed and scalable model that will allow

us estimate the behavior of miniaturized (for active energy harvesting and sensor

networks) and non-miniaturized (consumer and in-space applications) RIC systems.

1.4.2.2 Fundamental Challenges I, II and III: Port Impedance Matching,

Distance and Frequency E�ects, Interfering Objects and Relays

The second section of this thesis analyzes the fundamental challenges that are pre-

venting the widespread deployment of Resonant Inductive Coupling Wireless Power

Transfer. Due to the resonant nature of RIC-WPT, these systems are very sensitive

to changes on the system load, distance, frequency as well as interfering objects.

Thus, this section is aimed to analyze the fundamental challenges of RIC-WPT

and provide design guidelines to prevent or circumevent these e�ects, namely: a)

the port impedance matching (through impedance adaptation systems), b) the

distance/frequency e�ects (evaluation of losses and maximization of e�ciency) and

c) the e�ects of interfering objects and their potential usage as relaying objects.

Previous studies predicted an increase in power transfer e�ciency using

impedance matching techniques [68] [70] but failed to show how these techniques

interact with the system's e�ciency or other known models (circuit based or CMT

based). Therefore, it is necessary to model, design and evaluate the interaction of

these techniques in the power transfer e�ciencies and maximum power transferred
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to the load.

1.4.2.3 System Integration & System Co-design

It is furthermore necessary to identify key elements (magnetic coils, power man-

agement circuits, and WPT system integration) that are still missing in complete

WPT system implementations. Resonant inductive coupling transmission has

always been analyzed only taking into account the transmission e�ciency itself, but

also important to this is the e�ciency of the power links and system integration.

To increase the overall system's e�ciency, it is therefore necessary to identify the

key elements that will a�ect the system from the power circuits point of view,

which hasn't been addressed before, and to include these elements into the system

co-design process.

A wireless resonant inductive power transfer link can be divided into the power

source, the power converters (DC/AC), the link itself and the recti�er power con-

verters (AC/DC). All these parameters should be taken into account when analyzing

a wireless power transfer link, so the overall e�ciency can be described by:

η = ηps × ηdc−ac × ηlink × ηac−dc (1.11)

Therefore, in order to maximize the overall e�ciency η the e�ciency of the power

source ηps as well as the e�ciency of the power converter circuits (ηdc−ac and ηac−dc)

should be taken into account.

1.4.2.4 Scalability

Finally and towards the widespreading of RIC-WPT applications, it is necessary to

explore Multiple-Input Multiple-Output WPT deployments. Since the �rst multi-

node deployment was envisioned in [58] there has been a lot of research on point-

to-point scenarios while the multi-node scenario has been unexplored. Moreover,

new applications of RIC-WPT are in need of new system metrics that capture the

behavior of such deployments. The last part of this thesis is therefore devoted to

provide a set of metrics that capture the behavior of multi-node RIC-WPT deploy-

ments and to analyze the scalability of those systems when the number of nodes is

increased.

1.5 Methodology

This thesis is based on the multi-domain closed analytical formulation provided in

the �rst chapter, which uni�es the current theories and State of Art on RIC-WPT.

The validity of this RIC-WPT model is demonstrated by benchmarking the analyt-

ical results with the ones obtained from two di�erent multi-domain tools: �rst, a

Finite Element Field Simulator (FEKO) and secondly a Circuit Simulator (SPICE).
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All subsequent chapters are then built on top of the provided analytical formulation

and the results obtained are benchmarked with the same tools accordingly. Finally,

since some of the work performed on this thesis has been part of the NASA RINGS

(Resonant Inductive Near Field Generation System) project, part of the results are

veri�ed through an experimental setup consisting on a WPT-RIC system built on

top of NASA-MIT SPHERES Satellites, which have been tested on the International

Space Station.
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2.1 Introduction

Resonant Inductive Coupling Wireless Power Transfer combines aspects of very dif-

ferent �elds of research (physical theory of resonators, antenna theory, circuit the-

ory) creating an heterogeneous subject of study. Because of this, very di�erent

approaches have been proposed in the literature to predict the behaviour of these

systems. Moreover, the metrics used to evaluate the behavior of the power trans-

fer link have not been de�ned homogeneusly amongst di�erent theories, which has

complicated the procedure to understand, analyze and optimize them based on the

literature.

In this chapter, two of the leading Resonant Inductive Coupling theories have been

revisited (Couped Mode Theory and Re�ected Load Theory) and compared to a

Circuit-Based approach proposed by the authors (System-Centric Circuit Theory)
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in sections 2.2.1,2.2.2 and 2.2.3 respectively. Moreover, the two more relevant met-

rics in RIC WPT: Power Transfer E�ciency and Power Transferred to the Load

have been described and compared for the three analytical approaches, providing

the �rst baseline to be able to understand and to predict the analysis of RIC links

with a uni�ed analytical model.

Due to the interest of Multi-Node Wireless Power Transfer to enable the next-

generation of wireless energy application, the authors have also proposed an ana-

lytical Matrix-Centric formulation of Multi-Node RIC WPT Links, which has been

expressed for both the Coupled Mode Theory and Circuit Theory for illustration

purposes.

Finally, the last section of this chapter (2.4) has been devoted to provide a crit-

ical comparison of the analytical model provided in this chapter with the results

obtained through a Finite Element Field Solver (FEKO) and a Circuit-Simulation

Software (SPICe).

2.2 Single-Node Wireless Power Transfer

Some analysis of RIC systems in the strong coupling regime have been carried out,

but they were based on coupled mode theory [26, 27, 65] failing to provide a practical

method to explain how the optimal parameter dimensioning (frequency, distances

between coils, coil diameters) of the system could be designed or how the loose or

strong coupling a�ects the overall e�ciency. Being RIC a very multidisciplinary

�eld of research, di�erent approaches have been performed from the antenna point

of view [66, 67], and the circuit point of view [68, 69, 38, 71]. In this section, the

analytical equivalence of these methods is demonstrated together with a new circuit

system uni�ed model.

2.2.1 Coupled Mode Theory

Resonant Inductive Coupling was presented using Coupled Mode Theory Form [26]

[27]. This model, which is based on the physical theory behind resonators, provides

a framework to analyze a wireless power transfer system in strong coupling regime

as a �rst order di�erential equation. Although it is an approximate method, it does

predict very accurately the steady-state response of a Resonant Inductive Coupling

link.

In this case, the two coils forming a WPT system with low losses are approxi-

mated by two resonators where their time-domain �eld amplitudes can be described

as [38]:

ȧ1 = −(jω1 + Γ1)a1(t) + jK12a2(t) + FS(t)

ȧ2 = −(jω2 + Γ2 + ΓL)a2(t) + jK12a1(t)
(2.1)

where a± is the mode amplitude:

a(t)± =

√
C

2
v(t)± j

√
L

2
i(t) (2.2)
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ω1,2 are the eigenfrequencies (frequencies at which the coils resonate), Γ1,2 are the

rates of intrinsic decay due to the coils losses (absorption and radiative), FS(t) is

the excitation applied to the �rst coil and K12 is the coupling rate between both

resonant objects:

Γ1,2 =
R1,2

2L1,2
; K12 =

√
ω1ω2k12

2
=
j
√
ω1ω2M12

2
√
L1L2

(2.3)

where ω is the resonant frequency of the system (ω1 = ω2 = ω), and k12 is the

mutual coupling between the coils.

In steady state, being FS(t) a sinusoidal function described as FS(t) = Ase
−jωt,

the �eld amplitudes in �rst and secondary coils are a1(t) = A1e
−jωt and a2(t) =

A2e
−jωt. It can be shown that the amplitudes A1 and A2 verify:

A2

A1
=

jK12

Γ2 + ΓL
(2.4)

and therefore the power at the �rst coil, second coil and load is, respectively:

P1 = 2Γ1|A1|2; P2 = 2Γ2|A2|2; PL = 2ΓL|A2|2 (2.5)

Finally, the e�ciency can be described as the ratio between the power delivered

to the load PL and the total power delivered to the system:

ηCMT =
PL
PT

=
ΓL|A2|2

|A1|2Γ1 + |A2|2(Γ2 + ΓL)
=

ΓLK
2
12

Γ1(Γ2 + ΓL)2 + (Γ2 + ΓL)K2
12

(2.6)

2.2.2 Re�ected Load Theory

Re�ected Load Theory has been widely used by electrical engineers to analyze trans-

formers and it is now also used to predict RIC behaviour in the near-�eld [72][38].

Re�ected Load Theory states that the amount of current that �ows through the

primary coil is a�ected by the load present in the secondary coil. This load does

not appear to the primary coil with the same actual value of the load, but instead

as a function of the load value and the mutual impedance between primary and

secondary coils.

In re�ected load theory, the inductive link is described using the mutual coupling

between coils k12 = M12
L1L2

and their quality factors (Q1, Q2):

Qs,x =
ωLx
Rx

; Qp,x =
Rx
ωLx

(2.7)

where Qs,x and Qp,x represent the quality factors of an element placed in series and

in parallel respectively.

At resonance frequency, the secondary coil is re�ected onto the primary and the

value that this coil sees is represented by Rref [38]:
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Figure 2.1: Re�ected Load Theory Schematic [38]

Rref = k2
12

L1

L2
= k2

12ωL1Q2L (2.8)

where k12 is the coupling between the coils and Q2L is the loaded quality factor of

the load Q2L = Q2QL/(Q2 +QL).

Because at resonance the impedance of the two coils is purely resistive, the

power provided by the source Vs is divided between R1 and Rref (which also divides

between R2 and RL). This leads to the de�nition of the WPT RIC e�ciency for

the Re�ected Load Theory model:

ηRLT =
Rref

R2 +Rref

Q2
2R2

Q2
2R2 +RL

=
k2

12Q1Q2L

1 + k2
12Q1Q2L

Q2L

QL
(2.9)

2.2.3 System-Centric Circuit Theory

The resonant inductive coupling between two electromagnetic resonators can also

be described by lumped element circuit theory using a coupled RLC representation

system. In this circuit, the capacitances and inductances model the resonant nature

of the loops while the resistors model the radiative and ohmic losses.

In Resonant Inductive Coupling, the e�ect of the �rst coil to the second (mutual

inductance) can be represented by a compensation source Z2M on such �rst coil.

Similarly, the e�ect of the second coil to the �rst one (back EMF) can be represented

also by a compensation source Z1M .

Z2M =
ωM12Vad

Z1
=

ωM12Vad

R1 + jωL1 + 1
jωC1

(2.10)
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Figure 2.2: Lumped Circuit Theory Schematic

The power at the �rst coil, second coil and load is:

P1 =
V 2
ad

Z1

P2 = I2
2Z2 =

(
Z2M

Z2 + ZL

)2

Z2 =

(
ωM12Vad

Z1(Z2 + ZL)

)2

Z2

PL = I2
2ZL =

(
Z2M

Z2 + ZL

)2

ZL =

(
ωM12Vad

Z1(Z2 + ZL)

)2

ZL

(2.11)

where M12 is the mutual inductance between coils.

De�ning the e�ciency as the ratio between the power dissipated in the load (PL)

and the total power (P1 + P2 + PL):

ηRLC =
(ωM12)2ZL

Z1(Z2 + ZL)2 + (ωM12)2(Z2 + ZL)
(2.12)

The Lumped Circuit system can also be analyzed expressing each subsystem's power

transfer functions as gains. Figure 2.3 shows the interrelations between them:

Figure 2.3: Lumped Circuit Theory - Block diagram

Using this model, the current that �ows at �rst and second coils can be written

as:

I1 = (Vad + I2Gm)G1; I2 = (I1GmG2) (2.13)

where Gm is the transfer function from intensity in coil 1 to voltage in coil 2 (Gm =

ωM12), G1 is the transfer function from Voltage to current in �rst coil and G2 is the

equivalent at second coil:

G1 =
s

s2L1 + sR1 + 1/C1
; G2 =

s

s2L2 + s(R2 +RL) + 1/C2
(2.14)
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where s is the complex frequency s = jω.

The e�ciency of the system can be found by dividing the power transferred to

the load by the total power available (power on the source coil plus power dissipated

on R2 and RL).

ηRLC,2 =
I2

2RL
I2

1R1 + I2
2 (R2 +RL)

=
RLG

2
m

R1(R2 +RL)2 +G2
m(R2 +RL)

(2.15)

Finally, knowing that the gain functions G1, G2 are the inverse of the impedances

in coils 1 and 2:

G1 =
1

Z1
; G2 =

1

Z2
(2.16)

the e�ciency can be found equivalent to the one obtained in equation 2.12:

ηRLC =
(ωM12)2ZL

Z1(Z2 + ZL)2 + (ωM12)2(Z2 + ZL)

=
G2
mZL

1
G1G2

2
+G2

m
1
G2

= ηRLC,2

(2.17)

2.2.4 Analytical Demonstration of Equivalence Between Methods

The Power Transfer E�ciency of Coupled Mode Theory (2.24) can be found equiva-

lent to the e�ciency of Re�ected Load Theory (2.9) using the relationships between

the Q and the Γ factors:

K12 =
ωk12

2
; Qs,x =

ωLx
Rx

=
ω

2Γs,x
; Qp,x =

Rx
ωLx

=
ω

2Γp,x
(2.18)

Substituting these parameters on the power transfer e�ciency formulas presented

above:

ηCMT =
ΓLK

2
12

Γ1(Γ2 + ΓL)2 + (Γ2 + ΓL)K2
12

=
k2

12

QL
Q1

(
Q2+QL
Q2QL

)2
+ k2

12
Q2+QL
Q2

= ηRLT

(2.19)

Similarly, it can be demonstrated that the e�ciencies obtained using Lumped

Circuit Theory are also equivalent to the ones obtained by Coupled Mode The-

ory and Re�ected Load Theory by using the relationship between the Q and M12

parameters:

ηRLC =
(ωM12)2ZL

Z1(Z2 + ZL)2 + (ωM12)2(Z2 + ZL)

=
k2

12ZL

ωL2
Q1

(
Q2+QL
Q2QL

)2
+ ωk2

12L2
Q2+QL
Q2QL

= ηRLT

(2.20)
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2.3 Multi-Node Wireless Power Transfer

Current challenges behind the deployment and applicability of this technology have

driven the necessity for new models that analyze the behavior of RIC links in Mul-

tiple Input- Multiple Output scenarios (MIMO). In this section we 1) demonstrate

how circuit techniques can be used to analyze RIC-WPT MIMO systems and how

they are interrelated with antenna theory and coupled mode theory, 2) derive two

point-to-point performance metrics: maximum power transferred to the load (PTL)

and maximum power transfer e�ciency (PTE) as well as two system-wide perfor-

mance metrics (net power transferred to the loads and net power transfer e�ciency).

2.3.1 Coupled Mode Theory

Extending the two-coil model shown in 2.1 for a MIMO scenario as the one displayed

in 2.4 means solving the set of equations for every node with the corresponding

cross-couplings between them. In this scenario, it can be demonstrated that the

amplitudes verify:
A1Γ1

A2Γ2

..

AnΓn

=


0 jK12 .. jK1n

jK21 0 .. jK2n

.. .. .. ..

jKn1 jKn2 .. 0



A1

A2

..

An

+


F1

F2

..

Fn

 (2.21)

where Fi are the excitations applied at each node, Ki,j is the cross-coupling between

them and Γi is the rate of intrinsic decay of a given node. Once this is known, the

power at each coil is:

Pi = 2Γi|Ai|2 (2.22)

and the power transferred to a load in a coil R is:

PR = 2ΓL|AR|2 (2.23)

Finally, the e�ciency can be described as the ratio between the power delivered to

the load and the total power delivered to the system:

ηpp,CMT,MIMO =
PL
PT

=
ΓL|AR|2

ΓL|AR|2 +
∑

i Γi|Ai|2
(2.24)

2.3.2 System Analysis from Circuit Theory

The behavior of a Multi-Node RIC Wireless Power Transfer link can also be derived

from the Single-Node expressions in section 2.2.3. If instead of a Single-Node RIC

WPT Link a Multi-Node Network (as in �gure 2.4) is to be analyzed, the set of

equations that de�ne the behavior of the system is:
I1

I2

..

In

=


0 G21G1 .. Gn1G1

G12G2 0 .. Gn2G2

.. .. .. ..

G1nGn G2nGn .. 0



I1

I2

..

In

+


V1G1

V2G2

..

VnGn

 (2.25)
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Figure 2.4: Circuit Diagram of a 3-Coil SIMO RIC-WPT link

where G1, G2, .., Gn are the gains of the coils (Gi = 1/Zi), Gij is the coupling

between them (Gij = ωMij) and Vi is the input voltage applied at each coil.

The power at the each coil is then:

Pi = |Ii|2Zi; PL = |Ij |2ZL (2.26)

where M12 is the mutual inductance between coils, Zi = Ri + jωLi + 1/jωCi is

the total impedance of the coil and ZL is the load impedance. The e�ciency is

de�ned as the ratio between the power dissipated in the load (PL) and the total

power (
∑

i Pi):

ηRLC,MIMO =
|Ij |2ZL

|Ij |2ZL +
∑

i |Ii|2Zi
(2.27)

2.4 Multi-Domain Cross-Model Validation

The performance of a RIC-WPT link depends upon the characteristics of the

link nodes (technology, geometry) and the relationship between them (distance,

alignment between antennas), which can be described analytically as a step prior

to the link design and deployment. An analytical study of link components and

the complete structure of the network are required in order to a) characterize its

behavior, so as to predict its response and an eventual deterioration of results if

a change in operation conditions occurs; and b) provide guidelines for an optimal

design which maximizes the desired parameters (for instance, Power Transfer

E�ciency as a key feature in the case of RIC-WPT).

State of the art of RIC-WPT link characterization includes models of both

antenna impedance (loop antenna in the case of this work [73]) and RIC-WPT link



2.4. Multi-Domain Cross-Model Validation 25

(asymmetric, multipoint networks in the most general case [2]). While existing

models are applied to static operation conditions (no change in coupling factors or

load), new applications of RIC-WPT emphasize the necessity to explore these links

for more demanding scenarios: a change in operation conditions (a sudden change

in distance or alignment between antennas) and the presence of interfering objects,

which will detune the link and deteriorate its performance.

In order to perform an analytical study of those situations, a revision of existing

models is required to ensure that the analytical description matches actual behav-

ior of both antennas and the complete RIC-WPT link under these more challenging

conditions. So as to ensure that correspondence, this section presents a critical com-

parison between analytical and circuit-based models for the case of an asymmetric,

Single-Input-Multiple-Output (SIMO), RIC-WPT link composed of loop antennas.

2.4.1 Overview

The veri�cation of the analytical models consists of 1) validation of the antenna

impedance model, which is the basic component of the RIC-WPT link; and 2)

veri�cation of the system model for the whole RIC-WPT link. This validation is

performed by comparing time and frequency domain responses corresponding to

analytical and circuit-based models as depicted at �gure 2.5.

Figure 2.5: A critical comparison of antenna and link models.

Regarding the loop antenna model, the study in [40] is revisited and the

impedance expression is veri�ed by comparing an analytical expression (explored

with Matlab) to the response of a �nite element �eld solver (FEKO). Concerning

the RIC-WPT link analysis in [40], expressions in the frequency domain (linear

transfer functions explored in Matlab) are veri�ed with the circuit-based PSPICE

model. Regarding time domain, a state-space equations model is presented and

implemented with Simulink and its results are corroborated with the circuit-based,

time domain PSPICE model.

2.4.2 Critical comparison of loop antenna impedance models

The analytical expression for a loop antenna impedance [40, 73] is revisited in this

section so as to compare its response with a �nite element �eld solver (FEKO) and

thus con�rm its validity. Two expressions for loop antenna impedance are presented
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in this section. They are both a simpli�cation of coil impedance for frequencies close

to resonant frequency. The �rst is the model which provides the �rst resonance of the

loop antenna, and it includes frequency-dependent capacitive and resistive losses;

the second is a series equivalent for its impedance at frequencies close to resonance.

The series model detailed in this section aims to restrict the resistive losses to a

constant value, which is required for the simulator software (Simulink, PSPICE)

used in the following sections.

2.4.2.1 First-resonance Model of Antenna Impedance

The impedance of a loop antenna can be modeled by an inductive component L, a

capacitor C and some resistive losses R [73], as depicted in �gure 2.6. Using this

Figure 2.6: First-resonance model of loop antenna impedance

simpli�ed model, the impedance of the coil can be expressed as:

Zcoil =
1

jωCext
+

(
(jωL) +R(ω))|| 1

jωC

)
(2.28)

where C stands for the internal parasitic capacitance, Cext is an external capacitor

added to adapt the resonant frequency of the coil and R(w) are the losses of the loop

antenna. Revisiting [74], resistive losses of an electrically small (a << λ) circular

loop antenna (chosen for its low radiation resistance [39]) are considered.

These losses depend upon its constituent materials (σ, δ) and geometry (a, b, c)

and can be divided into Radiative Losses (Rr), Ohmic Losses (Ro) and Dielectric

Losses (Rd) [2]:

R = Rr +Ro +Rd (2.29)

The radiation losses of a circular N -turn loop antenna with loop radius a can be

expressed as:

Rr = 20π2N2(
2πa

λ
)4 (2.30)

where N is the number of turns of the loop antenna, a is its radius and λ is the

operation wavelength.

The ohmic resistance, which is in general much larger than the radiation resis-

tance, depends upon the proximity e�ect (if the spacing between the turns in the

loop antenna is small) and the skin e�ect. The total ohmic resistance for an N -turn

circular loop antenna with loop radius a, wire radius b and loop separation 2c is

given by:

Ro =
Na

b
Rs

√
Rp
Ro

+ 1 (2.31)
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where Rs
√
ωµo/2σ is the surface impedance of the conductor and Rp is the ohmic

resistance per unit length due to proximity e�ects. Finally, if a dielectric loop

antenna is considered, the dielectric losses are given by:

Rd =
tan(δ)

ωC
= ωL tan δ ' ω4µoaN

2 tan δ (2.32)

where tan δ is the loss tangent of the coil and L has been approximated to

L = 4µoaN
2.

Once the losses have been found, these can be expressed as a set of constants

with a given frequency dependance:

R = Rr +Ro +Rd = Crω
4 + Co

√
ω + Cdω (2.33)

where:

Cr =
20π2N2a4

c4
o

Co '
Na

b

√
µo
2σ

Cd ' 4µoaN
2 tan δ

(2.34)

2.4.2.2 Series Model of Antenna Impedance

The impedance expression of a resonator can be simpli�ed to an RLC series equiv-

alent (Fig. 2.7) with constant resistive losses in a narrow band around the res-

onant frequency (ω ' ωo) when the quality factor of the resonator is very high:

Q = ωo
Ls
Rs
' R(ωo)

ωoL
, which gives the following expression for Q >> 1 and ω ' ωo:

Zcoil(ω) ' Rs + jωLs +
1

jωCs
(2.35)

where Rs ' R(ωo)Q
2, Ls ' L and Cs ' C||Cext.

Figure 2.7: RLC series equivalent for impedance loop antenna

2.4.2.3 Results

The presented expressions for analytical loop antenna impedance (both the �rst-

resonance version and the series model) are swept with Matlab and obtained results

are compared to those provided by FEKO. Fig. 2.8. shows real and imaginary

components of loop antenna impedance (normalized to their maximum: 4.6387MΩ

for the real component and 2.3207MΩ for the imaginary component) with respect
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to frequency normalized to resonant frequency of the coil (8.5MHz). The simpli-

�ed expression of losses in (2.33) for a dielectric-less coil (Rd = 0) is represented,

superimposing impedance measured with FEKO, �rst-resonance model impedance

in (2.28), and series version of coil impedance in (2.35). Co and Cr parameters in

�rst-resonance model have been obtained with an iterative �tting performed with

Matlab, which aimed to match FEKO response to analytical expression in (2.28).

Figure 2.8: Loop antenna impedance veri�cation

In �gure 2.8 it can be seen that while the analytical �rst-resonance model

matches the FEKO-obtained impedance (both Re(z) and Im(z)), the simpli�ed

series model is only valid at the resonant frequency.

2.4.3 Critical Comparison of RIC-WPT link models

This section introduces the critical comparison of models used to describe a RIC-

WPT link (linear transfer functions, state-space equations), whose results will be

compared to the circuit-based PSPICE model in order to verify the correspondence

between the analytical model and the response of the system.

Comparison is performed in terms of a SIMO (Single Input Multiple Output) link

in which a transmitter coil is coupled to two receivers (one being the receiver coil and

the second an interference). Antennas are modelled in terms of the aforementioned

narrow-band equivalent of coil impedance and their coupling is expressed in terms

of the mutual inductances.

A general overview of this link is depicted in Fig. 2.9, where f1,2,i stand for

transmitter, receiver and interfering coil resonant frequencies respectively and fad
is the frequency of operation. Antenna impedances are represented as Z1,2,i, and

there is a load connected to receiver coil named Rload,2 to represent the circuit which

will harvest the transferred power. There is also a load connected to the interfering

coil, Rload,i, to illustrate that any receiver could be seen as an interference from
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Figure 2.9: RIC-WPT SIMO link

the point of view of the rest of receivers. Coupling e�ects between link components

are expressed in terms of mutual inductances M12,M21 (between transmitter and

receiver coils), M1i,Mi1 (between transmitter and interfering coils) and M2i,Mi2

(between receiver and interfering coils)[52].

2.4.3.1 Linear Transfer Function Model (frequency domain)

Using the frequency domain analysis from previous sections which relates phasor

currents, mutually induced voltages and impedances, we can describe the link be-

havior as in Fig. 2.9. Equation system in 2.36 represents this interrelationship: Vad
is the voltage source; I1,2,i stand for currents in transmitter, receiver and interfering

coils respectively; Gn are the coil addmitances and Gn,m is the cross-admittance for

voltage induced in coil m due to the current in coil n.I1

I2

Ii

=

 0 G1G21 G1Gi1
G2G12 0 −G2Gi2
GiG1i −GiG2i 0

I1

I2

Ii

+

VadG1

0

0

 (2.36)

where

Gnm =
Vnm
In

jωMnm

Mnm = knm
√
LnLm

Gn =
1

Zn

Z1 = R1 + jωL1 +
1

jωC1

Z2,i = R2,i +R2,i
L + jωL2,i +

1

jωC2,i

(2.37)
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and n,m = 1, 2, i.

The former equation system can be translated to the block diagram shown in

�gure 2.10, from which analytical expressions to characterize the link in terms of

currents at the coils can be obtained[75]:

Figure 2.10: Block diagram of a RIC-WPT

I1 = Vad
G1

1 +A+B

A = G1Gi1
(GiG1i +GiG2G12G2i)

1 +GiG2G2iGi2

B = G1G21
(G2G12 +GiG2G1iGi2)

1 +GiG2G2iGi2

I2 = I1
G2G12 +GiG2Gi1Gi2

1 +GiG2G2iGi2

Ii = I1
GiG1i +GiG2G12G2i

1 +GiG2G2iGi2

(2.38)

2.4.3.2 State Space Equations Model (time domain)

Time domain analysis of a RIC-WPT link can be performed in terms of state-space

equations which enables the study of the transient response, sudden changes in op-

eration conditions and simulation of switching dynamics (which wil be useful if an

adaptive energy management control structure is to be implemented with switching

power converters [76]). The state-space equations model considers capacitor, induc-

tor and resistor voltages and coil currents as shown in �gure 2.11, where vad stands

for time-domain voltage source and vnm is the induced voltage in coil m due to the

current in coil n (CCVS controlled by the current in the coil that is coupled). The
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Figure 2.11: State-space equations model of a RIC-WPT link

set of equations that describe the state-space equations model is:

vL1 = vad + v21 + vi1 − vc1 − vR1

vL2 = v12 − vi2 − vc2 − vR2 − vR2
load

vLi = v1i − v2i− vci − vRi − vRiload

in =
1

Ln

∫
vLn(t)dt

vRn = inRn

vCn =
1

Cn

∫
in(t)dt

vnm = Mnm
din
dt

=
Mnm

Ln
vLn

(2.39)

where n,m = 1, 2, i.

2.4.4 Circuit-based PSPICE model

The Circuit-based PSPICE model described in this section is used to compare and

validate the two previously described models: the block diagram model (used to

obtain the analytical expression of the system as well as for frequency domain ver-

i�cation) and the state-space equation model (applied to time-domain tests). The

circuit diagram (shown in �gure 2.12) is a direct representation of a RIC-WPT link

in which the coupling coe�cients (knm, n,m = 1, 2, i) are implemented by means of

the �k-linear� component (SPICE Analog Library). Resistive losses in this model

refer to the constant resistor value of the series impedance simpli�cation in (7).

2.4.4.1 Results

Using the veri�ed antenna impedance models in section 2.4.2 (in particular, the

series impedance simpli�cation), the WPT link model has been built and simu-

lated with the corresponding tools: state space equations model is implemented
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Figure 2.12: PSPICE model of a RIC-WPT SIMO link

with Simulink and run in time domain; circuit-based model is simulated with

PSPICE, both in time and frequency domains; and a frequency sweep is per-

formed with the linear transfer function model with Matlab. This section presents

the results for the WPT models veri�cation both in the frequency and time domains.

This analytical characterization of a link can be later complemented with the

introduction of a correction circuit (for instance an Automatic Impedance Matching

network [76, 37] to enhance performance once the link has been deployed. The

goal of this circuit is to maintain power transfer even in the presence of interfering

objects, this is, to make the non-idealities transparent for the transmitter front-end.

With this application in mind, transmitter power and shape of transmitter current

will be used to illustrate deterioration in performance due to the presence of an

interfering coil.

Figure 2.13 shows the transmitted power (frequency domain) for di�erent cou-

pling scenarios, comparing the linear transfer function model implemented with

Matlab and the circuit-based PSPICE model.

Figure 2.14 shows the current at the transmitter and provides a comparison

between the state-space equations model implemented with Simulink and the circuit-

based PSPICE model. It can be seen that both analytical models (linear transfer

function and state-space equations) accurately match the results from the RIC-WPT

link behavior modeles with circuit-based PSPICE.

2.5 Conclusions

Recent progress in RIC-WPT technology has opened the door to new multi-node de-

signs and con�gurations, which require a better understanding and modeling of the

frequency and time-domain response of these systems. For this purpose, this chapter

has presented a review of the current time-domain and frequency-domain RIC-WPT

models (applied to multi-node scenarios) and provides a critical comparison of their
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Figure 2.13: Frequency domain results for RIC-WPT link model veri�cation

Figure 2.14: Time domain results for RIC-WPT link model veri�cation

behavior by benchmarking the results to the ones obtained with both a �nite element

�eld solver (FEKO) and a circuit based software (PSPICE). The model analysis and

veri�cation has been divided in two steps: the antenna impedance model (obtained

analytically and veri�ed with FEKO) and the multi-node model (both in the time

and frequency domains, which has been validated using PSPICE). The results ob-

tained in both steps have con�rmed a very close match between FEKO/PSPICE and

the derived models, thus validating its usage for link behavior prediction, system
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design and the application of correction schemes.
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3.1 Introduction

As seen in chapter 2, the e�ciency of a RIC-WPT system as well as the achiev-

able power transferred to the load is greatly a�ected by the transmitter (source)

and receiver loads. In this chapter, the e�ects of an impedance mismatch between

source and load are studied and an nanalytical formulation is derived to maximize

power transfer e�ciency and power transferred to the load upon certain operating

conditions. In this chapter we will provide an analytical formulation of optimal

load (when source or transmitter load is �xed) to achieve maximum power transfer

or maximum e�ciency. Later, a bi-conjugate matching system is analyzed (where

both source and load impedances can be adapted) in order to maximize power trans-

ferred to the load and e�ciency together with a closed formulation of the maximum

e�ciency achievable under these conditions.

3.2 Optimal Load: Output Impedance Matching

In RIC systems, there is an optimal load that maximizes the power transfer e�-

ciency for each distance between transmitter and receiver. Also, there is an optimal
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load which maximizes power transferred to the load. Di�erent techniques to max-

imize e�ciency can be found in the literature, namely: analytical maximization

of e�ciency (derivating the e�ciency expression with respect to ZL), impedance

matching techniques and variation of distance between transmitter and receiver. In

this section, we will review two optimal load contidions to maximize either power

transfer e�ciency or power transferred to the load.

3.2.1 Maximization of Power Transfer E�ciency

Once the power transfer e�ciency is found, we can di�erentiate the e�ciency ex-

pression obtained in the previous chapter (4.4) using Circuit Theory with respect

to the load impedance RL to obtain the optimal load:

RL,RLC =

√
R2

2 +
R2

R1
(ωM12)2 (3.1)

The same procedure could be done in Coupled Mode Theory for ΓL, obtaining:

ΓL,CMT =

√
Γ2

2 +
Γ2

Γ1
K2

12 (3.2)

Once again, by using the previously derived relationships in 2.18) in equations (3.1)

and (3.2) we can demonstrate that both are equivalent:

RL,CMT = 2L2

√(
R2

2L2

)2

+
R2L1

R1L2

ω2M2
12

L1L2
= RL,RLC (3.3)

3.2.2 Maximization of Power Transferred to the load

To maximize the power transferred to the load, it is necessary to perform an

impedance match between source and load. To do this, we must �rst �nd the

output impedance seen by the load. From the circuit model in 3.1:

Zout = jωL2 −
j

ωC2
+R2 +

(ωM12)2

jωL1 − j
ωC1

+R1

(3.4)

Once Zout is known, the load should be conjugately matched to the output resistance:

Zout = Z∗L.

ZL,RLC =

(
j

ωC2
− jωL2

)
+

√
R2

2 + (ωM12)2
R2

R1
(3.5)

At resonance, ZL = Zout∗ becomes purely real:

RL =

√
R2

2 + (ωM12)2
R2

R1
= RL,CMT = RL,RLC (3.6)
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3.3 Optimal Load and Source: Bi-Conjugate Matching

3.3.1 Maximization of Power Transfer and E�ciency

The e�ciency has been de�ned di�erently in the literature: while some of the studies

calculated the e�ciency as the ratio of the currents in the source and device coils

(which doesn't take into account the coupling between source and load) [26][27]

other studies reported the e�ciency as the ratio between the power available from the

source to the power dissipated in the load [77]. To take into account the impedance of

the source, it is necessary to re-write the e�ciency and quantify the power re�ected

at the source. Using circuit theory, we can recalculate the e�ciency as the ratio

between the power dissipated on the load and the power delivered to the source coil

extracted from the power source:

η =
RL(ωM12)2

(ωM12)2(R2 +RL) +R1(R2 +RL)2

[
1−

∣∣∣∣Zin − ZsZin + Zs

∣∣∣∣2
]

(3.7)

To maximize power transfer e�ciency, we can now use conjugate matching at the

source to �nd the optimal Zs value and adapt ZL to the optimal load found in 3.3.

Figure 3.1: RIC System from Circuit Theory with Source and Load Impedances

The resulting value is equivalent to conjugately matching source and load to Zin
and Zout respectively [77].

Zin(d) = Z1 +
(ωM12(d))2

Z2 + ZL

Zout(d) = Z2 +
(ωM12(d))2

Z1 + Zs

ZL(d) =

(
j

ωC2
− jωL2

)
+

√
R2

2 + (ωM12(d))2
R2

R1

ZS(d) =

(
j

ωC1
− jωL1

)
+
R1

R2

√
R2

2 + (ωM12(d))2
R2

R1

(3.8)

If the resonators are equal (C1 = C2 = C and L1 = L2 = L) and the system

is operating at resonance ω = ω0 = 1/
√
LC, source and load impedances can be

simpli�ed to:

RS =
R1

R2

√
R2

2 + (ωM12)2
R2

R1
;RL =

√
R2

2 + (ωM12)2
R2

R1
(3.9)



38 Chapter 3. Fundamental Challenges I: Port Impedance Matching

The same procedure could be performed using Coupled Mode Theory by de�ning

the e�ciency between the delivered power to the load PL and the power available

from the source FS(t). This will take into account the impedance at the source and

load and will allow us to compute the behavior of the back electromagnetic �eld

that the second coil generates in the �rst one, yielding:

ηCMT =
PL
PS

=
ΓLΓS |A2|2

|As|2
(3.10)

where PS = 2|As|2/ΓS , and it can be shown from (2.1) that for an initial FS(t) =

Ase
−jωt:

A1(Γ1 + Γs) = jK12A2 +As

A1

As
=

Γ2 + ΓL
(ΓS + Γ1)(Γ2 + ΓL) +K2

12

A2

As
=

jK12(Γ2 + ΓL)

(ΓS + Γ1)(Γ2 + ΓL) +K2
12

(3.11)

Once the relation between A2 and AS is known, the e�ciency is expressed as:

ηCMT =
ΓLK

2
12ΓS

[(ΓS + Γ1)(Γ2 + ΓL) +K2
12]2

(3.12)

To maximize the power transfer e�ciency we could derive ηCMT over ΓS and ΓL,

�nding, respectively:

ΓL,o =

√
Γ2

2 +
Γ2

Γ1
K2

12

ΓS,o =

√
Γ2

1 +
Γ1

Γ2
K2

12

(3.13)

which provide the same optimal values for ΓL,o and ΓS,o that were obtained by

conjugately matching source and load impedances in lumped circuit theory thereby

demonstrating the equivalence between these two methods. Looking at the results

from Optimal Load and Optimal Bi-Conjugate mathcing, it is possible to see that

the only di�erence between maximum e�ciency and maximum power is the choice of

source impedance, where on the former is ideally zero and the latter a bi-conjugate

match. Interestingly, the optimal load for both, (3.1) and (3.8) is equivalent when

RS = 0, thus the load for optimal power transfer is also the one for the maximum

e�ciency (the case of zero real source impedance).

3.3.2 Distance E�ects on Bi-Conjugately Matched Systems

It can be seen in equation 3.8 that Zin and Zout vary when the distance between

the two coils is modi�ed (which modi�es M12). To compensate this e�ect, it will

be necessary to apply a di�erent impedance in source and load for each value of

distance (separation between drive and load coils). Therefore, because a variation

in distance modi�es load and source impedances, there are two options to maximize

the power transfer e�ciency:
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• If the system has �xed source and load impedances, it is necessary to modify

the distance between transmitter and receiver.

• If the system has a variable distance, we should compensate this by adapting

the impedances in source and load.

Figure 3.2: E�ciency of static impedances over distance and dynamic variation of

impedance (maximum achievable e�ciency).

In �gure 3.2 the e�ciency of the system for di�erent values of RS = RL has

been superimposed upon the maximum theoretical e�ciency achievable (obtained

under variable distance adaptive impedance matching conditions) and the maximum

e�ciency obtained with the Finite Element Field Solver FEKO. These results were

obtained from a two-coil copper-made RIC link with coil radius a = 0.5m, wire

radius b = 5mm and R1 = R2 = 10Ω. It can be seen that the static curves are

equal to the maximum e�ciency limit when the distance within the coils forces

the input and output impedance of the system to be the same as the source and

load resistors, this is, when an impedance match occurs. It can be observed that

given a value for the source and load resistors (ZS = ZL = RS = RL) there is an

optimal distance at which the input and output impedances are perfectly matched

(RL = RS = Rin = Rout). To obtain this distance it is necessary to �nd the mutual

inductance between coils. In the quasi-static limit and at large distances (D >> a),

a coil behaves as an electrically small antenna and the magnetic �ux density at the

second coil as a result of the �rst has the form of a dipole [1]:

B =
µ0NiA

4πD3

√
1 + 3 sin2 θ ' µ0

2

Nia2

D3
(3.14)
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where coaxial orientation of the coils has been assumed. Then the mutual inductance

is found from the �ux through the N linkages of the second coil as:

M12 = N
∂Ψ

∂i
' π

2
N2µ0

a4

D3
(3.15)

Once the mutual inductance is known, we can �nd the optimal distance between

two coils with R1 = R2 = R and operating at resonance conditions:

D =

 ωπN2µ0a
4

2
√
R2
S −R2

 1
3

(3.16)

We can observe a slight di�erence between the maximum theoretical e�ciency and

the e�ciency obtained with FEKO in 3.2, which is caused by the approximations

used to theoretically calculate B and M12.

3.3.3 Maximum Power Transfer E�ciency on Bi-Conjugately
Matched Systems

Conjugately matching impedances in source and load gives us the maximum achiev-

able power transfer e�ciency, which can be expressed solely in terms of mutual

inductance, frequency and coil losses:

ηmax =
ω2M2

12RL,o
R1(R2 +RL,o)2 + ω2M2

12(R2 +RL,o)
(3.17)

Provided that the resonators are equal (R1 = R2 = R) then:

ηmax =

√
1 +

(
ωM
R

)2 − 1√
1 +

(
ωM
R

)2
+ 1

=

√
1 + S2 − 1√
1 + S2 + 1

(3.18)

demonstrating that if impedance matching conditions are ful�lled, the e�ciency of

the system only depends on the equivalent resistance of the coils (radiative and

ohmic losses), the mutual impedance between them and the frequency of operation.

It can be observed that, to maximize e�ciency, the relational factor:

S =
ωM

R
(3.19)

which is equivalent to the Coupled mode Theory K/Γ, has to be maximized. To

accomplish this, it is necessary to 1) Increase the resonant frequency of the system

while 2) Minimize the Coils losses and 3) Maximize the mutual inductance between

coils.
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3.4 Conclusions

In this chapter we have provided design guidelines to achieve maximum power trans-

fer e�ciency in terms of source and load impedances and distance between coils.

The optimal values for source and load coils have been found for circuit and coupled

mode theories showing complete accordance. It has been demonstrated that these

values (obtained by setting the e�ciency derivatives with respect to load and source

equal to zero) are equivalent to applying impedance matching techniques (conju-

gately matching the load to the output resistance of the system and the source to

the input resistance of the system). The e�ects of a variation of distance between

coils have been analyzed and, �nally, a simpli�ed formula of maximum power trans-

fer e�ciency obtained from the previous results has been given, enumerating the

required steps for its maximization.
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4.1 Introduction

Resonant Inductive Coupling Wireless Power Transfer is a key technology to

provide an e�cient and harmless wireless energy channel to consumer electronics,

biomedical implants and wireless sensor networks. For the practical deployability

of this technology two obstacles must be overcome: e�ects of distance variation

between transmitter and receiver (caused by a non-static transmitter/receiver) and

e�ects of frequency drifts (system not working under resonance conditions due to a

component mismatch or drifts caused by interferences). In this chapter we provide

a theoretical analysis of these e�ects and perform a design-space exploration which

allows the quanti�cation of distance variation and frequency mismatch e�ects upon

power transferred to the load, power transfer e�ciency and transient time.
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Resonant Inductive Coupling (RIC) Wireless Power Transfer could provide

the means for wireless charging in consumer electronic devices, electric vehicles,

robotics, wireless sensor networks, biomedical implants and fractionated spacecraft

amongst others. A RIC system di�ers from a common inductive wireless power

transfer device in the fact that the source operates at the resonant frequency of

the system [26]. If the system operates o�-resonance (source operates at a di�erent

frequency from resonance, or transmitter and receiver do not resonate at the same

frequency) the e�ciency and transmission range is signi�cantly decreased. Also,

because of this high Q resonance, RIC systems are very sensitive to distance

variations, which also cause a signi�cant decrease on the power transferred as well

as the e�ciency of the system.

Although wireless power transfer using resonant inductive coupling has demon-

strated very high e�ciencies for distance-�xed and frequency-�xed applications,

there is no study that explores the practical feasibility of a wireless power transfer

link under di�erent conditions: frequency shifts due to the presence of interferent

objects and impedance mismatchs due to a varying distance between transmitter

and receiver.

For the practical deployability of resonant inductive coupling wireless power transfer

systems in consumer electronics, it is necessary to perform a design-space exploration

to assess the validity of this technology under these conditions and to be able to

predict and minimize its e�ects.

In this chapter, we propose to analyze, through a complete design space exploration,

the e�ects of frequency deviations and distance variations on a RIC Wireless Power

Transfer System in terms of power available at the source, power transferred to the

load, power transfer e�ciency and power re�ected back to the transmitter. Finally,

transient times for a pulsed-WPT link are also analyzed taking into account these

parameters.

4.2 System Description for Mismatch Analysis

Resonant inductive coupling between two electromagnetic resonators can be de-

scribed by Lumped circuit theory using a coupled RLC representation system

[38, 74]. In this circuit, shown in �gure 4.1, the capacitances and inductances model

the resonant nature of the loops while the resistors model the radiative and ohmic

losses. Finally, M12 is the mutual inductance between transmitter and receiver,

which models the fraction of EM �eld that is transferred between them.

In Resonant Inductive Coupling, the e�ect of the �rst coil to the second (mutual

inductance M12) can be represented by a compensation source Z2M on the coil.

Similarly, the e�ect of the second coil to the �rst one (back EMF) can be represented

by a compensation source Z1M . To obtain the power values at source, receiver and

load, it is necessary to calculate the value of the compensation source at the receiver
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Figure 4.1: RIC System from Circuit Theory

(Z2M ):

Z2M =
ωinM12Vad

Z1
=

ωinM12Vad

R1 + jωL1 + 1
jωC1

(4.1)

Where ωin is the frequency at which the system is fed, Vad is the input voltage from

the source, Z1 is the transmitter impedance in free-space and M12 is the mutual

inductance between coils:

M12(d) = k
√
L1L2 (4.2)

Once this is known, the power at the �rst coil, second coil and load can be found

using basic circuit theory:

P1 =
V 2
ad

Z1

P2 = I2
2Z2 =

(
Z2M

Z2 + ZL

)2

Z2 =

(
ωinM12Vad
Z1(Z2 + ZL)

)2

Z2

PL = I2
2ZL =

(
Z2M

Z2 + ZL

)2

ZL =

(
ωinM12Vad
Z1(Z2 + ZL)

)2

ZL

(4.3)

where Z1(ωin, ωo1), Z2(ωin, ωo2) and ZL are transmitter coil, receiver coil and load

impedances respectively.

De�ning the e�ciency as the ratio between the power dissipated at the load (PL)

and the total power (P1 + P2 + PL):

ηRLC(d, ωin, ωo1, ωo2) =

(ωinM12)2ZL
Z1(Z2 + ZL)2 + (ωinM12)2(Z2 + ZL)

(4.4)

WhereM12(d) is the mutual inductance, Z1(ωin, ωo1) and Z2(ωin, ωo2) are the trans-

mitter and receiver impedances:

Z1(ωin, ωo1) = R1 + j(∆ω)

[
L1 +

1

ωo1ωinC1

]
Z2(ωin, ωo2) = R2 + j(∆ω)

[
L2 +

1

ωo2ωinC2

] (4.5)
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Where ∆ω is the di�erence between the input frequency ωin and the resonant fre-

quency of the coil ωo1,o2: ∆ω = ωin − ωo1,o2.
At resonance, source and load impedances are real, since the resonant frequency

of a coil is de�ned as: ωoi = 1/
√
LiCi. Therefore, if the system frequency ωin is the

same as the resonant frequency of source coil ωo1 and resonant frequency of receiver

coil ωo2 (ωin = ωo1 = ωo2), equation 4.4 can be simpli�ed to:

ηRLC(ωin, d) =
(ωinM12)2RL

R1(R2 +RL)2 + (ωinM12)2(R2 +RL)
(4.6)

and power transferred to the load is:

PL(ωin, d) =

(
ωinM12Vad
R1(R2 +RL)

)2

RL (4.7)

4.2.1 Maximizing Power Transferred to the Load

Maximizing the power transferred to the load means performing an impedance match

between load and source coils, this is, ZL should match the complex conjugate of

the impedance the load sees (Zout):

ZL,PT =

[
jωL2 −

j

ωC2
+R2 +

(ωM12)2

jωL1 − j
ωC1

+R1

]∗
(4.8)

Therefore, if the load is equal to 4.8 the power available at the receiver coil is

maximized for a given distance and frequency.

4.2.2 Maximizing E�ciency

There are two equivalent methods to maximize power transfer e�ciency in a RIC

link: to vary the distance between transmitter and receiver until a maximum is

obtained (load impedance matches the adaptation condition for maximum e�ciency

at a given distance) or to modify the load value to force the system work at maximum

e�ciency for a given distance. In this chapter, the load impedance is optimized to

maximize power transfer e�ciency for a given distance value. To do this, one can

di�erentiate equation 4.4 with respect to ZL at resonance. Obtaining:

RL,Eff =

√
R2

1 + (ωM12)2
R2

R1
(4.9)

Therefore, if the load resistance is equal to 4.9, the power transfer e�ciency would

be maximized for a given combination of frequency (ωin, ωo1, ωo2) and distance (d).

4.3 Transient Analysis

Once the circuit model of the wireless power transfer system is known, as shown in

previous sections, the transient state 4th degree di�erential equation at the receiver
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can be found by:

(s2L1C1 + sC1R1 + 1)(s2L2C2 + sC2R2 + 1 + ZL) + sω2k2L1L2 = 0 (4.10)

which, if L1 = L2;C1 = C2;R1 = R2 can be simpli�ed to:

(s2LC + sCR+ 1)(ZL + s2LC + sCR+ 1) + sk2L = 0 (4.11)

Which shows that the damping of the transient response depends upon the distance

between transmitter and receiver, which will a�ect the coupling factor between

transmitter and receiver (k(d)) and the impedance at the load (ZL).

4.4 Methodology

The e�ects of distance and frequency upon power transferred to the load and

power transfer e�ciency are characterized using a design space exploration, where

the design variables and values to explore have been normalized to the diameter

of the transmitter and receiver coils where possible. To evaluate the e�ects of

distance and frequency upon the optimal maximum e�ciency or maximum power

transfer impedance match conditions, two dimensions are explored: the nominal

distance between transmitter and receiver (normalized to the diameter of the coils)

-indicated with dn- and the distance for which the load has been optimized (also

normalized to the coil's diameter), indicated with dL.

In this chapter, the coupling k(d) and impedance Z1(ωin, ωo1) = Z2(ωin, ωo2) pa-

rameters are extracted from a Finite Element Field Solver (FEKO). The impedance

and coupling are then used to �nd the optimal loads for maximum power trans-

fer and maximum power transfer e�ciency. Finally, all these design variables are

added to a Circuit Simulation Software (SPICE) from which the steady-state and

transient-state results are obtained for di�erent nominal distance, load adaptation

and frequency conditions to study the behavior of these systems and its sensitivity.

Figure 4.2: FEKO System Diagram. 2 Coils.

To benchmark the results of the exploration in this chapter, a nominal RIC

model has been designed. For simplicity, transmitter and receiver antennas have
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been chosen equal. Both receiver and transmitter coils were made of 0.01cm

copper wire with 20 turns of 30cm diameter, illustrated in 4.2. The impedance

and coupling parameters of a RIC system designed with the conditions previously

described have been obtained with FEKO.

Figure 4.3: Impedance of transmitter/receiver in free-space obtained by FEKO

Figure 4.4 shows the impedance of a single coil in free-space (Z1 = Z2) from

FEKO Finite Element Field Simulation, obtaining an inductance L = 0.233mH,

a DC-resistance of R = 11.9Ω and a capacitance of C = 0.158nF . Therefore,

the natural resonant frequency of both transmitter and receiver coils is: fo1 =

fo2 = 828.13kHz. For simplicity, no additional capacitance to modify the resonant

frequency has been added to the coils. Once the parameters of the coils are known,

these can be added to SPICE, as shown in 4.4.

Figure 4.4: Spice Model

4.5 Distance E�ects

On a Resonant Inductive Coupling Link, distance variations a�ect the overall

e�ciency as well as the power transferred to the load. Because the mutual coupling

between the two coils (k) and thereby the Mutual Inductance (M12) depends upon
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the distance between transmitter and receiver, when distance between transmitter

and receiver increases, the coupling factor between them decreases, thereby

changing the output impedance that the load sees. In this section we will analyze

the feasability of a Resonant Inductive Coupling Wireless Power Transfer System

with variable distance. Given a �xed load, the Source Power, Load Power and

Power Transfer E�ciency have been explored for di�erent distances on a perfectly

matched system for Maximum Power Transferred to the Load and on a perfectly

matched system for Maximum Power Transfer E�ciency.

To evaluate the e�ects of distance, the coupling factor has been obtained for

a distance relative to the diameter of transmitter/receiver antennas and added to

the Spice model. The relationship between coupling and distance for the previously

de�ned coils is shown in 4.5, where it can be seen that the coupling between coils

decrease as the distance increases, but it is still present (less than 2.5%) at a distance

of 17 times the diameter of the antennas.

Figure 4.5: Coupling Factor dependance on distance between coils for 2 Coils of 20

turn- 30cm diameter. Obtained by FEKO.

In this section, we �srt decouple the distance e�ects from the frequency mismatch

e�ects by analyzing a perfecly frequency-matched RIC system (fin = fo1 = fo2).

Therefore,power transferred to the load and e�ciency do not depend on ∆ω, as

shown in 4.6 and 4.7.

4.5.1 Maximizing Power Transferred to the Load

In this section we compare how distance variation a�ects a system that has been

optimized for Maximum Power Transferred to the Load. The resonant frequency of

the system fo is the same as the resonant frequency of transmitter (f1) and receiver

(f2) coils.
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4.5.1.1 Source Power

Figure 4.5.1.1 shows the power available at the transmitter coil for an input voltage

of: v(t) = sin (2πfot) as a function of the nominal distance factor between trans-

mitter and receiver dn = d/D and the load adaptation factor da, which represents

the distance factor at which the load has been optimized for.

Figure 4.6: SPICE Simulation. Source Power of a system adapted for Maximum

Power Transfer at resonance (fin = fo1 = fo2).

Figure 4.5.1.1 shows that for values very near the antenna (nominal distance dn
between transmitter and receiver smaller than half the diameter of the coils) the

source power at resonance is very low. This is because the receiver coil is inter-

ferring with the �rst coil thereby modifying the source impedance. However, this

e�ect is alleviated if the adaptation distance da is nearer the nominal distance dn.

At higher distances, the interferring e�ects of the second coil are negligible and the

power available from the source is increased.

It can be seen that applying optimal matching conditions for maximum power trans-

fer (black line) does not entail maximum power at the source coil.

4.5.1.2 Load Power

Figure 4.5.1.2 shows the power dissipated through the receiver coil at ZL. Maximum

power is available at the load when the load impedance matches equation 4.8 for

a given Distance/Diameter factor, this is, when the adaptation distance is equal to

the nominal distance (black line).

In this �gure, it is possible to observe that increasing or decreasing load resistance

from the optimal found in equation 4.8 (da higher or lower than dn) always lowers the

power received at the load for that distance, thereby showing a complete agreement

between the theoretical impedance adaptation formulas given in this chapter and

circuit simulations. Finally, it is important to note that the e�ect of a distance

variation from the adaptation distance is more important when the coils are close
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Figure 4.7: SPICE Simulation. Load Power of a system adapted for Maximum

Power Transfer at resonance (fin = fo1 = fo2).

(since the e�ciency is greater) and lower for distant coils (higher nominal distance

factors).

4.5.1.3 E�ciency

Once Source and Load Power are known, we can calculate the e�ciency for a RIC-

system optimized for maximum power transfer as PL/Pin. It is shown in �gure

4.5.1.3, the e�ciency of such a system for di�erent nominal distance and adapta-

tion distance factors. This �gure shows that the e�ciency is not maximum at the

adaptation condition dn = da (black line). This is caused because matching the

load to maximum power at the receiver does not entail maximum e�ciency. Load

adaptation for maximum power transfer can still achieve a high power transfer e�-

ciency (between 50%-60%) for distances smaller than the diameter of the antennas

but decreases very steeply for larger distances.

Uunder maximum power transfer conditions, the e�ciency for distances above

1.5 times the diameter of the antenna is very low (less than 10%). However, the

power transferred to the load can still be remarkable.

4.5.1.4 Transient Analysis

To perform RIC system analysis under transient conditions, a switch was added to

SPICE model and the behavior of the power transferred to the load until it reached

a steady-state was studied.

Figure 4.5.1.4 shows the transient state time-domain characteristic of the power

transferred to the load under three di�erent adaptation conditions: A) Adaptation

distance higher than nominal distance (overcoupled system), B) Adaptation distance

equal to nominal distance (critically adapted system) and C) Adaptation distance

lower than nominal distance (undercoupled system).
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Figure 4.8: SPICE Simulation. Power Transfer E�ciency of a system adapted for

Maximum Power Transfer at resonance (fin = fo1 = fo2).

Figure 4.9: SPICE Simulation.Transient Analysis of Power Transferred to the Load

under Maximum Power Transfer conditions.

To illustrate this, 4.5.1.4 shows the transient state for three di�erent nom-

inal distance factors dn = 0.5, 1, 1.5 and three adaptation distance conditions

da = 0.5, 1, 1.5. We can observe overcoupled system behaviour (load adapted for

distances larger than the nominal one da > dn shown in red), critically coupled sys-

tem behavior (load adapted for the nominal distance dn = da, shown in green) and

undercoupled system behavior (load adapted for distances lower than the nominal

da < dn).It can be seen that overcoupled (red) systems take less time to reach the

steady-state but show some underdamping (larger, as the de-coupling between da
and dn increases). This is caused by the fact that an over-adapted system will show

a frequency splited response (two peaks) as shown in �gure 4.10.

Undercoupled systems do have overdamping because the frequency response ex-
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Figure 4.10: Frequency Response of an undercoupled, critically coupled and over-

coupled system. Values: da = 0.5dn, da = dn, da = 1.5dn and da = 2dn.

hibits still only one peak as shown in �gure 4.10 but, since the e�ciency is lower,

take more time to reach the steady-state condition. Finally, critically coupled sys-

tem, take less to reach the steady-state without incurring in underdamping. It is

important to note that the critically damped point (point at which ζ = 1) does not

meet the critically coupled point for any distance between transmitter and receiver.

Figure 4.11: Transient times for a complete design space exploration da and dn

Figure 4.5.2.4 shows the complete da and dn space design exploration of transient
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times in load. To calculate them, the steady-state value of power has been obtained

and the transient time is the number of seconds since the switching of the source until

a deviation of less than 5% of the steady-state value is obtained. As before, black line

divides the �gure between two parts: left of the black line is the design space which

is overcoupled (da > dn) while right is the undercoupled regime (da < dn). We can

observe here the same behavior that we explained in �gure 4.10, where undercoupled

systems have higher transient times (which increase when the di�erence between

dn−da increases). On the other hand, overcoupled systems show also an increase in

transient times which is proportional to the overcoupling (da − dn). This is due to
a higher frequency splitting (caused by increased overcoupling), which is correlated

to higher transient times. Finally, it is important to note that, in systems optimized

for maximum power transfer to the load, the critical damping point's line (shown

in �gure 4.5.2.4 as the curve created by the points with lower transient times)

always corresponds to the overcoupled design space. This means that, in order to

be critically damped, the system must operate in small overcoupling.

4.5.2 Maximum E�ciency

In this section we compare how a distance variation a�ects a resonant inductive

coupling system that has been optimized for Maximum Power Transfer E�ciency

between Source and Load. It is important to note that, in this section, when we

refer to the distance adaptation da it is for maximum power transfer e�ciency,

which is di�erent from the distance adaptation for maximum power transfer shown

in previous section.

4.5.2.1 Source Power

Figure 4.5.2.1 shows the power available at the source coil. For a system optimized

to maximize its power transfer e�ciency, the power source at the critical adaptation

point decreases steeply with distance. This is because in order to still achieve an

e�cient transmission, the power available from the source must be very small due to

the interferences between transmitter and receiver coil impedance explained before.

Similarly to the system optimized for maximum power transfer, the maximum

power available at the source is not related to the optimal adaptation factor dn = da.

4.5.2.2 Load Power

In a system optimized for maximum e�ciency, the power transferred to the load in

an optimally matched system (nominal distance equal to nominal adaptation factor)

is not maximum.

Figure 4.5.2.2 shows that for high nominal distance factors (above 1.5 times

the diameter of the transmitter/receiver coils) the power transferred to the load is

very low. Similarly, for very small nominal distance factors (less than 0.5 times the

diameter of the transsmitter/receiver antennas) the power that is transferred to the

load is also decreased.
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Figure 4.12: SPICE Simulation. Source Power of a system adapted for Maximum

E�ciency at resonance (fin = fo1 = fo2).

Figure 4.13: SPICE Simulation. Load Power of a system adapted for Maximum

E�ciency at resonance (fin = fo1 = fo2).

4.5.2.3 E�ciency

Power Transfer E�ciency between source and load is shown for a RIC system with

maximum e�ciency adaptation in �gure 4.5.2.3. It can be seen that under optimal

adaptation conditions (dn = da) the e�ciency is maximum for that nominal distance

dn.

4.5.2.4 Transient Analysis

Similarly to previous section, system analysis under transient conditions is per-

formed but for a Maximum E�ciency System. Figure 4.5.2.4 shows the transient

state time-domain characteristic of the power transferred to the load under three dif-
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Figure 4.14: SPICE Simulation. E�ciency of a system adapted for Maximum E�-

ciency at resonance (fin = fo1 = fo2).

ferent adaptation conditions: A) Adaptation distance higher than nominal distance

(overcoupled system), B) Adaptation distance equal to nominal distance (critically

adapted system) and C) Adaptation distance lower than nominal distance (under-

coupled system).

Figure 4.15: SPICE Simulation. Transient Analysis of Power Transferred to the

Load under Maximum E�ciency Conditions

To illustrate this, 4.5.2.4 shows the transient state for three di�erent nom-

inal distance factors dn = 0.5, 1, 1.5 and three adaptation distance conditions

da = 0.5, 1, 1.5. The three diagrams in yellow correspond to the transient response

when system is underadapted (da < dn), this is ZL < ZL,o, green correspond to a

critically adapted system for maximum e�ciency da = dn, and red corresponds to

over-adapted systems (da > dn). It is important to note that, in this case, both
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the critically adapted and over-adapted states show underdamping in the transient

response, meaning that in order to avoid underdamping the system must operate

in under-adaptation states. This agrees with the results shown in 4.5.2.4 where the

frequency response of the same is shown. Shown in red, the conditions at which the

system presents two frequency peaks (overcoupled systems showing underdamping).

In green, the states that are nearer the critically damping points (this is, there is

only one peak of frequency and the response is high) and in yellow the overdamped

points (only one peak but the response is small, which means that it will take more

time to reach the steady-state condition).

Figure 4.16: Frequency Response of an undercoupled, cricitally coupled and over-

coupled system. Values: da = 0.5dn, da = dn, da = 1.5dn and da = 2dn.

Finally, it is important to note that, when the system is underdamped, the band-

width between the two frequency peaks (∆f = f2−f1) increases. Therefore, when a

system is overcoupled, the more overcoupled it is, the more frequency splitting will

be obtained and the more time it will take for the system to reach a steady-state

condition.

The behavior explained above is illustrated in �gure 4.5.2.4, where the transient

times have been measured as the number of seconds since the switching of the

source until a deviation of less than 5% of the steady-state value is obtained.

In this �gure, the critically adaptation condition for maximum power transfer e�-

ciency is shown (black line) and the transient times obtained for the full design-space

exploration are shown. It can be seen that, in this case, the critically damped curve

(curve made of the points with lower transient times for each nominal distance

and adaptation factor) corresponds to an under-adapted system for small distances

(right of the black line) and over-adapted system for large distance factors (left of

the black line). This means that there is a point at which the system is critically

damped and critically coupled for maximum power transfer e�ciency at the same
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time. This point corresponds to a distance factor of 2 times the diameter of the

antennas. It can be seen that in an over-adapted system, as the frequency splitting

Figure 4.17: Transient times showing complete design space exploration da and dn

seen in 4.5.2.4 increases, the transient times increase too. Finally, it is important

to note that in an over-damped system (right of the critically damped curve) the

transient times increase proportionally to the the distance factor between transmit-

ter and receiver. For very over-damped systems (distance factors higher than 2) the

adaptation factor stops intervening on the transient time.

4.6 Frequency Mismatch E�ects

Frequency mismatch e�ects can either occur at the transmitter side (fin = fo2 6=
fo1), at the receiver side (fin = fo1 6= fo2) or at both (fin 6= fo1 = fo2). On the next

sections the e�ects of mismatch e�ects at both the transmitter and receiver sides

are explored analyzing its e�ect upon Source Power, Power received at load, Power

Transfer E�ciency and Transient State delays. The distance between transmitter

and receiver is normalized with respect to the Coil Diameter (distance / diameter)

and the actual resonant frequency deviation (f ′ox) is normalized with respect to the

optimal resonant frequency (fox = fo): f
′
ox/fox).

4.6.1 Transmitter Resonant Frequency Deviation

This section explores the behavior of the wireless resonant inductive coupled link

when the transmitter resonant frequency deviates from the optimal conditions

f ′o1 6= fo1, considering fo1 the frequency at which both the input source and the

receiver operate fo1 = fo2 = fin. Figure 4.6.1 shows the power available from the

source for a a normalized transmitter resonant frequency deviation f ′o1/fo1. It can

be seen that the available source power is very sensitive to transmitter frequency

deviations from the resonant frequency fo1 6= fo = fo2 due to the high Q factor of
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Figure 4.18: Source Power Available after a transmitter resonant frequency deviation

the transmitter, meaning that a very small variation of less than 5% could cause the

power available from the source to decrease drastically. Figure 4.6.1 shows the power

received at load with respect to the transmitter resonant frequency deviation. Since

the power received at load is dependant upon the power available from the source,

the same behavior is shown when the transmitter resonant frequency deviates from

the optimal condition ∆f/fo1 = 0.

Figure 4.19: Load Power Available after a transmitter resonant frequency deviation

Finally, 4.6.1 shows the resulting power transfer e�ciency in the same situation.

It can be seen that the power transfer e�ciency is not as a�ected by the transmit-

ter resonant frequency deviation as the power received by the load. This is inherent

to equation 4.4 where it can be seen that the power transfer e�ciency depends upon

the transmitter resonant frequency deviation, which is included in Z1(ωin, ωo1).
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Figure 4.20: Power Transfer E�ciency after a transmitter resonant frequency devi-

ation

4.6.2 Receiver Resonant Frequency Deviation

In this section, the source power, load power and power transfer e�ciency for a RIC

link with a receiver resonant frequency deviation (f ′o2 6= fo2) is shown , being fo2
the optimal resonant frequency of the receiver (fo2 = fo1 = fo). The source power

available after a receiver frequency deviation is shown in Figure 4.6.2. It can be

seen that a variation on the receiver resonant frequency only a�ects the available

source power in the sense that the re�ected impedance back from secondary coil is

modi�ed by this frequency deviation.

Figure 4.21: Source Power Available after a receiver resonant frequency deviation

Figure 4.6.2 shows the power received at load with respect to the receiver res-

onant frequency deviation. In this case, the power transfer e�ciency is strongly
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a�ected by the receiver resonant frequency, thereby modifying the received power

at load.

Figure 4.22: Load Power Available after a receiver resonant frequency deviation

Figure 4.6.2 shows the behavior of Power Transfer E�ciency for receiver fre-

quency deviation f ′o2. Inspecting equation 4.4 it can be observed that the e�ciency

is proportional to Z2(ωin, ωo2).

Figure 4.23: Power Transfer E�ciency after a receiver resonant frequency deviation

4.6.3 Input Power Frequency Deviation

In this section, a system with both transmitter and receiver working at a given

resonant frequency (fo1 = fo2 = fo) is powered by a source at a di�erent frequency

(fin 6= fo). The e�ects of this frequency deviation ∆fin = (fin − fo)/fo are shown
below. Figure 4.6.3 shows the frequency response of the power available from the
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source upon di�erent distance factors. It can be seen that for distances very close

to the transmitter, the frequency response is splitted in two resonant frequencies,

due to an overcoupling in the receiver.

Figure 4.24: Source Power Available after an input frequency deviation

Figure 4.6.3 shows the available power at the receiver when the source power

frequency does not match the resonant frequency of the system (resonant transmitter

and receiver frequency). In this �gure, the behavior of the power received at the

load over di�erent distances is shown for the three di�erent conditions conidered in

previous sections: overcoupling (distances close to the transmitter, two peaks and

maximum not at ∆fin = 0), critical coupling (maximum power transferred to the

load, one peak at fin = fo) and undercoupling (one peak at fin = fo but power

transferred to the load is not maximized).

Figure 4.25: Load Power Available after a receiver resonant frequency deviation

Finally, �gure 4.6.3 shows the e�ciency curve obtained by dividing the power
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received at load by the power available from the source. In this �gure, the e�ects

of the input frequency deviation are shown demonstrating that, although the power

transferred to the load is maximized at a given distance, the power transfer e�ciency

is not. In any case, the maximum power transfer e�ciency is always obtained at a

0 frequency deviation (fin = fo).

Figure 4.26: Power Transfer E�ciency after a receiver resonant frequency deviation

4.6.4 Transmitter and Receiver Frequency Deviation

Finally, the e�ects of a frequency deviation in both the transmitter (∆f1/fo 6= 0)

and the receiver (∆f2/fo 6= 0) are shown for a set of six di�erent distances

(normalized to the diameter of the antennas). No impedance adaptation has been

performed neither to counteract the distance e�ects nor the frequency-deviation

e�ects.

Figure 4.6.4 shows the e�ects of a transmitter and receiver frequency deviation

upon the transferred source power. It can be seen that a transmitter frequency

deviation a�ects very signi�catively the available power at the source. On the

other hand, a receiver frequency deviation only a�ects the source power available

if transmitter and receiver are in close proximity (the re�ected impedance of the

receiver modi�es the transmitter behavior). If transmitter and receiver are at a

distance higher than 1.5 diameter of the antennas, the e�ect of a receiver frequency

mismatch becomes negligible. This is due to a low coupling between transmitter

and receiver at these distances. Finally, it is important to note that the available

source power at the transmitter is low when the proximity between transmitter

and receiver is high. This is caused by the overcoupling between both coils in close

proximity, which was analyzed in 4.5.1.1. If the frequency at either the transmitter

or the receiver deviates from resonance, the coupling between coils is decreased,

which reduces the overcoupling e�ect.



64 Chapter 4. Fundamental Challenges II: Distance/Frequency E�ects

Figure 4.27: Source Power Available after a transmitter and receiver resonant fre-

quency deviation

Figure 4.6.4 illustrates the power received by the second coil when both trans-

mitter and receiver have a di�erent resonant frequency than the operating frequency.

Unlike the power source, the load power is greatly a�ected by both the transmitter

and the receiver frequency deviations. In this case, more power is received depend-

ing on a) the source power available (which is strongly a�ected by ∆f1) and b) the

e�ciency of the transmission (which is a�ected by ∆f2 when coupling between both

coils is high). Therefore, the e�ects of a deviation of the transmitter and receiver

frequencies are visible in this �gure.

Finally, �gure 4.6.4 shows the power transfer e�ciency. In this case, the e�ects

of ∆f2 and ∆f1 are very noticeable for high power transfer e�ciencies (near-range

between transmitter and receiver). It is important to note that while Source Power

is more a�ected by a transmitter frequency deviation, the power transfer e�ciency

is more a�ected by a receiver frequency deviation. This is due to the fact that, while

the source can be transmitting a low power level due to a mismatch between input

frequency and transmitter frequency, the receiver can still receive the magnetic �eld

if the coils are in close proximity. This is due to an overcoupling between transmitter
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Figure 4.28: Load Power Available after a transmitter and receiver resonant fre-

quency deviation

and receiver that can result in a higher bandwidth. When the distance between

transmitter and receiver is higher than 1.5 times the diameter of the antennas,

power transfer is only achieved at the resonant frequency condition f1 = f2 = fo.

4.7 Conclusions

In this chapter, the e�ects of distance and frequency variations upon a resonant

inductive coupling wireless power transfer system have been studied. A complete

design-space exploration has been developed to characterize the e�ects of variable

distances between transmitter and receiver, normalized to the antenna diameters

and resonant frequency respectively. Guidelines to adapt the impedance of trans-

mitter and receiver antennas in order to maximize power transfer e�ciency or power

received at load have been proposed and its e�ect to the transient behavior has been

studied.
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Figure 4.29: Power Transfer E�ciency after a transmitter and receiver resonant

frequency deviation
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5.1 Introduction

Resonant Inductive Coupling Wireless Power Transfer (RIC-WPT) is foreseen as

a key technology to wirelessly charge the next generation of consumer electronics,

biomedical implants, electronic vehicles and the internet of things. These WPT

scenarios coincide on the fact that all of them are deployments where foreign objects

(internal to the system or external) are very common. In this chapter we analyze

the e�ects of Interfering Objects (sec. 5.2) �rst from the EM perspective [40],

by proposing a complete behavioral model and characterization of its detrimental

e�ects. Secondly, we'll analyze the potential bene�ts of Relaying E�ects (sec. 5.3)

that could be obtained by leveraging the cross-coupling e�ect of internal or foreign

interfering objects on MIMO scenarios [78, 56].
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5.2 Interfering Objects on RIC-WPT

This section is devoted to propose a circuit-based analytical model that predicts

the behavior of a RIC-WPT link in the presence of foreign objects, together with a

design-space exploration (both analytical and EM-based) of its e�ects.

A RIC system di�ers from a common inductive WPT device in the fact that

the source operates at the resonant frequency of the coupled resonator [26] thereby

allowing an extended range. Because of this resonance, RIC systems are very sen-

sitive to distance variations and to conductive foreign objects. While the e�ects

of distance variation between transmitter and receiver and the relationship between

them and impedance matching techniques have already been addressed in chapters 3

and 4, the e�ects of foreign objects are considered the second fundamental challenge

of RIC-WPT.

5.2.1 Analytical Model of Interfering Objects

5.2.1.1 Problem Statement

When exploring the e�ects of an interference, the �rst element to address is how

to model the foreign object, which needs to be modeled from both its electric and

magnetic behavior.

All conductive materials have, beyond the natural DC resistance, a frequency-

dependant electrical impedance model in the frequency band of interest, as a result

of the AC skin e�ect [79], which is the tendency for high-frequency alternating

currents and magnetic �ux to penetrate into the surface of a conductor to a limited

depth. The penetrating depth depends on the frequency and the properties of

the conductivity and permeability of the material and models the impedance of

the object caused by the skin e�ect [80]. Therefore, with regards to the electric

behavior of the foreign object, any conductive material can be replaced by an

equivalent impedance circuit with the same frequency-response characteristic. The

impedance-frequency characteristic of the foreign object is determined by the object

geometry, size and material.

Regarding the magnetic behavior, the coupling factor, which models the

amount of the �eld that is e�ectively transferred between the foreign object and

the transmitter and receiver coils (ki1,ki2) and between transmitter/receiver coils

and the foreign object (k1i, k2i) respectively (see �g. 5.1) should be included too.

These coupling factors together with the impedance response of the foreign object

(its resonant frequency and resistance) will de�ne how much the foreign object

a�ects the RIC-WPT link.

In this chapter, the foreign object has been simpli�ed and replaced by an equiv-

alent RLC circuit, which models the electrical behavior of the natural resonance of

the component. The equivalent RLC circuit used has therefore a given resistance
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(depending on the conductivity of the material), an inductance (which depends on

the geometry and structure of the object) and a capacitance (to force the �rst res-

onance). The e�ects of this circuit upon the resonant inductive wireless link will

depend on its magnetic coupling to the di�erent entities of the link: transmitter

(ki1, k1i) and receiver (ki2, k2i).

Figure 5.1: Circuit Diagram of the RIC System incorporating a foreign object.

In Figure 5.1 the resulting circuit diagram of a RIC system consisting of a trans-

mitter resonator (R1, L1, C1), a receiver resonator (R2, L2, C2) and the foreign

object (Li, Ri and Ci) is shown. The transmitter is coupled to the receiver and

foreign object by k12 and k1i respectively. Similarly, the transmitter is coupled to

the transmitter and the foreign object by k21 and k2i. Finally, the interference is

coupled to the transmitter and receiver resonators through ki1, ki2. Li, Ri and

Ci correspond to the foreign object inductance, resistance and capacitance, which

altogether constitute the simpli�ed RLC model of the foreign object.

Despite this simpli�ed model at resonance is of general purpose for a wide

range of geometries, in this chapter, a square metallic plane will be used to il-

lustrate the e�ects of a foreign object in the vicinity of the RIC-WPT link. The

impedance/frequency response of this object with a variable size (0.01m2, 0.03m2,

0.09m2 and 0.16m2) obtained by a Finite Element Field Solver (FEKO) is shown in

Figure 5.2, where it can be seen that both the natural resonant frequency and the

impedance around resonance depend upon the size of the foreign object and that

multiple resonances are exhibited.

5.2.1.2 Model

The block diagram of the wireless power transfer system including the foreign object

described in �gure 5.1 is shown in �gure 5.3, de�ning the interrelationships between

the input source (Vad), the transmitter (1), the receiver (2) and the foreign object (i).

VA and VB represent the contributions to V1 from the foreign object and the receiver
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Figure 5.2: Frequency Response of a variable size metallic plane obtained by FEKO.

respectively. G1,G2 and Gi are the transfer functions of transmitter, receiver and

Figure 5.3: Simpli�ed Model Diagram of the Interfering Object coupled to Trans-

mitter and Receiver

foreign object respectively:

G1,2,i =
I1,2,i

V1,2,i
=

jωC1,2,i

1 + jωC1,2,iR1,2,i − ω2L1,2,iC1,2,i
(5.1)

where ω is the frequency at which the system operates, ω1, ω2 and ωi are the reso-

nant frequencies of transmitter, receiver and foreign object respectively, de�ned as

the frequencies at which the impedance is real. G1i,Gi1,G2i,Gi2 are de�ned as the

transfer functions from the transmitter/receiver to foreign object and from the for-

eign object to transmitter/receiver, governing the distribution of power that reaches

the transmitter and receiver from the foreign object and the other way around. Fi-

nally, G12,G21 represent the power coupled directly from transmitter to receiver and
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from receiver to transmitter respectively.

G1i = (ωk1i

√
L1Li)

2; G2i = (ωk2i

√
L2Li)

2

Gi1 = (ωki1
√
LiL1)2; Gi2 = (ωki2

√
LiL2)2

G12 = (ωk12

√
L1L2)2; G21 = (ωk21

√
L2L1)2

(5.2)

The equations for the voltage at the transmitter, current at the receiver and current

at the foreign object can be derived from �gure 5.3:

V1 = Vad + IiGi1 + I2G21

I1 = V1G1

Ii = (I1G1i + I2G2i)Gi
I2 = (I1G12 + IiGi2)G2

(5.3)

Solving this system of equations yields the output current at the receiver:

I2 = I1
G2G12 +GiG2G1iGi2

1 +GiG2G2iGi2
(5.4)

the current at the foreign object:

Ii = I1
GiG1i +GiG2G12G2i

1 +GiG2G2iGi2
(5.5)

and �nally, the source current I1:

I1 = Vad
G1

1 +G1Gi1C1 +G1G21C2

C1 =
GiG1i +GiG2G12G2i

1 +GiG2G2iGi2

C2 =
G2G12 +GiG2G1iGi2

1 +GiG2G2iGi2

(5.6)

as well as the input impedance, de�ned as Zin = Vad/I1 :

Zin =
1

G1
+G1i

(
GiG1i +GiG2G12G2i

1 +GiG2G2iGi2

)
+G21

(
G2G12 +GiG− 2G1iGi2

1 +GiG2G2iGi2

) (5.7)

The power dissipated in the �rst coil (transmitter), the power dissipated in the

second coil (receiver), the power transferred to the load and the power lost due to

coupling to the interferring object are de�ned as:

P1 =
|I1|2

2
R1; P2 =

|I2|2

2
R2

PL =
|I2|2

2
RL; Pi =

|Ii|2

2
Ri

(5.8)
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where R1, R2, RL and Ri are the real part of Z1, Z2, ZL and Zi respectively.

Once the power dissipated and transferred are known, the e�ciency, de�ned as the

power transferred to the load divided by the total power of the system, is found as

η =
PL

P1 + P2 + PL + Pi
(5.9)

5.2.1.3 Particular Case 1: Interfering Object only coupled to Transmit-

ter

Figure 5.4: Simpli�ed Model Diagram - Interfering object coupled to Transmitter

The model described above represents a generic system where all the coils are

coupled among them. However, depending on the position of the foreign object, the

coil can be modelled to be either coupled only to the transmitter or to the receiver.

In this section we will analyze a particular, simpli�ed but representative system

where the foreign object is coupled only to the transmitter coil (k1i 6= 0, ki1 6= 0,

ki2 = k2i = 0). In this case, Gi2 = G2i = 0 and the equations de�ned in 5.3 can be

simpli�ed to:

V1 = Vad + IiGi1 + I2G21; I1 = V1G1

Ii = (I1G1i)Gi; I2 = (I1G12)G2

(5.10)

Solving the system of equations, the current �owing through the transmitter coil I1

can be obtained as:

I1 =
VadG1

1 +G1GiG1iGi1 +G1G2G21G12
(5.11)

And the input impedance of the system is given by:

Zin =
1

G1
+GiG1iGi1 +G2G12G21 =

Z1 +
(ωM1i)

2

Zi
+

(ωM12)2

Z2

(5.12)

where Z1, Zi and Z2 are the impedances of the transmitter coil, interference

and receiver coil respectively. M1i is the mutual inductance between transmitter

and interference M1i = k1i

√
L1Li and M12 is the mutual inductance between
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transmitter and receiver coils M12 = k12

√
L1L2.

From equation 5.12 it can be observed that the input impedance of a foreign

object coupled only to the transmitter is the same as the impedance of a system

without the foreign object but adding an (ωM1i)
2/Zi factor. Therefore, this sim-

pli�ed model can be analyzed as a system without any interference but with a

modi�ed input impedance caused by the presence of the foreign object. Using this

result, the current circulating through the �rst coil, second coil and interference can

be re-written as:

I1 =
Vad
Zin

=
Vad

Z1 + (ωM1i)2

Zi
+ (ωM12)2

Z2+RL

I2 = I1
ωM12

Z2 +RL
; Ii = I1

ωM1i

Zi

(5.13)

This is relevant since the fact that only the input impedance is modi�ed implies that

the source coil will have a di�erent frequency response due to the foreign object, but

not the receiver coil. Therefore, if the foreign object deviates the transmitter from

resonance, the receiver will not be deviated from resonance and the e�ect of the

foreign object will be more signi�cant. Finally, taking into account the new current

expressions, the power transfer e�ciency de�ned as PL/Pin can be simpli�ed to:

η =
(ωM12)2ZLZi

Z1(Z2 +RL)2Zi + (ωM12)2(Z2 +RL)Zi + (ωM1i)2
(5.14)

5.2.1.4 Particular Case 2: Interfering Object only coupled to Receiver

Figure 5.5: Simpli�ed Model Diagram - Interfering Object coupled to Receiver

Similarly to the section above, the foreign object can be coupled only to the re-

ceiver coil and not the transmitter, thereby simplifying the general model described

in section 5.2.1.2 as shown in 5.2.1.4..When this situation occurs, the transfer func-

tions from foreign object to transmitter and the other way around are equal to 0

(G1i = Gi1 = ki1 = k1i = 0). The equations of the current �owing through �rst

(transmitter), second (receiver) and foreign object can be then simpli�ed to:

V1 = Vad + I2G21; I1 = V1G1

Ii = (I2G2i)Gi; I2 = (I1G12 + IiGi2)G2

(5.15)

which yields to:

I1 = Vad
G1

1 + G1G2G21G12
1+GiG2G2iGi2

(5.16)



74
Chapter 5. Fundamental Challenges III: Interfering Objects &

Relaying E�ects

The same procedure described in section 5.2.1.3 can be used in this simpli�ed

model. In this case, the e�ect of the foreign object only a�ects the output impedance

of the system, and can be analyzed as a system without any interference but with

a modi�ed output impedance caused by the presence of the foreign object.

Zout = Z2 +
(ωM12)2

Z1
+

(ωMi2)2

Zi
(5.17)

Using this result, the current that �ows through the second coil can be expressed

as:

I2 =
VadG1G12

Zout
= Vad

G1G12G2

1 +GiG2Gi2G2i +G1G2G12G21
(5.18)

5.2.2 Design-Oriented Characterization of interfering objects

5.2.2.1 Interfering Object Coupled to Transmitter

In this section, the behavior of a RIC link in the presence of a foreign object only

coupled to the transmitter (k2i = ki2 = 0) is studied. The e�ects of the foreign

object depend upon the natural resonant frequency of the foreign object with

respect to the nominal resonant frequency of the RIC link (∆f = (fi − fo)/fo), the
resistance of the foreign object with respect to the load resistance (∆R = Ri/RL)

and the coupling between the object and the transmitter (ki1 = k1i 6= 0). Therefore,

these three variables (∆f , ∆R and ki1) will be used to explore the e�ects of the

foreign object upon the di�erent system performance metrics, namely: Source

Power, Power Transferred to the Load, Power coupled to the Interference and

Power Transfer E�ciency.

Source Power

Due to the presence of the foreign object, the impedance of the source coil is modi-

�ed, which can shift the frequency at which the maximum power is transferred, this

is, the resonant frequency of the transmitter. In this case, this e�ect is of strong in-

terest because the minimum impedance could appear at a frequency which does not

correspond to the frequency at which the system e�ciency is maximum (resonant

frequency of the system without interference),thereby causing that, despite a very

e�cient system could be achieved, the actual power transferred from the source to

the load would be very small. Using equation 5.7 and knowing that the maximum

power at source will occur when the impedance is minimum, which is equivalent to

consider the imaginary part of Zin equal to 0, we can solve this set of equations to

obtain the frequency at which the minimum impedance is achieved.

ωL1 −
1

ωC1
+

(ωM1i)
2( 1
ωCi
− ωLi)

R2
i + (ωLi − 1

ωCi
)2

+

+
(ωM12)2( 1

ωC2
− ωL2)

(R2 +RL)2 + (ωL2 − 1
ωC2

)2
= 0

(5.19)
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The e�ect of the interference upon the Source Power depends on the mutual cou-

plings (k12 and k1i, ki1) and the receiver and interference impedances, namely:

• if (Z2 + RL) > Zi: Zin will be driven by the interference impedance and

the minimum impedance frequency will shift to the frequency where Zin =

Z1 + (ωM1i)
2/Zi is minimized.

• if (Z2 + RL) < Zi: Zin will be driven by the transmitter and receiver

impedance, therefore being minimum at f = fo.

Figure 5.6: Interfering Object coupled to Transmitter. Low Ri (Ri = 0.2RL)

In �gure 5.2.2.1 and 5.7 this behavior is shown for a two-coil system resonating

at a frequency of fo = 470Hz for Ri = 0.2RL (�g. 5.2.2.1) and Ri = 10RL (�g.

5.7) respeectively with R1 = R2 = 0.4Ω, RL = 5Ω and a �xed coupling factor

between the coil and the foreign object of k1i = ki1 = 0.2. In �gure 5.2.2.1 it can be

seen that if Ri << RL + R2 the maximum power from the source occurs at lower

frequencies (shifted to the minimum impedance point due to the interference).

However, if Ri = RL + R2 (as in �gure 5.7) the resonant frequency of the foreign

object has a very small impact upon the frequency at which the power delivered by

the source is maximum, although it does on the maximum power value. For very

high values of Ri the power transfer system is no longer a�ected by the foreign

object. Finally, the relationship between the maximum source power frequency

and the coupling between transmitter and foreign object is shown in 5.8, where

the available source power from the source is shown for di�erent values of coupling

k1i = ki1 and in the scenario of a low resistance Ri = 0.2RL and a foreign object
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frequency equal to the systems natural resonant frequency ωi = ωo.

Power Coupled to Interfering Object

The amount of power that is transferred from the source coil to the foreign object de-

pends on the coupling ki1 = k1i, its resonant frequency and resistance at resonance.

The power coupled to the foreign object is maximum at the foreign object natural

resonant frequency (minimum foreign object impedance Zi and at the frequency at

which the transmitter operates). Finally, the foreign object can be overcoupled, un-

dercoupled and critically coupled to the transmitter, depending upon its impedance.

By zeroing the derivative of the power transferred to the foreign object, the load

that maximizes the current coupled to the interference (Ii) can be found as:

Zi =
(ωk1i

√
L1Li)

2

(Z2 + ZL)
(5.20)

which will be maximum when the resonant frequency of the system is the same as

the natural resonant frequency of the foreign object foi = fo and proportional to

k1i = ki1, which can be seen in �gure 5.2.2.1 and 5.8.

Figure 5.7: Interfering Object coupled to Transmitter. High Ri (Ri = 10RL)

Power Transfer E�ciency

The power transfer e�ciency is de�ned as the power e�ectively transferred to the

load divided by the combined sum of losses of the system, including the power

coupled to the foreign object. Hence, the power transfer e�ciency depends on the

foreign object resonant frequency ∆f , the foreign object load (Zi, Ri), the receiver
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load (RL) and the coupling between both transmitter-receiver and transmitter-

foreign object. Similarly to the source power behavior, if the impedance of the

foreign object is large enough with respect to the load impedance (Ri >> RL),

the maximum power transfer e�ciency point does not experiment a frequency shift

(fmax,η ' fo1 = fo2 6= foi), as it can be seen in 5.2.2.1. However, if the impedance

is small (Ri << RL), the maximum power transfer e�ciency points shifts to the

foreign object frequency, as seen in 5.7.

Figure 5.8: Interfering Object at Resonance (fi=fo) coupled to Transmitter. Low

Ri (Ri = 0.2RL) scenario.

Depending on the relation between the resonant frequency of the interference

(foi) and the resonant frequency of transmitter and receiver coils (fo1 = fo2),

the power transfer e�ciency maximum will experiment a frequency shift. This

frequency shift will be inversely proportional to the di�erence |fo1 − foi|. Being the

power transfer e�ciency de�ned in 5.14, the maximum e�ciency is found hence

by setting the derivative of η with respect to f to 0. If the interference resonates

at a frequency very distant from the frequency of transmitter and receiver, then

the maximum power transfer e�ciency still occurs at the same resonant frequency

fo. This behavior is shown in �gure 5.7 where the power transfer e�ciency of a

two-coil system resonating at a frequency of fo = 470Hz (dotted line) is compared

to the one obtained using the same system in the presence of a foreign object

with Ri = 10RL resonating at ωi = Kωo and coupled to the transmitter coil with

k1i = 0.15 and in �gure 5.2.2.1 with a lower interfering resistance: Ri = 0.2RL.

It can be seen that when foi gets closer to the resonant frequency of the system

foi > fo; foi ' fo the frequency at which the maximum PTE occurs moves to
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fηmax < fo. Similarly, if foi < fo; foi ' fo then fηmax > fo. Finally, comparing

�gures 5.7 and 5.2.2.1 it can be easily seen that, if the resistance is lower, its e�ect

upon power transfer e�ciency in terms of frequency deviation is higher.

Load Power

When the foreign object is only coupled to the transmitter, its e�ects upon the re-

ceived power at the load are a combination of the e�ects caused to the power transfer

e�ciency and to the power at source. Therefore, load power depends upon the cou-

pling of the foreign object to the transmitter, load and foreign object impedances

and resonant frequencies of foreign object and both transmitter and receiver. It is

shown in �gure 5.8 the resulting power load of a two-coil link at fo = 470Hz with

an interference at fi = fo and Ri = 0.2Ω. In �gure 5.8 it can be seen that, while the

Figure 5.9: Interfering Object at Resonance (fi = fo) coupled to Transmitter. High

Ri (Ri = 10RL)

maximum source power occurs at near 470Hz, the maximum transfer e�ciency can

experiment a notch at the same frequency fi = fo, which causes the power received

at load to be very small. This is due to an overcoupling between transmitter and

foreign object, which is proportional to ki1 = k1i. However, if Ri >> RL then the

optimal frequency point is not modi�ed, as seen in 5.9.
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5.2.2.2 Design-Oriented Characterization of Interfering Object Coupled

to Receiver

In this section, the behavior of a foreign object only coupled to the receiver

(k1i = ki1 = 0) is studied. The e�ects of such foreign object will depend upon the

resonant frequency of the interference with respect to the resonant frequency of a

coupled resonant system (fo1 = fo2), the coupling between receiver and interference

(ki2 = k2i) and the load resistance. An object coupled only to the receiver can be

seen as a modi�ed output impedance. Since the output impedance is then shifted

from the critical coupling, the system experiments a frequency and impedance

mismatch, as seen in equation 5.17.

Source Power

Regarding the power available from the source, it is observed that, since the output

impedance of the system is modi�ed, if the coupling between transmitter and receiver

is high enough, the re�ected load of the foreign object upon the receiver does impact

the transmitter source, thereby modifying its e�ective impedance. This behavior is

shown in �gure 5.10, where a link with a high coupling between transmitter and

receiver (k12 = 0.15) is showcased.

Figure 5.10: Interfering Object coupled to Receiver. Low Ri (Ri = 0.2RL)

Zin = Z1 +
(ωM12)2

Z2 + ZL + (ωM2i)2

Zi

(5.21)

Since the impedance of the foreign object is small, at frequencies near the resonant
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frequency of the system foi ' fo, the e�ect of the re�ected impedance back to the

transmitter coil is not negligible. However, for large values of Ri >> RL + R2, the

source power is not modi�ed due to the foreign object, as seen in �gure 5.11. On

the other hand, if the impedance of the foreign object is low Ri << RL + R2 then

the source power is modi�ed in both frequency (due to the imaginary part of Zi)

and absolute value, as seen in 5.10.

Figure 5.11: Interfering Object Coupled to Receiver. High Ri (Ri = 10RL)

Interfering Object Power

Similarly to section 5.2.2.1, in which the foreign object was only coupled to the trans-

mitter, the power received by the foreign object is also a function of the impedance

of the foreign object, the natural resonant frequency of the foreign object and the

coupling. Figure 5.12 shows the e�ect of a varying coupling between receiver and

foreign object upon the power received at such object.

Load Power

Since the foreign object is only coupled to the receiver, this can be analyzed as a

unmatched system with a complex load:

Z ′L = ZL +
(ωM2i)

2

Zi
(5.22)

Therefore, if Ri >> ZL the e�ect of the foreign object upon power transferred to

the load is negligible. On the other hand, if Ri << ZL then the received power is

diminished and depending on the coupling and the foreign object natural resonant

frequency with respect to the resonant frequency of the system( ∆f = (fi − fo)/fo
) it can also experiment a frequency shift. Figures 5.10, 5.11, 5.12 and 5.13
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Figure 5.12: Interfering Object at Resonance (fi = fo) coupled to Receiver. Low Ri
(Ri = 0.2RL)

characterize this behavior for the complete parameter design space.

Power Transfer E�ciency

When the foreign object is only coupled to the receiver coil, the e�ciency can be

described using the expression below:

η =
|I2|2RL

|I1|2R1 + |I2|2(R2 +RL + |ωM2i
Zi
|2)

(5.23)

The power transfer e�ciency will then experiment a frequency shift proportional to

∆f if the coupling between foreign object and receiver is high. On the other hand,

if the coupling is low (k2i < k12), the power transfer e�ciency will experiment a

notch at a given frequency (frequency at which power from the receiver is coupled

to the interference), as seen in �gure 5.12, which is due to a higher power coupled

to the foreign object.

5.2.2.3 Interfering Object Coupled to TX and RX

When the foreign object is coupled to both transmitter and receiver, the transfer

functions of the system are a�ected by the combined e�ects described in previous

sections for both de-embedded cases: only coupled to transmitter and only coupled

to receiver. In this section, the behavior of such a generic system is analyzed

and illustrated by means of a foreign object that is placed in di�erent positions,
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Figure 5.13: Interfering Object at Resonance (fi = fo) Coupled to Receiver. High

Ri (Ri = 10RL)

sweeping the full-range within a coupled wireless power transfer link. This object

will experiment the three scenarios described above: only coupled to transmitter

(when the foreign object is very near to the transmitter and far away from the

receiver), coupled to both transmitter and receiver (when the foreign object is in

between transmitter and receiver) and only coupled to the receiver (foreign object

near to the receiver and far from the transmitter).

Source Power

Figure 5.14 explores the e�ects of a foreign object upon power available from the

source. Several distances between receiver and transmitter are explored (d12 =

0.3m− 0.8m) and the foreign object is moved on the same plane so that it crosses

through the three di�erent regions (only coupled to transmitter, only to receiver and

coupled to both transmitter and receiver). In addition, the foreign object resonant

frequency is taken into account as a function of the resonant frequency of the system

without interference (fo1 = fo2 = fo).

In �gure 5.14, it can be observed that, when the foreign object is in close proxim-

ity to the transmitter or the receiver, the power source available is lowered. For very

high coupling values between transmitter and foreign object, the e�ect is indepen-

dent of the resonant frequency of the foreign object. However, when the coupling is

such that it is smaller than the coupling between transmitter and receiver, this e�ect

is only visible when the object resonates at frequencies near the natural resonant

frequency of the system. For large distances between transmitter and interference
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Figure 5.14: Source Power Characterization. Low Impedance Interfering Object

(Ri = 0.2RL)

and receiver and interference, this is, very low couplings, the e�ect of the exter-

nal object is negligible and the behavior of the system tends to coincide with the

interference-less system.

Load Power

The power available at the load is shown in 5.15 for a set of di�erent distances

between transmitter and receiver d12. Several behaviors can be observed in this

�gure:

• When d12 is small, the power available at the load presents the e�ects of an

overcoupling.

• When the foreign object is near the transmitter or the receiver, the power

available at the load drops steadily. This is caused by an impedance mismatch

caused by the presence of the foreign object.

• For small d12 and a foreign object between both, the system experiences an

overcoupling and impedance mismatch in both source and load, thereby acting

as an interference.

• When d12 is such that the presence of the foreign object between both does

not overcouple the system, the interference acts as a relay. The presence of

the foreign object increases the power at the load (or could otherwise extend

the range), which can be easily seen for d12 > 0.5. Also, since the system

experiments a frequency shift, the power is better transferred when the for-

eign object does not resonate at the same frequency than the receiver and
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R1 19mΩ

L1 30µH

C1 40nF

R2 19mΩ

L2 30µH

C2 40nF

RL 500mΩ

Ri 100mΩ

fi (0.85fo - 1.15fo)

Li 30µH

fo 144kHz

d12 (0.3 - 0.8)m

k12(d12) (0.033 - 0.0016)

Table 5.1: System Parameters for Load Power Characterization - Low Impedance

Interfering Object

transmitter. This is due to an overcoupling and impedance mismatch caused

by the interfering load itself.

• For large d12 (d12 > 0.6), it can be seen that the power is only e�ectively

transferred to the load when the foreign object is between the transmitter and

the receiver, demonstrating the relay e�ect of such system.

• For very large distances, when the system is not overcoupled, the frequency at

which the foreign object acts as a better relay is the natural resonant frequency

of the system fi = fo1 = fo2.

Figure 5.15: Load Power Characterization. Low Impedance Interfering Object (Ri =

0.2RL)

Power Transfer E�ciency

Finally, the same design space exploration is performed to analyze the power transfer
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e�ciency behavior of the system. The �rst aspect that can be observed in �gure 5.16

is that the e�ect of the foreign object near the transmitter or receiver is aggravated

when the foreign object resonant frequency matches the resonant frequency of the

system. On the other hand, when d12 is such that the foreign object starts acting as

a relaying element (see subsequent section 5.3), for medium distances (d12 = 0.5m)

the power transfer e�ciency experiments a frequency splitting (therefore power is

more e�ciently transferred when the foreign object resonates at a di�erent frequency

from the system). On the other hand, for higher distances d12 = 0.8m, the only way

to e�ectively transmit power to the receiver is by using the relay e�ect of an foreign

object placed between transmitter and receiver and with a resonant frequency near

the resonant frequency of the system.

Figure 5.16: Power Transfer E�ciency Characterization. Low Impedance Interfering

Object (Ri = 0.2RL)

5.2.3 Overcoming Intefering Objects with Impedance Matching

Applying impedance matching techniques to source and load has demonstrated to

increase the overall power transfer e�ciency of a given link. In the presence of an

foreign object, however, the required impedance to match the source needs to be

modi�ed to take into account such foreign object.

ZL = Zout∗ =

√√√√Z2
2 +

Z2(ωM12)2

Z1 + (ωM1i)2

Zi

+
Z2(ωMi2)2

Zi
(5.24)
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Provided that the coupling between the foreign object and the receiver coil is null

k2i = 0, ZL can be expressed as:

ZL = Zout∗ =

√√√√Z2
2 +

Z2(ωM12)2

Z1 + (ωM1i)2

Zi

(5.25)

The optimal load impedance found from conjugately matching Zout in equation 5.24

maximizes the power transferred to the load while derivating the power transfer

e�ciency in 5.23 with respect to ZL to 0 will maximize the power transfer e�ciency.

In �gure 5.17 the power transfer e�ciency of a 2-coils plus interference RIC-WPT is

shown with a) no impedance matching (RL = 50Ω) b) impedance matching without

taking into account the foreign object (RL,o) and c) impedance matching with the

interference adjustment (RL,o,i). To obtain maximum e�ciency at the resonant

frequency of the system, equation 5.25 has been used with ω = ω0 = 2π18.19kHz.

Figure 5.17: Impedance Matching

5.2.4 Finite-Element Field Solver Validation

In this section the results obtained using the circuit model described are veri�ed with

a Finite Element Field Solver Software (FEKO). To do this, a given interference (coil

at 0.6 meters) has been measured with FEKO and approximated to its equivalent

Ri,Ci and Li representation. The coupling factors between the interference and the

source coil k1i and between transmitter and receiver coils k12 have been measured

with FEKO and included in the circuit model. The obtained values for the foreign

object are: Ri = 13mΩ, Ci = 5µF , Li = 0.013mH. The measured coupling factors

are k12 = 0.065 at 0.6m and ki1 = 0.1686 at 0.1m. Figure 5.18 shows the input

power source of the system obtained using the analytical method described and the

results from FEKO simulation software for a two coil system with R1 = R2 = 19mΩ,

RL = 20mΩ, fo1 = fo2 = 18.19kHz, foi = 19.45kHz. In �gure 5.18 it can be seen

that the circuit model obtains very similar results to the �nite element �eld solver.
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Figure 5.18: Power Source Circuit Model - Finite Element Field Solver

Di�erences can be explained by the used RLC circuit approximation of interference,

transmitter and receiver impedances, which do not take into account frequency-

dependant inductance and capacitance. In �gure 5.19, the power transferred to the

Figure 5.19: Power at Load

load at the receiver is shown for the same set of values. Figure 5.20 shows the power

transfer e�ciency de�ned as the power transferred to the load divided by the power

available at the source Ps = P1 + P2 + PL + Pi.

5.2.5 Experimental Validation

Experimental validation of a RIC link in the presence of a high-impedance foreign

object (metal plate) at ωi 6= ω0 is shown in this section. Transmitter and re-

ceiver coils were made of 6061-O aluminum alloy with a rectangular cross-section of

0.1016cm x 0.635cm wrapped into a �at spiral of 20 windings with an inner diameter
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Figure 5.20: Power Transfer E�ciency

of 30cm and 0.1016cm between each of them. Five layers of the single �at spiral are

vertically stacked together and electrically connected in series to create the resonant

transmitting/receiving coils. The resonant frequency of the coils is dominated by an

external capacitor C = 10µF which is connected in parallel to the coils, resulting

in fo = 462Hz. The foreign object is an Aluminum plate of 61cm x 61cm x 0.32cm

and coils were axially aligned at a 60cm distance, which can be seen in �gure 5.21.

Figure 5.21: Experimental Setup: Transmitter, Receiver and Interfering Metal

Plate. RINGS Project [81].

If the transmitter is considered to be placed at d = 0 and receiver at d = 60cm,

the foreign object was placed before the transmitter (d < 0), between transmitter
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and receiver (0 < d < 60cm) and after the receiver (d > 60cm). Currents running

through the transmitter and receiver were measured and shown in �gure 5.22. Phys-

ical obstructions on the RINGS [81] stands prevented the plate from being placed

any closer to the coils, forcing d1i > 20cm and d2i > 20cm. It can be observed that

Figure 5.22: Transmitter and Receiver Currents. RINGS Experiment [81]

the e�ect of the metal plate in close proximity to the transmitter causes a drop in

the transmitter current, due to causing a change in the source impedance. Since the

system without foreign object was not critically matched, the e�ect of the foreign

object also caused an increase of the source current at d ' 50cm. Regarding the

receiver current, several behaviors, anticipated from the previous analysis, can be

observed:

• When the distance between foreign object and transmitter/receiver is higher

than 40cm, the e�ect of the metal plate becomes negligible. This is due to the

object not having a natural resonant frequency close to the fo = 460Hz and

to a low coupling.

• When the foreign object is in close proximity to the transmitter or receiver, the

current at the receiver drops due to the foreign object causing an impedance

mismatch and change in the resonant frequency of transmitter or receiver

respectively.

• Finally, when the foreign object is between transmitter and receiver coils, a

slight increase in the current received by the receiver is visible. This is due to:

a) the distance between foreign object and transmitter/receiver is increased

and b) the foreign object acting as a relay and retransmitting some of the

coupled �eld to the receiver.
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5.2.6 Bridging the Circuit-Model to Magnetic Fields

While the functional forms of the equations de�ned above are quite complex, the fac-

tors that de�ne the impact of the interfering object can be qualitatively understood

to be:

• Resonant frequency of the interfering object with respect to the resonant fre-

quency of the system: ∆f ′ = fi−fo
fo

. The smaller the ∆f ′ isthe greater the

e�ect of the interfering object will be. This is due to the fact that, near res-

onance, the reactive component of the impedance is greatly reduced, allowing

for more current to �ow and more power to be consumed by the resistive

component.

• Resistance of the interfering object with respect to the load resistance: R′ =
Ri
RL

: if Ri << RL, the system's input and output impedances (Zin and Zout)

are driven by the interfering objects impedance, thus shifting the frequency

response of the system depending upon ∆f ′. If Ri >> RL the e�ect of the

interfering object is negligible.

• Distance and axial orientation between interference and transmitter/receiver,

this is, coupling between interference and transmitter (ki1 = k1i) and receiver

(ki2 = k2i). High values of coupling mean that the magnetic �eld is more

e�ectively transmitted to the interfering object, which causes an increase of

losses through coupling to the interfering object.

For simplicity, we suppose a RIC link in which transmitter and receiver share

the same resonant frequency ωo = ω1 = ω2. Figures 5.23, 5.24, 5.25 showcase the

e�ects explained above for a link resonating at fo = 240.8MHz made of two coils

of 1-turn 16cm diameter with R1 = R2 = Ri,Ω = 60.9Ω, L1 = L2 = Li = 5.99uH,

C1 = C2 = Ci = 0.0734pF , RL = 70.2Ω and Ri = 45.5Ω.

Figure 5.23: Currents in Transmitter, Load and Interference. FEKO Simulation.

Transmitter Coupled
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In �gure 5.23, the interfering object is placed before the transmitter at several

distances, represented as multiples of the antenna diameter: -1.25D, -1D, -0.75D,

-0.5D, -0.25D. In this case, the interfering object is mostly coupled to transmitter

(k1i = ki1 6= 0, ki2 = k2i ' 0). It can be seen that the frequency response of the

power available from the source is modi�ed due to the presence of the interfering

object and that the e�ect of a near object (di1 < 0.5D) increases the power received

at the interference and, at the same time, decreases the power received at load.

Finally, if the distance d1i > 1D, the e�ect of the interfering object is negligible.

This is due to a low coupling k1i(di1).

Figure 5.24: Currents in Transmitter, Load and Interference. FEKO Simulation.

Transmitter and Receiver Coupled

Figure 5.24 illustrates the same scenario but with the interfering object placed

between transmitter and receiver. It can be seen that, when the interfering object is

in close proximity to the transmitter d = 0.25D, the source impedance is modi�ed

and the frequency response of the source current shifts and presents multiple peaks,

thereby presenting an overcoupled response. Regarding the current at the load

(receiver), we can see that it is maximum when the interfering object is placed

between transmitter and receiver d = 0.5D and that the current is higher than in

the case of the same system operating without any interference. This is due to

the intefering object acting as a relay between transmitter and receiver. Since the

impedance of the interfering object is lower than the impedance of the load, more

power is e�ectively transferred to the load. Finally, when the interfering object is

closer to the receiver (d = 0.75D) it receives less power and its e�ect upon the power

transfer link is causing an impedance mismatch at the receiver.

Finally, �gure 5.25 illustrates the situation in which the interfering object is

placed only near the receiver d = 1.25D, 1.50D, 1.75D and 2D. We can see that

the e�ect upon the source power is negligible (ki1 = k1i ' 0) and that, for large

distances d > 1D, the e�ect of the interfering object upon the current the load

receives is very small.
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Figure 5.25: Currents in Transmitter, Load and Interference. FEKO Simulation.

Receiver Coupled

5.2.6.1 Magnetic Characterization

In this section, a magnetic characterization of a RIC link in the presence of an

interfering object obtained by a Finite Element Field Solver FEKO is presented to

validate the previous design-oriented model-based results. This link is made of a

1-turn 16cm diameter coils with R1 = R2 = Ri,Ω = 58.8Ω, L1 = L2 = Li = 5.99uH,

C1 = C2 = Ci = 0.075pF . A load is added to the second coil RL = 33.3Ω and a

smaller one (Ri << RL) to the interfering object Ri = 0.1RL.

a) No Interference b) di1 = −1m, di2 = −3m c) di1 = −0.5m, di2 = −2.5m

Figure 5.26: Magnetic Field Distribution of a RIC link with a resonant interfering

object near the Transmitter

Figure 5.26 compares the magnetic �eld of a RIC link without any interfering

object (a) to the one with an interfering object only coupled to the transmitter

(b and c). In this case, two e�ects can be observed: �rst, the magnetic �eld that
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e�ectively arrives to the load (receiver) is smaller. This is due to an impedance

mismatch caused by the interfering object, which reduces the power provided by the

source coil. Second, the interfering object, now in close proximity to the transmitter,

receives most of the magnetic �eld, which is caused by a smaller interfering object

resistance (Ri << RL) and a higher coupling ki1 = k1i > k12 = k21.

a) di1 = 0.5m, di2 = 1.5m b) di1 = 1m, di2 = 1m c) di1 = 1.5m, di2 = 0.5m

Figure 5.27: Magnetic Field Distribution of a RIC link with a resonant interfering

object between Transmitter and Receiver

Figure 5.27 explores the e�ect of an interfering object between transmitter and

receiver for three di�erent distances: near the transmitter(a), in between(b) and

near the receiver(c).

• If the interfering object is near the transmitter (case a), the e�ect is similar to

the one described in �gure 5.26b and 5.26c: the source impedance is modi�ed,

thereby decreasing the power available from the source and more power is

coupled to the interfering object. However, in this case, the e�ect is diminished

by the fact that part of the �eld that is e�ectively transferred to the interfering

object is later transferred to the receiver, increasing the magnetic �eld at the

load.

• If the interfering object is in between transmitter and receiver (case b), the

magnetic �eld that is coupled to the receiver is increased with respect to the

one obtained without any interfering object (�gure 5.26a). The interfering

object is, in this case, acting as a relay. This result agrees with the increase

of the current at the receiver shown in �gure 5.24. For this to happen, several

things have to occur: �rst, the interfering object impedance has to be low in

order to retransmit e�ciently. Secondly, the interference has to be resonant

at the same frequency of the system ωi = ωo. Third, the interfering object

has to be su�ciently far away from the transmitter and receiver in order to

minimize the impedance mismatch.
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• If the interfering object is near the receiver (case c), the magnetic �eld at the

receiver is lowered due to an impedance mismatch caused by the close prox-

imity of interfering and receiver coils. Since the coupling between transmitter

and interfering object is not negligible, the source power is also modi�ed.

Finally, �gure 5.28 shows the e�ect of the interfering object far from the trans-

mitter (ki1 = k1i ' 0) and in close proximity to the receiver (ki2 = k2i 6= 0). Since

the coupling between interference and source is very small, the source power is not

a�ected by it. On the other hand, the receiver does experience an impedance mis-

match, which results in less power transferred to it, and some of the power coupled

to the receiver is later transferred to the interfering object, this is, the receiver acts

as a high-loss relay between the source coil and the interfering object.

a) di1 = 2.5m, di2 = 0.5m b) di1 = 3m, di2 = 1m

Figure 5.28: Magnetic Field Distribution of a RIC link with a resonant interfering

object near the Receiver

5.3 Relaying E�ects in RIC-WPT

As explained in previous sections, the behavior of a multiple-node Resonant Induc-

tive Coupling system has a strong dependance upon a) the interfering objects in

the vicinity of the link (intrinsic to the system or foreign) and b) their impedances,

which will modulate their e�ect as an interference or a relay. This chapter provides

an analytical model for Multi-Node Resonant Inductive Coupling links together with

an impedance analysis to understand and optimize system performance based upon

this design parameter.
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5.3.1 Analytical Model of Relay E�ects in multiple-node RIC
WPT

In this section, the relaying e�ects described in previous chapters 5.2 are extended

to a Multi-Node RIC WPT Scenario, in which a Single Input - Multiple Output

System can have several nodes acting as relays that enhance the behavior of the

System through a multi-path relaying e�ect. SIMO, which generally stands for

single-input multi-output systems are used in this context as a denomination of a

RIC-WPT with single transmitter or input energy port and multiple receiver or

output energy ports, not to be confused with the stablished use of SIMO/MIMO in

the communications discipline to connote methods for multiplying the capacity of a

radio link [82].

To analyze this behavior, an analytical model of a MIMO System can be used [37],

in which the behavior of the system is de�ned by the equations:
I1

I2

..

In

=


0 Z21Y1 .. Zn1Y1

Z12Y2 0 .. Zn2Y2

.. .. .. ..

Z1nYn Z2nYn .. 0



I1

I2

..

In

+


V1Y1

V2Y2

..

VnYn

 (5.26)

To analyze the relaying e�ect, only three di�erent types of nodes are considered:

a transmitter node Gt, a receiver node Gr and the interfering/relaying nodes Gi.

Under this assumption, the system of equations is particularized to:
It
Ii
Ii
Ir

=


0 ZtiYt ZtiYt ZtrYt

ZtiYi 0 ZiiYi ZirYi
ZtiYi ZiiYi 0 ZirYi
ZtrYr ZirYr ZirYr 0



It
Ii
Ii
Ir

+


V Yt

0

0

0

 (5.27)

Solving this system of equations for N nodes and considering that 1) the coupling

between the transmitter and all the interfering objects is the same, 2) the coupling

between all the interfering objects and the receiver is the same and 3) the interfering

objects are only coupled to the adjacent nodes, it is obtained:

It =
V Yt[(N − 2)YiYrZ

2
ri + 2YiZii − 1]

A

Ii =
V YiYt[Zti + YrZriZtr]

A

Ir =
V YrYt[Ztr(1− 2YiZii) + (N − 2)YiZriZti]

A

(5.28)

where

A = (N − 2)Yi[YrZri(2YtZtiZtr + Zri) + YtZ
2
ti] +

+2YiZii(1− YrYtZ2
tr) + YrYtZ

2
tr − 1 (5.29)

and the current is the same in any of the interfering nodes. Once the currents are

known, the power at the transmitter Pt, the power at each interfering/relaying node



96
Chapter 5. Fundamental Challenges III: Interfering Objects &

Relaying E�ects

Pi, the power at the receiver Pr and the power transferred to the load Prl are:

Pt = |It|2R
1

2Yt
; Pi = |Ii|2R

1

2Yi

Pr = |Ir|2R
1

2Yr
; Prl =

|Ir|2

2
RL

(5.30)

The total input power of the system can be found equal to the sum of the powers

as:

Pin = Pt +
∑
N−2

Pi,N + Pr = Pt + (N − 2)Pi + Pr =

V 2Y
2
t ((N2)YiYrZ

2
ri + 2YiZii − 1)2

A2
RZt +

(N − 2)V 2 (YiYt[Zti + YrZriZtr])
2

A2
RZi +

V 2 (YrYt[Ztr(1− 2YiZii) + (N − 2)YiZriZti])
2

A2
RZr (5.31)

And the output power of the system is equivalent to the power transferred to the

load:

Pout = V 2 (YrYt[Ztr(1− 2YiZii) + (N − 2)YiZriZti])
2

A2
RL (5.32)

Finally, the e�ciency of the system is de�ned as:

η =
Pout
Pin

=
(YrYt[Ztr(1− 2YiZii) + (N − 2)YiZriZti])

2RL
D + E + F

D = Y 2
t ((N2)YiYrZ

2
ri + 2YiZii − 1)2R(Zt)

E = (N − 2)(YiYt[Zti + YrZriZtr])
2R(Zi)

F = (YrYt[Ztr(1− 2YiZii) + (N − 2)YiZriZti])
2R(Zr)

(5.33)

5.3.2 Design-Oriented Impedance Characterization

From the analytical model described above, it can be seen that the behavior of

the system strongly depends upon the impedances of the transmitter, receiver and

interfering nodes. In this section the resonant frequency has been designed to be

the same in each node to ful�ll two objectives: �rst, the target application of a

multi-path relaying scenario is a SIMO system with some nodes acting as receivers

and others acting as interfering/relaying nodes, which requires that all the nodes

operate at the same frequency (in order to resonate when acting as receivers).

Second, to maximize the relaying e�ect of the interfering object, the magnetic

�eld transferred to it should be maximized. In such scenario, the resistive load of

the interfering object (ohmic and radiative losses) relative to the transmitter and

receiver resistances and the receiver load have a strong e�ect upon the behavior

of the system. The e�ect of the node resistance on the relaying capabilities of the

interfering nodes is analyzed in this section and illustrated with regards to the
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e�ciency of the system. For this purpose, a 10-Node (1 transmitter, 1 receiver and

8 interfering nodes) RIC WPT System with the geometrical distribution displayed

in �gure 5.29 is studied, chosen for its relevance within the application and because

it is representative of the multi-node system behavior [78].

Figure 5.29: Multi-Node RIC WPT System

In this system, the coupling between transmitter and interfering nodes (kti), the

coupling between receiver and interfering nodes (kri), and the coupling between ad-

jacent interfering nodes (kii) has been considered equal (and obtained through the

Finite Element Field Solver FEKO). This section presents the e�ect of the trans-

mitter, receiver and interfering node impedances upon the power transfer e�ciency,

calculated as the quotient between the power transferred to the system Pin and

the power obtained by the receiver Pout through direct transmission (Pin,out) and

through the interfering nodes (Pj,out; j = 1..8).

Rr 5.56Ω

RL 0.5Ω

Ri(Fig.4, 5) Swept: RL to 10RL
Rt(Fig.4, 5) Fixed: 53mΩ

Ri(Fig.6, 7) Fixed: 53mΩ

Rt(Fig.6, 7) Swept: RL to 10RL
fo 6.625MHz

Lt 0.26mH

Lr 686nH

Li 686nH

kti 5.89E-4

ktr 5.89E-4

kri 0.015

kii 0.015

Table 5.2: System Design Variables

Figure 5.30 shows the power transfer e�ciency (in percentage, normalized to 1)

of the system for di�erent values of interfering object resistance normalized to the

load of the system. Figure 5.30(a) showcases the behavior of the system and �gure
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5.30(b) displays the frequency response for di�erent values of Ri for illustration

purposes. In this �gure several behaviors can be observed:

(a) Ri/RL. 10-Node RIC System (b) Ri/RL. 10-Node RIC System

Figure 5.30: Interfering Resistance - RIC WPT with 8 Relaying Nodes

• There is a positive multi-node relaying e�ect that increases the power transfer

e�ciency of the system when the losses of the interfering nodes are small

compared to the load of the system (Ri/RL < 3).

• When the interfering object resistance is high compared to the load resistance,

the interfering objects have no e�ect upon the power transfer e�ciency. Look-

ing at �gure 5.31 it is possible to observe that the system with 8 interfering

nodes has the same power transfer e�ciency than a system without any in-

terfering nodes, provided that their resistance is high compared to the load of

the system Ri > 9RL.

• The relaying e�ect also causes a change of the frequency at which maximum

power transfer e�ciency is obtained, which causes a frequency deviation from

the resonant frequency of the system.

Analogous results are shown in �gure 5.31 for a system with no interfering object

(2 Nodes: transmitter and receiver). It can be seen that the system response to a

change on the interfering object resistance is null, which is consistent with having

no interfering nodes. However, this �gure is shown here to provide a fair comparison

of the system behavior with and without interfering objects.

It is of interest to characterize not only the e�ect of the interfering resistance but

also the e�ect of transmitter resistance upon Single-Node and Multi-Node RICWPT

Systems. Figure 5.32 and 5.33 showcase this e�ect for Multi-Node and Single-Node

scenarios respectively.

Comparing the two �gures, it is possible to observe that an increase in the trans-

mitter losses has a detrimental e�ect in both cases. However, due to the presence

of the relaying nodes, a higher power transfer e�ciency can be obtained even with
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(a) Ri/RL 2-Node RIC System (b) Ri/RL 2-Node RIC System

Figure 5.31: Interfering Resistance - RIC WPT System without Relaying Nodes

(a) Rt/RL. 10-Node RIC System (b) Rt/RL. 10-Node RIC System

Figure 5.32: Transmitter Resistance - RIC WPT with 8 Relaying Nodes

a high transmitter resistance compared to the receiver load. Finally, it is possible

to calculate the maximum e�ciency in both scenarios (with and without relaying

nodes).

Figure 5.34 shows the normalized e�ciency ηmulti−node/ηpp for di�erent inter-

fering object resistance and transmitter resistance values (normalized to the load

resistance of the system) where it can be observed that: 1) when the interfering

object resistance is small, the power transfer e�ciency is greatly increased with re-

spect to the e�ciency without any relaying nodes. 2) when the interfering object

resistance is close to the load resistance, the increase in e�ciency is still signi�cant

(around twice the e�ciency without relaying nodes) and 3) the relaying e�ect starts

to be negligible when the resistance of the relaying nodes is higher than the load

resistance. Finally, it is important to note that for a given Ri there is an optimal

Rt that maximizes the e�ciency. In point-to-point systems, the output resistance

of the system is optimal in terms of e�ciency for a given RL, RT [40][41]. Trans-
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(a) Rt/RL. 2-Node RIC System (b) Rt/RL. 2-Node RIC System

Figure 5.33: Transmitter Resistance - RIC WPT without Relaying Nodes

lating this to a Multi-Node scenario means that there is a combination of RL and

re�ected impedances of the interfering nodes Ri that optimize the same output re-

sistance. It is possible to observe that when the resistance of the transmitter is

low, the system acts in the over-coupled regime, thereby requiring higher interfering

node impedances to counteract this e�ect. On the other hand, if a higher trans-

mitter resistance is considered, the required interfering node impedance to operate

in maximum e�ciency conditions is lowered. The very purpose of Figure 5.34 is

to provide system design guidelines and in turn a method to realize the best e�-

ciency when considering as open design variables the coil parasitic resistances for

the multi-receiver scenario characterized in this work.

Figure 5.34: E�ciency Normalized to E�ciency Without interfering Nodes
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5.4 Conclusions

In this chapter we have presented a model that predicts the behavior of resonant

inductive coupled wireless power transfer systems in the presence of a foreign

object. This design-oriented model has been analized for three di�erent scenarios:

foreign object only coupled to transmitter, only coupled to receiver or coupled to

both transmitter and receiver; and its e�ects have been studied separately. The

behavior of such system has been qualitatively examined and the relay e�ect,

caused by the foreign object being placed between transmitter and receiver has

been identi�ed and explored. Finally, the model has been illustrated and validated

�rst with a Finite-Element Field Solver (FEKO) and later with an experimental

setup as part of the NASA RINGS Project [83].

The relaying e�ects in point-to-point resonant inductive coupling WPT link have

been revisited and extended to the scenario of multiple node systems potentially act-

ing as relays showing interdependence. This extended study has been carried out by

means of an analytical circuit-based multidimensional model. Beyond such formal

extension and its corresponding matrix description, the model has been benchmark

validated with electromagnetic numerical simulations to characterize multi-coil re-

laying e�ects. The study considers representative implementation, design and ap-

plication variables such as resistances of the transmitter, receiver and interfering

nodes in the SIMO WPT system, thereby providing a design-oriented exploration

of relay e�ects in multiple receiving coil systems both unveiling fundamental lim-

its and practical interest in WPT system deployments. This work demonstrates a

multi-node RIC WPT scenario which could potentially bene�t a lot of applications

such as wireless sensor networks and IoT.
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6.1 Introduction

Previous chapters have reviewed the fundamental challenges precluding the growth

of RIC-WPT and design guidelines to overcome these challenges have been provided.

However, due to the very multidomain nature of RIC and the interrelationship

between the design components, it is necessary not only to optimize the wireless

power transfer link but also the e�ciency of the DC-AC and AC-DC converters.

The e�ciency of a WPT link can be expressed by:

ηsys = ηDC−ACηLηAC−DC (6.1)

where ηL is the e�ciency of the link and ηDC−AC and ηAC−DC are the DC-AC and

AC-DC power converter e�ciencies.
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This chapter aims at providing design guidelines for the e�ciency of the link ηL
as well as a design-oriented joint circuit-system approach to design a high-e�ciency

resonant inductive coupling wireless power transfer link embedded in a class E2

DC-DC converter.

6.2 On Frequency Optimization of RIC WPT Links

Current applications to WPT links are limited to symetric point-to-point-links.

New challenges and applications of RIC-WPT emphasize the necessity to explore,

predict and optimize the behavior of these links for di�erent con�gurations:

multi-point RIC-WPT networks and assymetrical systems. In this section a design

methodology oriented towards the optimization of assymetric RIC-WPT links is

presented, resulting in a closed analytical formulation of the optimal frequency

at which an assymetrical RIC-WPT link should operate. Finally, the resulting

e�ciency-optimized link si explored and compared to previous results obtained in

RIC-WPT symetric con�gurations [1][39].

Power transfer e�ciency is key in wireless power transfer systems. In particular,

in RIC-WPT links, the e�ciency of the physical layer strongly depends upon a)

the frequency of operation (resonant frequency of the link), b) the losses of the

transmitter and receiver coils and c) the mutual inductance between them. Since

both the losses and the mutual inductance are frequency-dependant, it is of interest

to analyze the optimal frequency at which a given link should operate to maximize

its e�ciency. This has been previously studied for symetric point-to-point RIC-

WPT links[39], but it is still unexplored for assymetrical con�gurations (di�erent

transmitter and receiver sizes), in which the di�erence between transmitter and

receiver minimum-loss frequencies emphasize the need for an optimal system co-

designed frequency of operation. In this section, the power transfer e�ciency of

impedance-matched Assymetric RIC-WPT links is studied in terms of frequency

and a closed analytical expression of the optimal frequency of operation is provided.

Finally, the System E�ciency of Assymetric Frequency-Optimized RIC-WPT links

is analyzed and compared to the Symetric Frequency-Optimized Con�guration.

6.2.1 E�ciency in Assymetric RIC-WPT

The power transfer e�ciency in RIC-WPT links, de�ned as the ratio between the

power delivered to the load and the total input power, can be expressed as a function

of the input frequency ω, the load RL, transmitter and receiver losses (R1,R2), and

the mutual inductance between them M12 [38]

η =
RL(ωM12)2

(ωM12)2(R2 +RL) +R1(R2 +RL)2
(6.2)
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If impedance matching conditions are ful�lled (RL =
√
R2

2 + (ωM12)2R2/R1, [40]),

the e�ciency of the system only depends upon the equivalent resistance of the coils

(radiative, ohmic and dielectric losses), the mutual impedance between them and

the frequency of operation, resulting in:

ηo =

√
1 +

(
ωM12√
R1R2

)2
− 1

1 +
(
ωM12√
R1R2

)2
+ 1

=

√
1 + S2

a − 1√
1 + S2

a + 1
(6.3)

It can be observed in 6.3 that, to maximize e�ciency, the relationational factor Sa
-which is equivalent to the Coupled mode Theory K/Γ [74]- has to be maximized.

Sa =
ωM12√
R1R2

(6.4)

To accomplish this, it is necessary to 1) Maximize the frequency of the resonators

(ω) 2) maximize the mutual inductance between coils (M12) and 3) minimize the

transmitter (R1) and receiver (R2) losses, which depend upon the technological

parameters of the coils and the separation between them as follows:

M12 = f(N1, a1, N2, a2, D12)

R1 = f(ω,N1, a1, b1, c2, σ1)

R2 = f(ω,N2, a2, b2, c2, σ2)

(6.5)

where two circular loop antennas with N1,2 turns, coil diameters a1,2, wire radius

b1,2, inter-turn separation c1,2, conductivity σ1,2 and a distance D12 between them,

have been assumed.

To maximize the e�ciency, the frequency should be chosen so that Sa is maxi-

mized (highest frequency, maximum mutual inductance and minumum coil's losses).

In the forecoming sections, the mutual inductance as well as the coil's losses are de-

rived for N-turn circular loop antennas.

6.2.1.1 Mutual Inductance

In the quasi-static limit, at large distances (D12 >> a1) the magnetic �ux density

at the receiver coil as a result of the transmitter coil has the form of a dipole [2].

B12 '
µ0

2

N1ia
2
1

D3
12

(6.6)

where coaxial orientation between coils has been assumed. The mutual inductance

is then found froum the �ux through the N2 linkages in the receiver coil:

M12 = N2
∂Ψ12

∂i
' π

2
N1N2µ0

a2
1a

2
2

D3
12

(6.7)
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6.2.1.2 Evaluation of Losses

The losses of the resonators depend upon their constituent materials (σ1,2, δ1,2)

and geometry (a1,2, b1,2, c1,2) and can be divided into Radiative Losses (Rr), Ohmic

Losses (Ro) and Dielectric Losses (Rd):

R1 = R1
r +R1

o +R1
d (6.8)

In this section, the losses of two electrically small (a << λ) circular loop antennas

(chosen for their low radiation resistance [42]) are considered.

The radiation losses of a circular N1-turn loop antenna with loop radius a1 can

be found by [2]:

R1
r = 20π2N2

1a
4
1

ω4

c4
o

(6.9)

The ohmic resistance, which is in general much larger than the radiation resis-

tance, depends upon the proximity e�ect (if the spacing between the turns in the

loop antenna is small) and the skin e�ect. The total ohmic resistance for an N1-turn

circular loop antenna with loop radius a1, wire radius b1 and loop separation 2c1 is

given by [2]:

R1
o =

N1a1

b1
R1
s

(
R1
p

R1
0

+ 1

)
(6.10)

where R1
s =

√
ωµ0/2σ1 is the surface impedance of the conductor and R1

p is the

ohmic resistance per unit length due to proximity e�ect.

Finally, if a dielectric loop antenna is considered, the dielectric losses are given

by:

R1
d =

tan δ1

ωC1
= ωL1 tan δ1 ' ω4µ0a1N

2
1 tan δ1 (6.11)

where tan δ1 is the loss tangent of the coil and L1 has been approximated to

L1 = 4µ0a1N
2
1 . De�ning the ratios of assymetry in number of turns (uN ), an-

tenna diameter (ua), wire radius (ub), inter-turn distance (uc), conductivity (uσ)

and loss tangent (uδ) as follows:

uN =
N2

N1
; ua =

a2

a1
; ub =

b2
b1

uσ =
σ2

σ1
; uc =

c2

c1
; uδ =

δ2

δ1

(6.12)

the losses at the receiver (assuming uδ = uc = 1) can be expressed as:

R2 = R2
r +R2

o +R2
d = u2

Nu
4
aR

1
r +

uNua
ub
√
uσ
R1
o + uau

1
NR

1
d (6.13)
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6.2.2 Frequency Optimization of Assymetric RIC-WPT

6.2.2.1 Optimal Frequency

To �nd the optimal frequency at which the Assymetric RIC-WPT link should op-

erate, it is necessary to take the derivative of Sa with respect to ω. To do this, the

losses in the transmitter coil are expressed as:

R1
r = C1

rω
4; C1

r =
20π2N2

1a
4
1

c4
o

R1
o = C1

o

√
ω; C1

o '
N1a1

b1

√
µ0

2σ1

R1
d = C1

dω; Cd ' 4µ0a1N
2
1 tan δ1

(6.14)

where C1
r , C

1
o and C1

d are the frequency-independent co�cients corresponding to

the radiation, ohmic and dielectric losses respectively. Similarly, the losses at the

receiver coil can be de�ned as:

R2
r = C2

rω
4; C2

r = KrC
1
r ; Kr = u2

Nu
4
a

R2
o = C2

o

√
ω; C2

o = KoC
1
o ; Ko =

uNua
ub
√
uσ

R2
d = C2

dω; C2
d = KdC

1
d ; Kd = uau

2
N

(6.15)

where Kr, Ko and Kd model the e�ect of the assimetries between transmitter

and receiver upon the receiver's losses. Finally, the mutual inductance can be ex-

pressed as a function of the equivalent mutual inductance obtained in a symetric

link (uN,a,b,c,σ,δ = 1) as:

Ma
12 = KmM12; Km = uNu

2
a; (6.16)

Once this is known, both the mutual inductance (6.16) and the transmitter and

receiver losses (6.14,6.15) can be substituted in equation 6.4 resulting in:

Sa =
ωKmM12√

(C1
rω

4 + C1
o

√
ω + C1

dω)(KrC1
rω

4 +KoC1
o

√
ω +KdC

1
dω)

(6.17)

which is then be derived with respect to ω to obtain the optimal frequency at which

the assymetric link should operate. The resulting ωao is the solution of:

6ω7C2
RKr + 6ω4CdCr

(
Kd +Kr

2

)
+ 5ω

7
2CoCr

(
Ko +Kr

2

)
−ω

1
2CdCo

(
Ko +Kd

2

)
−KoC

2
o = 0

(6.18)

For illustration purposes and in order to achieve a closed analytical formulation,

dielectric-less transmitter and receiver coils are assumed (C1
d = C2

d = 0), obtaining:

ωaopt = Kwωopt (6.19)
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where:

Kw =

(
(Ko +Kr)

Kr

[√
25

16
+

6KoKr

(Ko +Kr)2
− 5

4

]) 2
7

(6.20)

and ωopt is the optimal frequency corresponding to a symmetric link (uN,a,b,c,σ,δ = 1):

ωopt =

(
C1
o

6C1
r

) 2
7

(6.21)

6.2.2.2 Maximum E�ciency

Once the optimal frequency at which the link should operate is obtained, the max-

imum relational factor Sa and the resulting maximum e�ciency ηamax can be found

by substituting ω by ωopt in 6.4:

Smaxa = Smax
7Km

√
Kw√

KrK7
w + 6K

7
2
w(Ko +Kr) + 36Ko

(6.22)

where Smax is the maximum relational factor S for a symetric link:

Smax =
6M

7C1
o

(
C1
o

6C1
r

) 1
7

(6.23)

and the maximum power transfer e�ciency is then obtained by:

ηmaxa =

√
1 + (Smaxa )2 − 1√
1 + (Smaxa )2 + 1

(6.24)

6.2.3 Results

The results obtained above regarding the optimal frequency of the assymetric link,

the maximum relational factor Sa,max and the corresponding maximum e�ciency

ηs,max are illustrated below. First, the normalized frequency deviation due to the

link assymetry is shown in �gure 6.1:

∆w =
wao − wso
wso

= kw − 1 (6.25)

where kw = f(Ko,Kr) as per equation 6.20. It can be observed that, when the

assymetry between transmitter and receiver represents around a 40% of di�erence

either in the radiation or the ohmic losses, the optimal frequency of operation for

the assymetric link experiments a 20% deviation from the optimal frequency in the

symetric link, showcasing the impact of this study. When assessing the e�ect of

the assymetry in RIC-WPT links, it is also of interest to study how this assymetry

(described in a compressed manner by the coe�cients Kr, Ko and Km) a�ects

Smax and the maximum achievable e�ciency. To do this, �gure 6.2.3 illustrates the

obtained Smax for di�erent Ko/Kr and Co/Cr coe�cients as a function of frequency,



6.2. On Frequency Optimization of RIC WPT Links 109

Figure 6.1: Normalized Frequency Deviation (∆w) with Co/Cr = 0.05

Figure 6.2: Samax study for di�erent Ko, Kr con�gurations.

where the frequency deviation explained in �gure 6.1 can be observed. Finally, �gure

6.2.3 shows the resulting maximum e�ciency (ηamax = ηa|w=waopt
) normalized with

respect to the symetric link maximum e�ciency (ηamax = ηa|w=wsopt
)

The e�ciency of Assymetric RIC-WPT systems has been studied and presented

in this chapter, together with a closed analytical formulation for optimal frequency

in RIC-WPT Assymetric links. Finally, the scalability of Assymetric Frequency-

Optimized RIC-WPT Links has been assessed and benchmarked with Symetric

Frequency-Optimized RIC-WPT links.
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Figure 6.3: Normalized Maximum E�ciency for di�erent Ko, Kr con�gurations.

Co/Cr = 0.05

Figure 6.4: Optimal Frequency in Assymetric Links, normalized to 10MHz

6.3 On Antennae Optimization for RIC WPT Links

6.3.1 Coil Design - Number of Turns

Because the maximum achievable e�ciency under impedance matching conditions

depends only on the geometry of the coils and the frequency at which the system is

fed, it makes sense to ask what is the optimal number of turns to maximize S for a

given ω.
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Figure 6.5: Optimal Frequency in Assymetric Links, normalized to 10MHz

Figure 6.6: Maximum E�ciency - N assymetry

Therefore, derivating S over N , we obtain:

∂S

∂N
=

∂

∂N

M ′Nω

N(C ′dω + C ′rω
4) + C ′o

√
ω

(6.26)

where
M ′ = M/N2

C ′d = L tan δ/N2 = Cd/N
2

C ′o = Co/N

C ′r = Cr/N
2

(6.27)

Which shows that there is no N that maximizes or minimizes S. However, the S

parameter function has a limit at:

SN→∞ =
M ′

ω3C ′r + C ′d
(6.28)
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Figure 6.7: Maximum E�ciency - A assymetry

Figure 6.8: Normalized Maximum E�ciency

which means that there is a number of turns from which the S parameter and the

e�ciency stop increasing.

In �gure (6.3.1), the obtained S factor for an impedance-matched system fed

with non-optimal frequency (ω = 10MHz) is shown. It can be seen that the S

function approximates the limit given in 6.28 and that the function moves quicker

to this value when Co/Cr is reduced. Therefore, a lower number of turns will be

needed to achieve maximum S if Co/Cr is reduced.

It is also interesting to �nd the number of turns that maximize S when the system

is fed with optimal frequency. It is important to note that optimal frequency depends

on Co/Cr which is proportional to N−2/7. Therefore rewriting ω as a function of

N :

ω = ωo =

(
Co
Cr

) 2
7

=

(
C ′o
C ′d

) 2
7

N−
2
7 = ω′oN

− 2
7 (6.29)
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Figure 6.9: S parameter for a system fed with ω = 10MHz over N for di�erent

Co/Cr ratios.

and substituting ω for ω′oN
−2/7 in S function, we obtain:

S =
ω′oM

′N
5
7

N
5
7ω′oC

′
d +N−

1
7 (C ′rω

′4
o + C ′o

√
ω′o)

=
ω′oM

′N

Nω′oC
′
d +N

1
7 (C ′rω

′4
o + C ′o

√
ω′o)

(6.30)

Similarly as before, there isn't an optimal value of N that maximizes S but the

function is limited. The limit of S when N →∞ if optimal frequency is used is:

SN→∞ =
M ′

C ′d
=
M

Cd
(6.31)

In �gure 6.3.1, the S function for two impedance matched coils fed with optimal

frequency is shown. It can be observed that the limit of S has been increased when

compared with the one obtained in 6.3.1 but not signi�cantly because Crω
3 was

negligible in equation 6.28.

6.3.2 Loss Reduction: SuperConducting Coils

Recently, some models to increase power transfer e�ciency (and therefore the achiev-

able distance) through the evaluation and reduction of the resistive losses (increase

in Q-factor) have been developed [1] [39], which will extend the RIC e�cient wireless

power transfer from several meters to hundreds of meters. In a dielectric-less su-

perconducting coil, the ohmic losses would be negligible and therefore the radiative

losses will dominate:

Ss =
ωM√

ωCo + ω4Cr + ωCd
' ωM

ω4Cr
=

µ0c
4
o

40πD3ω3
(6.32)
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Figure 6.10: S parameter for a system fed with ω = ωo over N for di�erent Co/Cr

ratios.

Which doesn't depend on the number of transmitter and receiver coils turns but it

does on frequency. In this case, there is no optimal frequency but it should be as

low as possible in order to minimize radiative losses and increase S.

However, these solutions involve the use of high temperature superconducting

(HTS) wire which substantially increases the resulting size of the coil and complex-

ity of the systems.
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6.3.3 Reduction of losses: Litz Wires

Litz wires are commonly used in the manufacture of inductors and transformers

in order to minimize the skin and proximity e�ects that increase the resistance of

the system. Litz wires allow to decrease the ohmic resistance of the coils (increase

their Q factor) when resonant frequencies up to 1-2 MHz are used [84] [32] by using

individually insulated strands. Also, it is possible to �nd the optimal number of

wire strands in a Litz-wire transformer [85].

6.3.4 Reduction of losses: Dielectric-less Coils

If a dielectric-less coil is considered (Cd = 0) then we can rewrite equations 6.30 and

6.34 to:

Snd =
ω′oM

′N
6
7

C ′rω
′4
o + C ′o

√
ω′o

(6.33)

SN→∞ = limN→∞
M ′N

6
7

C ′rω
′4
o + C ′o

√
ω′o

=∞ (6.34)

And operating 6.33 using equations 6.19, 6.45 and 6.27 we obtain:

Smax '
34212µ0

D3

(
a3bN

√
2σ

µ0

) 6
7

(6.35)

Where it can be seen that to maximize S, the number of turns of the coils should

be maximized too. In �gure 6.3.4, the relation between S and N for a dielectric-less

coil with optimal frequency is explored, showing that the S parameter is, in this

case, unlimited.

Figure 6.11: S parameter for a Dielectric-less Coil with optimal frequency over

number of turns (N)
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Figure 6.12 shows the behavior of the merit factor S over distance between

transmitter and receiver coils upon impedance matching, optimal frequency and

dielectric-less conditions for di�erent number of turns (N). It is important to note

that while the e�ciency at D ' 0 does not increase (arrives at a maximum of 100%)

the addition of turns increases the magnetic �eld of the coil and therefore the mutual

inductance, allowing to maintain better e�ciency values at higher distances.

Figure 6.12: Relation between S and Distance (D/a)

6.4 Class E2 RIC-WPT Link: A design-oriented joint

circuit-system approach

Due to the behavior of the resonant inductive coupling link, the wireless power

transfer system has to be co-designed together with the power electronics front-

end, thereby requiring of a design-oriented joint circuit-system co-characterization

approach. Additionally, key for designing such a WPT link there is the need of

modeling and characterizing the relationships between low-level circuit and subsys-

tem intrinsic behavior up to high-level system performance, in face of con�icting

requirements such as lower mass, maximum power transferred to the load and max-

imum e�ciency, building a translayer bridge between di�erent system levels. In

this section we propose a high-e�ciency class E2 WPT link, demonstrate how to

system co-design a resonant inductive coupling WPT link together with the power

electronics front-end targetting certain behavior thresholds and requirements with a

given set of design constraints and present the results obtained using this approach.
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6.4.1 System Design

In order to achieve high e�ciency DC-DC wireless power transfer, it is necessary to

design a system that combines a low loss wireless power link as well as an electronic

front-end with high power conversion e�ciency: a class E inverter at the transmitter

and a class E recti�er at the receiver, both achieving zero-voltage switching and zero-

derivative switching (ZVS/ZDS) at turn-on/turn-o� instants. With this goal, a class

E2 Resonant Inductive Coupling Wireless Power Transfer link (shown in �gure 6.13)

is proposed in this section.

Figure 6.13: Class E2 WPT System Diagram

System analysis/design techniques have been used to divide the �nal system and

requirements to be met in subsystem elements, which could be analyzed separately

but need to be optimized jointly. Connecting system-level performance models can

be particularly complex because of the interplay between the WPT link and the

power electronics. Therefore this problem has been analyzed similarly to circuit and

system co-design optimization framework [86]. By the use of system/design method-

ology, the wireless power transfer system is divided in two subsystems: the wireless

power link (transmitter and receiver coils and associated magnetic �eld distribution)

and the power electronics front-end (inverter and recti�er). Both subsystems have

been modeled and expressed in terms of their design variables and then condensed

in a �gure of merit that compresses the requirements of the designed system.

6.4.1.1 Figure of Merit

For illustration purposes, the selected �gure of merit of the complete system com-

bines the performance metrics speci�ed below:

• Provide an output power of 1W with a regulated 5V when the distance between

transmitter and receiver is D = 50cm. P1 = 2.

• Maximize the power transfer e�ciency at 1m.

P2 = 6× ηT (max 3p).

• Minimize the mass of the system.

P3 = 1.5/wT (max 3p).
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• Maximize the distance at which the regulated output is achieved.

P4 = 1.5× (D − 0.5). (max 2p).

These performance metrics are then united into the �gure of merit, which has a

maximum value of 10.

PT = P1 + P2 + P3 + P4 (6.36)

To design the WPT System, two metrics should be observed: the total DC-DC

e�ciency and its mass.

ηT = ηI × ηL × ηR; wT = wI + wL + wR (6.37)

where ηT is de�ned as the DC-DC e�ciency of the system, ηI , wI are the e�ciency

and mass of the class E inverter, ηL, wL are the e�ciency and mass of the link and

ηR, wR the recti�er e�ciency and mass.

6.4.1.2 Design Variables

Two levels of design variables are identi�ed: the design variables that are enclosed

within a given subsystem (inverter, link, recti�er) and the design variables that

have a cross-system impact. While the behavior of most of the RIC-WPT link

design variables can be constrained within the subsystem and therefore optimized

locally, others such as the frequency of operation a�ect both the power electronics

and the link, therefore requiring a system analysis and co-design. Table 6.1 shows

the design variables, where subindexs, L,I and R indicate that the variable belongs

to the link, inverter and recti�er respectively.

Subsystem-speci�c System-Wide

NL: Number of turns of the coils fL: Link frequency

aL: Coil Diameter fI : Inverter frequency

bL: Wire Diameter fR: Recti�er frequency

cL: Separation between turns

σ: Conductivity of the material

δL: Density of the material

Table 6.1: Subsystem and System Design Variables

Once the design variables are known, the subsystem metrics can be expressed as

a function of these design variables:

ηL(NL, aL, bL, cL, σ, fL) wL(NL, aL, bL, δL, fL)

ηI(fI);wI(fI) ηR(fR);wR(fR)
(6.38)

where fL = fI = fR is the frequency of operation of the system, which has to be

optimized across layers.
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6.4.2 Wireless Power Transfer Link

Regarding the resonant inductive coupling wireless link, the transmitter and receiver

coils have to be designed together with the required capacitances to make them

resonate at the selected operating frequency. The transmitter and receiver coils,

which are considered equal for simplicity, will be made of copper (σ = 5.96 ×
107Sm−1 and δL = 8.96gcm−3).

6.4.2.1 Wireless Power Transfer E�ciency

If the system is impedance matched for maximum power transfer e�ciency (load

resistance adjusted for a given distance and coupling between transmitter and re-

ceiver) [40], the maximum e�ciency can be then expressed as:

ηL,max =

√
1 +

(
ωLML
RL

)2
− 1√

1 +
(
ωLML
RL

)2
+ 1

(6.39)

From equation 6.39 it can be seen that to maximize the achievable e�ciency it is

necessary to maximize ωLML
RL

where ML is the mutual inductance of the coils, ωL
is the frequency at which the system operates and RL the sum of the coils losses

(ohmic, radiative and dielectric).

Losses can be divided into radiative (Rr), ohmic (Ro) and dielectric (Rd).

R(aL, bL, cL, NL, fL, σ) = Rr(aL, NL, fL)+

Ro(aL, bL, cL, NL, fL, σ) +Rd(fL, δL)
(6.40)

The radiative losses are caused by the radiation of electromagnetic waves from the

transmitter and receiver. The radiation resistance of circular and square N-loop

antennas can be found from [2] to be:

Rr(aL, NL, fL) = 320

(
π2NLA

λ2
L

)2

(6.41)

where A is the perimeter of the coil, being equal to Ac = πa2
L for circular loop

antennas and As = (2aL)2 for square loop antennas. The ohmic resistance, which

is in general much larger than the radiation resistance, depends upon two factors:

the proximity e�ect (if the spacing between the turns in the loop antenna is small)

and the skin e�ect. The total ohmic resistance for an N-turn circular loop antenna

with loop radius a, wire radius b and loop separation 2c is given by [87]:

Ro(aL, bL, cL, NL, fL, σ) =
NLaL
bL

Rs

(
Rp
R0

+ 1

)
(6.42)

whereRs = ωµ0
2σ is the surface impedance of the conductor, Rp is the ohmic resistance

per unit length due to the proximity e�ect and R0 = NRs
2π is the ohmic skin e�ect
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resistance per unit length. It is important to note that for close spacing, the ohmic

resistance is twice as large as that in absence of proximity e�ect (Rp/R0 = 0).

Finally, if a dielectric antenna is considered, the dielectric losses can be de�ned as:

Rd(fL, δL) = ωLL tan δL (6.43)

where L is the coil inductance and tan δ is the loss tangent of the coil.

Mutual inductance is de�ned as the ratio of the electromagnetic �eld induced in

the secondary coil to the rate of change of electric current in the primary coil. In

the quasi-static limit and at large distances (D >> a) the magnetic �ux density at

the second coil as a result of the �rst has the form of a dipole [1]:

B =
µ0NiA

4πD3
sqrt1 + 3 sin2 θ ' µ0Nia

2

2D3
(6.44)

where coaxial orientation of the coils has been assumed. The mutual inductance is

then found from the �ux through the N linkages of the second coil as:

M(NL, aL) = NL
∂Ψ

∂i
' π

2
N2
Lµ0

a4
L

D3
(6.45)

where µ0 is the free-space permeability and D is the distance between transmitter

and receiver antennas.

Frequency of operation: Although it is possible to �nd the optimal frequency of

the WPT link[39], the frequency of operation is a system-wide variable that should

not be optimized locally.

6.4.2.2 Mass

The mass of the wireless power link depends upon the geometry of the coils as well

as the supporting structure. The WPT link mass is found by:

wL(aL, bL, NL) = 2(4πρcuNLaLb
2
L + ws) (6.46)

where ws is the mass of the supporting structure.

6.4.2.3 Results

From the equations obtained, several design decisions can be taken at subsystem

level. First, since a required e�ciency of 10% was considered necessary to maintain

the power output at 1.8m (maximum distance), a diameter of the coils of aL = 0.4m

was selected, as shown in 6.14. Secondly, the wire diameter was decided based upon

availability of the material to be bL = 0.16mm. To minimize losses and mass,

dielectric-less coils were considered (Rd = 0 ) and to minimize proximity e�ect

losses, a separation between turns of cL = 3bL was stablished.

Using these results, the WPT link e�ciency and mass performance metrics were

simpli�ed to:
ηL(aL, bL, cL, NL, fL, σ)→ ηL(NL, fL)

wL(aL, bL, cL, NL, δL, fL)→ wL(NL, fL)
(6.47)
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Figure 6.14: E�ciency of the WPT link at 1.8m

6.4.3 Power Electronics Front-End

To obtain the e�ciency and mass of the class E2 DC-DC power electronics system,

the inverter and recti�er components were dimensioned for the operating frequen-

cies of the resonant inductive coupling wireless power transfer link (1-10MHz) and

simulated. To select these components, a coupling between coils of k = 0.0087 (in-

termediate distance of 1 meter) and a coil inductance of L1 = L2 = 50µH were

suposed. The performance metrics of the power electronics frontend are:

ηI(f); wI(f); ηR(f); wR(f) (6.48)

6.4.3.1 E�ciency

The required components to achieve class E switching conditions have been selected

for the frequencies between 1 and 10MHz and then simulated using SPICE to obtain

the e�ciency of the inverter and recti�er circuits.

Figure 6.15: Class E Recti�er and Class E Inverter E�ciency
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To do this, Finite Element Field simulations of the WPT link have been

performed at the speci�ed frequency range and the equivalent output and input

impedance of the link has been added to the simulation pro�le.

6.4.3.2 Mass

The same procedure has been applied to obtain the mass of the system. The required

values to achieve class E switching conditions were obtained and then the resulting

mass was calculated from the commercial components.

Figure 6.16: Class E Recti�er and Class E Inverter Mass

6.4.4 Results

Once the performance metrics of both subsystems are known it is possible to calcu-

late the overall system results regarding the DC-DC power transfer e�ciency and

mass. Since the wireless link performance metrics were compressed into two vari-

ables (NL and fL) and the power front-end performance metrics were considered

only as a function of the frequency of operation (fi = fr = fl), the resulting perfor-

mance metrics can be explored in terms of NL and f . Figures 6.4.4 show this design

space exploration.

Finally, the resulting �gure of merit de�ned in equation 6.36 is plotted in terms

of NL and f in �gure 6.18.

Figure 6.18 shows that the FOM is maximized at an operating frequency

of 5.5MHz together with an optimal number of turns of NL = 7. With this

information, the transmitter and receiver coils can be designed and simulated

using a Finite ELement Field Solver. Figure 6.4.4 shows a Finite Element Field

Simulation of the magnetic �elds of the designed coils at D = 1m and D = 1.8m.

Once the frequency and number of turns are known, we can re-calculate the

required components to achieve class E switching conditions at both the inverter

and the recti�er. Due to the nature of the Resonant Inductive Coupling Wireless
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(a) DC-DC System E�ciency at D = 0.5m (b) System Mass

Figure 6.17: Performance Metrics

Figure 6.18: Figure of Merit

Power Transfer link, three di�erent sets of components had to be chosen for the

three operational distances of the link, namely: d = 0.5m, d = 1m and maximum

achievable distance d = 1.8m. This is due to the fact that the re�ected impedance

of the link is modi�ed with distance (depends on the mutual inductance (M(D))

and therefore, the necessary values to achieve zero-voltage/zero-derivative switching

conditions have to be adjusted accordingly. To select the required components, the

mutual inductance as well as the impedance of the coils have been obtained using a

Finite Element Field Solver for the three distances and added to the SPICE model.

Table 6.2 shows the resulting values for each distance. Finally, the total mass of

the system can be found to be 0.750kg and the e�ciencies at the three di�erent

operating distances are shown in table 6.3, obtaining a FOM of 9/10.
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(a) D = 1m (b) D = 1.8m

Figure 6.19: FEKO Magnetic Field of the WPT Link at D = 1m and D = 1.8m

Ampli�er d = 0.5m d = 1.0m d= 1.833m

LC 827µH 217µH 34.8µH

S(MOSFET) SUD06N10225LE3 - -

Cs 8.08pF 30.8pF 192pF

Cr1 9.18pF 3.92pF 4.59pF

Cp 0pF 5.12pF 4.44pF

Recti�er

Cr2 9.05pF 9.05pF 9.05pF

D(Diode) ZHCS1000 - -

CD 25pF 25pF 25pF

Lf 31.5µH 31.5µH 31.5µH

Cf 0.47µF 0.47µF 0.47µF

Table 6.2: Selected components Class E Inverter and Class E Recti�er

6.5 Conclusions

In this chapter, design guidelines to optimize assymetrical WPT systems have been

derived and characterized in terms of operating frequency and antennae design.

Moreover a circuit-system co-characterization approach has been proposed to design

a resonant inductive coupling wireless power transfer link together with a class E
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E�ciency d = 0.5m d = 1.0m d= 1.833m

53.60% 58.40% 7.41%

Table 6.3: DC-DC E�ciency

inverter and a class E recti�er to obtain a high-e�ciency class E2 WPT link. A

DC-DC wireless power transfer system that maximizes a �gure of merit combining

both mass and e�ciency performance metrics has been designed, demonstrating the

necessity to co-design the wireless link and the power electronics front-end.
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7.1 Introduction

RIC-WPT applications are currently mainly limited to point-to-point-links and do

not target Single Input - Multiple Output (SIMO) scenarios. New challenges and

applications of Resonant Non-Radiative Wireless Power Transfer emphasize the

necessity to explore, predict and assess the behavior of RIC-WPT in SIMO links.

Moreover, new system-level metrics have to be derived to study the scalability of

multi-point Wireless Power Transfer applications and to provide design guidelines

for these systems. In this chapter a Multiple Input - Multiple Output RIC-WPT

System is modeled analytically from a circuit-centric point of view and validated

using a Finite Element Field Solver. The analytical model and associated closed

formulation is �nally used to derive system-level metrics to predict the behavior

and scalability of RIC MIMO Systems, showcasing the results for an asymmetric

MIMO scenario.

Notwithstanding the notable progress of this research �eld, it is still unclear how

a system-wide deployment of a WPT system capable of remotely supplying multiple

receiver ends will perform for an increasing number of receivers. To address this

legitimate and crucial question, this chapter provides a design-oriented model-based

scalability analysis of a SIMO WPT system performance. In that pursuit, system-

wide performance metrics are de�ned and their evolution when the dimensional
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complexity of the system scales up in terms of number of receiver units is studied.

As study context, note that, in the systems domain, scalability is de�ned as the abil-

ity of the system to maintain its performance and function, and retain all its desired

properties when its scale is increased greatly without having a corresponding in-

crease in the systems complexity. This topic has been analyzed in other �elds where

system interaction is essential, such as communication networks [88], distributed

computing systems [89], smart grids [90], sensor networks [91] or software architec-

ture [92]. The uniqueness of the SIMO Wireless Power Transfer application domain

compared to the aforementioned �elds lies in the tight electromagnetic and circuital

intricate co-dependence present in a multiple receiver scenario. Accordingly, pursu-

ing the deployment of RIC-WPT technology in multiple receiver applications with

potentially a large number of units, it is necessary to revisit the current models of

RIC-WPT systems from the SIMO perspective and to �nd new performance metrics

and analytical procedures to optimize the behavior of such systems. A circuit-centric

analytical scalable matrix model of a MIMO Resonant Inductive Coupling Wireless

Power transfer System is provided in this chapter and validated using a Finite El-

ement Field Solver, followed by a de�nition of system-level performance metrics

including both overall and per node power e�ciency and transferred power that are

used together with the complete model to derive the behavior and scalability of a

SIMO RIC-WPT system for two representative deployment scenarios of increasing

and constant receiver densities.

Figure 7.1: SIMO System Diagram
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7.2 MIMO RIC System Circuit-Centric Matrix Model

As explained in previous chapters, Resonant inductive coupling between two

electromagnetic resonators can be described by Lumped circuit theory using a

coupled RLC representation system [40][38]. In this section, the circuit-centric

analytical model is extended to a Single Input - Multiple Output Scenario, shown

in �gure 7.1 (illustrated for two receiving coils but scalable). In such a system,

the capacitances and inductances model the resonant nature of the loops (Ci, Li),

the resistors model both the radiative and ohmic losses of the coils (Ri) and the

coupling coe�cients (kij) the magnetic coupling between them.

A MIMO Resonant Inductive Coupling Wireless Power Transfer System can

be described and compressed in a system of equations, modeling the relationship

between the currents at each node. To do this, two transfer functions have to be

de�ned, namely: the relationship between current and voltage at a single node (local

admittance, Ii/Vi) and the relationship between the induced voltage at a node i and

the current in the node j that generated it (transimpedance, Vj/Ii) [39]. The local

admittance (Gi) and transimpedance (Gij) are shown in equation 7.1 for a RIC-

WPT system.

Gi =
Ii
Vi

=
1

Zi
; Gij =

Vj
Ii

= jωMij = jωkij
√
LiLj (7.1)

where Ii, Vi are the current and voltage across the element (frequency depen-

dance is ommited for compactness), Zi is the impedance of the node, Mij is the

mutual inductance between two nodes and kij the coupling coe�cient between them.

Using the de�ned local admittance and transimpedance, the system of

equations that govern the relationship between currents at each node can be de-

�ned for a Multiple Input - Multiple Output (MIMO) system made of N elements as:
I1

I2

..

IN

=


0 G21G1 .. GN1G1

G12G2 0 .. GN2G2

.. .. .. ..

G1NGN G2NGN .. 0



I1

I2

..

IN

+


Vin,1G1

Vin,2G2

..

Vin,NGN

 (7.2)

where G1, G2,.. GN are the node gains (local admittances, Gi = Ii/Vi); Gij
is the transfer function related to the coupling between them (transimpedance,

Gij = Vj/Ii) and Vin,i the input voltage applied in each transmitter.

Using the system of equations de�ned in 7.2, the power lost by the transmitters

(Pi,T ), the receivers (Pi,R) and the power transferred to the loads (Pi,L) in a MIMO

scenario can be de�ned by:

Pi,T =
|Ii|2R(Zi)

2
; Pi,R =

|Ii|2R(Zi)

2
; Pi,L =

|Ii|2RL
2

(7.3)
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and the total input power:

i=NT∑
i=0

Pin,i =

i=NT∑
i=0

∣∣∣∣∣V 2
in,i

Zin,i

∣∣∣∣∣ =

i=NT+NR∑
i=0

Pi,R/T +

i=NR∑
i=0

Pi,L (7.4)

where Zin,i is the input impedance seen by each transmitter, and NT , NR are the

number of transmitters and receivers respectively.

A particularization of this model, in which only one node acts as a transmitter

(∀Vin,i 6=1 = 0), results in a Single Input-Multiple Output System con�guration,

de�ned in 7.5.
I1

I2

..

In

=


0 G21G1 .. Gn1G1

G12G2 0 .. Gn2G2

.. .. .. ..

G1nGn G2nGn .. 0



I1

I2

..

In

+


Vin,1G1

0

0

0

 (7.5)

In such a system, the power lost by the transmitter P1,T (P∀i 6=1,T = 0), the receivers

(Pi,R) and the power transferred to the loads (Pi,L) is:

P1,T =
|I1|2R(Z1)

2
; Pi,R =

|Ii|2R(Zi)

2
; Pi,L =

|Ii|2RL
2

(7.6)

and the total input power:

Pin =

∣∣∣∣∣V 2
in,1

Zin,1

∣∣∣∣∣ = P1,T +

i=NR∑
i=0

(Pi,R + Pi,L) (7.7)

Figure 7.2: 4-Node SIMO System - FEKO

An Assymetrical RIC System made of 4 nodes (1 transmitter and 3 receivers)

tuned to the same resonant frequency but with di�erent inductances and losses

(ohmic and radiative) has been used for illustration purposes (�gure 7.2). Both
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transmitter and receiver coils have been connected to an external capacitance Cs
to force the resonance at f = 6.65MHz [1] and have been approximated by the

equivalent circuits and values shown in �gure 7.3.

The system of equations described in (7.5) can be solved yielding the currents

at each node. In �gure 7.4 the behavior of a SIMO RIC System (obtained through

a Finite Element Field simulation) is compared to the analytical model provided in

this thesis.

Rac,TX 13.48MΩ

Rdc,TX 0.7109Ω

LTX 0.507µH

Cp,TX 6.652pF

Cs,TX 5pF

Rac,RX 67.46kΩ

Rdc,RX 0.04Ω

RL 0.25Ω

LRX 714.38pH

Cp,RX 9.45E-23F

Cs,RX 807.2pF

Figure 7.3: Transmitter and Receiver Equivalent Model

The transmitter current (I1) and the receiver currents (I2, I3 and I4) are

illustrated in �gure 7.4, showing a good agreement between the analytical model

and the Finite Element Field Simulations and demonstrating the validity of the

model.

The di�erences between both are explained by several approximations used in

the analytical model, namely: a) the ohmic and radiative losses have been considered

constant with frequency, b) the idealization of the equivalent inductances of the coils

and c) the coupling between them (k12 = k14 = 0.0056, k13 = 0.0061, k23 = k34 =

0.0218, k24 = 0.0015).

7.3 System-Level Power-Related Metrics

In a Single Input - Single Output point-to-point RIC-WPT link, two metrics are

used to assess the behavior of the link, namely: the maximum power transferred

to the receiver PTLpp and the power transfer e�ciency PTEpp (quocient between

the power transferred to the receiver load and the input power). In such a link,

the receiver load plays an important role upon the transfer function of the system,

thereby a�ecting both the PTE and PTL. Moreover, the distance and orientation
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Figure 7.4: Analytical Model - Finite Element Comparison of circulating currents

in a SIMO 3-Receiver System

of the coils greatly a�ect the re�ected load impedance on the transmitter side, thus

making both the transmitter and receiver impedances crucial when designing a

RIC-WPT link [74, 41].

In a multi-node RIC-WPT link, due to the cross-coupling between the di�erent

nodes, the e�ects of the load upon the transfer function and e�ciency of the system

are increased. Moreover, the con�icting requirements between di�erent operation

modes of a RIC-WPT Multi-Node Link and the higher sensibility have stressed

the necessity to derive system-wide metrics to evaluate, design and optimize the

behavior of such a link.

In this chapter, two metrics are proposed to evaluate 1) the average power trans-

fer e�ciency and 2) the net power transferred to the loads in multi-node scenarios.

These metrics, in addition to the point-to-point metrics PTEpp and PTLpp will

provide a comprehensive system behavior evaluation and will be used to derive de-

sign guidelines. Therefore, four di�erent performance metrics are proposed in this

work: the power transfer e�ciency of a point-to-point link between two nodes of the

MIMO system (PTEpp), the power transferred to the load in a point-to-point link

(PTLpp), the average net e�ciency of the system (PTEsys) and the average power

transferred to the loads (PTLsys).
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7.3.1 Power Transfer E�ciency (PTEpp and PTEsys)

The power transfer e�ciency of a point-to-point link in an N -Node MIMO System

with NR receivers and NT transmitters is:

ηpp,j =
|Ij |2RL,j∑i=NT

i=0 |Ii,T |2R(Zi) +
∑i=NR

i=0 |Ii,R|2R(Zi)
(7.8)

where j denotes the receiver node of the point-to-point link.

For illustration purposes, the point-to-point transfer e�ciency ηN,PP of the pre-

vious example (�gure 7.2) is shown in �gure 7.5, in which the analytical point-to-

point e�ciencies are compared to the Finite Element Field Solver results. Three

di�erent e�ciencies are illustrated in this �gure: ηpp,2, ηpp,3 and ηpp,4, related to

the point-to-point e�ciencies between the transmitter and the receivers 2, 3 and 4

respectively. Since the receivers 2 and 4 are placed symmetrically (they have the

same couplings to the transmitter and to the rest of receivers), the currents �owing

through them are almost the same IL,2 = IL,4, which causes ηpp,2 = ηpp,4. Finally,

due to the fact that receiver 3 is more axially oriented to the transmitting coil, the

coupling is higher (k13 > k12 = k14) and hence the power received by this node (and

thus the point-to-point e�ciency) is higher.

Figure 7.5: Point to Point E�ciency

It is important to note that, even though all the nodes have the same resonant

frequency (6.65MHz), the maximum point-to-point e�ciency is not obtained at

this frequency, which can be explained by the fact that, since all the receivers

are coupled between them, the system presents an overcoupled regime response [40].

If the overall system e�ciency is to be analyzed, the e�ciency has to be de�ned

as the aggregation of power received by the loads divided by the input power of the
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system. For a MIMO scenario withNR receivers, NT transmitters andN = NR+NT

number of nodes, this can be expressed as:

ηN,avg =

∑j=NR
j=0 |Ij |2RL,j∑i=N
i=0 |Ii|2R(Zi)

(7.9)

Figure 7.6: System E�ciency of a SIMO System

Figure 7.6 shows the system e�ciency (analytical and FEKO) of the 4-Node

SIMO System described above. It is possible to observe that, although the e�ciency

is decreased near the resonant frequency of the system due to the over-coupling, the

overall e�ciency is still very high.

7.3.2 Power Transferred to the Loads (PTLpp and PTLsys)

In a Multi-Node Wireless Power Transfer Link, two di�erent power metrics coexist:

a) the power transferred between the transmitter and one of the receivers PTLpp
(point-to-point link inside a multi-node deployment) and b) the total output power

of the system, de�ned as the sum of powers drained by each of the receiving nodes

PTLsys. The power transferred between a transmitting node and a receiving node

(PTLpp) placed inside a MIMO deployment can be obtained by:

PL,pp =
|Ii,R|2RL,i

2
(7.10)

where Ii,R is the current that �ows through the receiver i and RL,i is the receiver

load value.
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Similarly, the System Output power, de�ned as the aggregation of power trans-

ferred to the loads of a N -Node System with NR receivers is:

PL,sys =

i=NR∑
i=0

|Ii,R|2RL,i
2

(7.11)

The PTLpp in each of the receiving nodes of the 4-Node SIMO system described

above is shown in �gure 7.7 for illustration purposes, where a behavior similar to the

point-to-point e�ciency described in �gure 7.5 can be observed: the point-to-point

powers of nodes 2 and 4 are the same and the power level of the third receiver is

higher due to a better coupling to the transmitter coil.

Figure 7.7: Point to Point Power of a SIMO System

The total output power (Psys) has been obtained analytically for the 4-Node

SIMO System and compared to the Finite Element Field Solver (FEKO) in �gure

7.8, showing a good agreement between both.

7.4 Exploring Scalability in SIMO WPT links

Having validated the analytical model and provided the basis to assess the behavior

of a multi-node wireless power transfer system with respect to a set of metrics, it is

of interest to study the scalability of such systems. The scalability and behavior of a

SIMO link strongly depends upon how the coupling between the transmitter and the

receivers (Gtr) and the coupling between receivers (Grr) scale when the number of

nodes is increased, which is determined by the spatial geometry and distribution of

the nodes. Therefore, the scalability model is derived for a general case (Grr = f(N)

and Gtr = f(N)) and the results are studied and illustrated for two key scenarios

which entail di�erent couplings between the system nodes, namely:
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Figure 7.8: Output Power of a SIMO System

1. Increased Density: when the number of receivers NR is increased within a

constrained area. The coupling between the transmitter and the receivers is

maintained Gtr = ct but the coupling between the receivers is increased due

to their reduced separation Grr = f(N).

2. Constant Density: when the number of receivers NR is increased together

with the deployment area. The coupling between transmitter and receivers

is decreased Gtr = f(N) but the coupling between receivers is maintained

Grr = ct because the density remains constant.

These two scenarios will be explored in this section together with the approxima-

tions used to obtain a closed analytical formulation of the system metrics.

The deployment scenario targeted in this section consists on one transmitter

coupled to a variable number of receivers, all of them with the same equivalent

impedance (GT 6= GR and GR,∀i = GR). Figure 7.4 shows a SIMO 9-Node Deploy-

ment, used in the scalability analysis.

7.4.1 Scalability Model

To provide a closed-form analytical formulation of the system metrics, the following

assumptions (applicable to the two SIMO scenarios explored in this section) have

been considered: 1) the coupling between the transmitter and any of the receiver

nodes has been considered equal Gt,∀i = Gtr and 2) the coupling between a receiver

and any of its adjacent nodes has been considered the same (Gr,∀i = Grr), resulting
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Figure 7.9: Assymetrical 9-Node SIMO System (1 Transmitter - 8 Receivers)

in the system of equations shown in (7.12).
IT
IR,1
..

IR,N

=


0 GtrGt .. GtrGt

GtrGr 0 .. GrrGr
.. .. .. ..

GtrGr GrrGr .. 0




IT
IR,1
..

IR,N

+


V Gt

0

0

0

 (7.12)

Moreover, if the coupling between non-adjacent receiving nodes is considered negli-

gible with respect to the coupling between adjacent nodes (Gr,i+1 >> Gr,i+2), the

currents at the transmitter and the currents at each of the receivers of a N-Node

SIMO System can be expressed analitically in closed-form formulation as:

IT = Vin
Gt[2GrGrr − 1]

(N − 1)GrGtG2
tr + 2GrGrr − 1

IR = Vin
GrGtGtr

(N − 1)GrGtG2
tr + 2GrGrr − 1

(7.13)

where N is the number of nodes (N − 1 receiver nodes), Vin is the input voltage of

the transmitter, Gr is the transmitter gain, Gt is the receiver gain, Grr is the mutual

coupling between two adjacent receivers, and Gtr = Grt is the coupling between a

receiver and a transmitter node.

These assumptions are validated in �gure 7.10, where the current at the

transmitter (IT ) and at each of the receiver nodes IR of a 5-Node SIMO System

with the approximations described above are compared to the currents obtained

using the Finite Element Field Solver FEKO (IT ,IR,1,IR,2,IR,3,IR,4), showing a
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Figure 7.10: Currents IT and IR in a 5-Node SIMO System

good agreement between them. In this system, both transmitter and receiver coils

are de�ned by the values shown in �gure 7.3 with a transmitter-receiver coupling

of ktr = 5.15×10−3 and an adjacent coupling between receivers of krr = 1.82×10−3.

It is important to note that, as a result of the modelling assumptions, the cur-

rent at each of the receiving coils is considered the same and equal to IR while,

when no approximations are used (FEKO) the currents di�er. However, �gure 7.10

demonstrates that the analytical results tightly agree with the Finite Element Field

Solver results (in which none of the approximations were used), thus demonstrating

the validity of the model and in turn allowing the formulation of the scalability

analysis.

Using the transmitter and receiver currents in 7.13, the point-to-point e�ciency

(equal for all the receivers since the currents are considered the same and equal to

IR) and the system e�ciency can be expressed as:

ηpp =
G2
rGtG

2
trRL

4G2
rG

2
rr −Gr(4Grr −NRGtG2

tr) + 1

ηsys =
NRG

2
rGtG

2
trRL

4G2
rG

2
rr −Gr(4Grr −NRGtG2

tr) + 1

(7.14)

where NR = N − 1 is the number of receiver nodes and RL is the receiver load.

The point-to-point e�ciency ηpp, which is equal for all the nodes, and the total

system e�ciency ηsys are shown in �gures 7.11 and 7.12 respectively showing a

good agreement with the Finite Element numerical results. In �gure 7.11 a slight

di�erence between the analytical model and the FEKO data can be observed,

which is explained by the fact that all the receivers have been considered equal but
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Figure 7.11: Point to Point E�ciency

the system is not absolutely symmetrical (the load is placed in a di�erent position

with respect to the transmitter, which slightly varies the coupling between them).

Figure 7.12: System E�ciency

The power transferred to the loads (total output power of the system) can be

expressed as the sum of the power transferred to the load at each receiver:

PL,pp =
G2
rG

2
tG

2
trRLV

2
in

2(NRGrGtG2
tr + 2GrGrr − 1)2

PL,sys =
∑
NR

PL,i =
NRG

2
rG

2
tG

2
trRLV

2
in

2(NRGrGtG2
tr + 2GrGrr − 1)2

(7.15)

Figure 7.13 illustrates the results for the point-to-point power at each of the receivers
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PTLpp,i and the total output power PTLsys.

Figure 7.13: Power Transfer to the Loads

It is important to note that, for a given distribution, the coupling between

receivers Grr and between the transmitter and the receivers Gtr can be expressed by

a function of the number of receivers NR. Provided that this function is known for a

given deployment node distribution, the number of nodes that maximizes each of the

system metrics (Point-to-Point E�ciency, System E�ciency, Point-to-Point Power

Transferred to the load and total Output Power) can be found by di�erentiating the

equations given in 7.14 and 7.15 with respect to NR:

No,ηpp →
∂ηpp
∂NR

= 0; No,ηsys →
∂ηsys
∂NR

= 0

No,PL,pp →
∂PL,pp
∂NR

= 0; No,PL,sys →
∂PL,sys
∂NR

= 0 (7.16)

The optimal number of nodes will strongly depend upon the distribution of the

deployment (how the receiving nodes are distributed within the area when NR

increases), which is represented by the variation of the inter-node coupling/gains

Grr(N) and Gtr(N). Therefore, when exploring the scalability of a RIC-WPT link

with regards to the number of receivers, it is necessary to take into account how

Gtr and Gtr are modi�ed when NR increases, which has to do with the deployment

geometry and spatial distribution. Two particular cases of the spatial distribution:

Gtr = ct; Grr = f(N) (increased density) and Gtr = f(N); Grr = ct (constant

density) are explored below.

7.4.2 Increased Density Scalability: Gtr = ct, Grr = f(N)

Once the model has been veri�ed, it is possible to analyze the performance

scalability of a multi-node RIC-WPT SIMO System. In this section, the number of
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receiver nodes is increased (from 5 to 17) within a constrained deployment area,

thus increasing the density of nodes. In this scenario, the coupling between the

transmitter and the receivers is maintained while the coupling between adjacent

receivers increases proportionally to the number of nodes due to the increased

density (krr increases with N).

Figure 7.14: Scalability with increased density: Point - to Point E�ciency

Figure 7.15: Scalability with increased density: System E�ciency

Figures 7.14 and 7.15 show the analytical point-to-point e�ciency ηpp and total

system e�ciency ηsys for a di�erent number of receiving nodes (NR = 4, 8, 12 and

16), contrasted to the Finite Element results for NR = 4 and NR = 8. It is possible

to see that, while the point-to-point e�ciency decreases when the number of nodes

increase (�gure 7.14) the system e�ciency increases (�gure 7.15). This is explained
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by two di�erent behaviors: a) since all the receiving nodes are equally coupled to the

transmitter, all of them drain power and, thus, the total power is divided amongst

the receiving nodes resulting in a low point-to-point e�ciency, which is equal to say

that all the receivers act as interfering objects draining power from the point-to-

point link in this con�guration [52]. However, in the second scenario (b) all of them

contribute to the system e�ciency and an increase in the number of nodes is not

detrimental to the link.

Figure 7.16: Scalability with increased density: Output Power

Not only the point-to-point maximum e�ciency decreases when the number

of nodes increases (as seen in �gure 7.14) but also the maximum e�ciency point

(which can be seen in both �gures 7.14 and 7.15) is shifted to higher frequencies.

This is explained by a change in the resonant frequency of the system (the input

impedance from the transmitter is modi�ed due to the additional receivers). Finally,

it is important to note that the maximum system e�ciency is obtained when the

number of receiving nodes is increased. This is due to a higher coupling between

transmitter and receiver, caused by the interrelation between the number of nodes

(NR) and their equivalent impedances (1/GR) in this case.

Figures 7.16 and 7.17 show how the point-to-point power transferred to the load

and the total output power scale when the number of receivers is increased. It can be

observed that neither the point-to-point not the output power is increased when the

number of receivers is, which is explained by the fact that the system is operating

in the overcoupling regime and, thus, when the number of receivers is increased, the

overcoupling is increased too.

7.4.3 Constant Density Scalability: Gtr = f(N), Grr = ct

In this section, the scalability is studied for a deployment scenario in which the

number of receivers NR is increased while maintaining their spatial density, this is,

the deployment area is increased as the number of nodes increases. In this case,
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Figure 7.17: Scalability with increased density: Point - to - Point Power
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Figure 7.18: Scalability with Constant Density: Point - to Point E�ciency

the coupling between receivers is maintained constant (Grr = ct) but the coupling

between the transmitter and the receivers is decreased (Gtr = f(N)) due to the

larger distance between the transmitter and the receivers.

Figures 7.18 and 7.19 showcase the point-to-point e�ciency and the system

e�ciency for this particular but representative con�guration. In this scenario,

since krr remains constant, there is no change in the resonant frequency of the

system (the maximum e�ciency point is always at 6.65MHz) but a di�erence arises:

while the point-to-point e�ciency decreases with NR (as in the previous sections),

the total system e�ciency reaches a maximum when the number of receivers

N = 9 and then decreases with NR. This means that the system e�ciency is
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Figure 7.19: Scalability with Constant Density: System E�ciency

maximum for No,R = 8, as derived -for the general case scenario- from equation 7.16.

Figure 7.20: Scalability with Constant Density: Point - to - Point Power

Figures 7.20 and 7.21 illustrate the point-to-point power transferred to the load

and the total output power respectively. It can be observed that, similarly to the

e�ciency results, the point-to-point power transferred to the load decreases with NR

but the total output power is very close in the NR = 4 and NR = 8 con�gurations,

since the optimal number of receivers (for maximum output power) is between these

two scenarios.
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Figure 7.21: Scalability with Constant Density: Output Power

7.5 Conclusions

A circuit-centric matrix analytical model that predicts the behavior of Multiple

Input-Multiple Output Resonant Inductive Coupling Wireless Power Transfer Sys-

tems has been presented. The analytical model has been benchmarked using a Finite

Element Field Solver and used to derive system-level metrics to assess the perfor-

mance of such systems. Finally, based on derived closed formulation, these metrics

have been applied to analyze the scalability of SIMO RIC-WPT Systems oriented

to dimension and provide design guidelines aiming the applicability and practical

deployment of this technology in SIMO Scenarios.
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8.1 Conclusions

This thesis has explored the di�erent challenges at various design levels that are

currently precluding the adoption of Resonant Inductive Wireless Power Transfer.

By circumventing those challenges, a myriad of applications of Wireless Power

Transfer would be enabled in the areas of biomedical, electric vehicle battery

charging, industrial robotics and space power.

Towards the practical deployment of RIC-WPT applications, this thesis has �rst

provided a uni�ed analytical model that merges the electromagnetic �eld theory

with circuit theory, unifying the two research communities that �rst addressed this

problem. This model, which provided an equivalence demonstration between the

current theories in both research �elds, has been analyzed in both single-node and

multi-node wireless power transfer applications and benchmarked using a multi-

domain cross-model validation, thus resulting in a common ground to understand

and design wireless power transfer systems.

Once the analytical model had been demonstrated, the fundamental challenges

that were limiting the applicability of RIC-WPT were analyzed, namely: Port

Impedance Matching, Distance and Frequency E�ects, and Interfering Objects and

Relaying E�ects, providing a system-level model for those together with a complete

characterization of their e�ects. Finally, a set of design methodologies to counteract

or minimize these e�ects has been provided.

• Port Impedance Matching: chapter 3 has modeled the impedance matching

problem a�ecting both single-node and multi-node RIC-WPT scenarios and

provided design guidelines to achieve maximum power transfer e�ciency in
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terms of source and load impedance and distance between coils.

• Distance and Frequency E�ects: chapter 4 analyzed the e�ects of distance

and frequency mismatch e�ects upon a RIC-WPT system. A complete design-

space exploration was developed to characterize the e�ects of such variations

and guidelines to adapt the impedance of transmitter and receiver antennas

in order to minimize these e�ects were proposed. Finally, the behavior of a

distance/frequency variation upon the the transient performance of RIC-WPT

was studied.

• Interfering Objects and Relaying E�ects: one of the main challenges towards

multi-node RIC-WPT is the e�ect of multiplicity of nodes (either active or

passive) to the overall system e�ciency and performance. Due to this, chap-

ter 5 provided an analytical model of interfering objects and benchmarked

its results with the ones obtain through a Finite-Element Field Solver Tool

(FEKO), using the same methodology as in the uni�ed analytical model. Once

the analytical model was obtained, a design-oriented characterization of its ef-

fects was studied for di�erent use-case scenarios (interfering objects close to

transmitter, receiver or both). Finally, a set of guidelines to overcome inter-

fering objects using impedance matching techniques has been proposed and

applied to benchmark the e�ects of the International Space Station upon a

Wireless Power Transfer Satellital Link (used in RINGS-NASA Project). Fi-

nally, this work has unveiled the capacity of interfering objects to potentially

improve the performance of multi-node WPT scenarios as relays. This chap-

ter revisits the previous analytical model from the relaying perspecctive and

provides design guidelines to force this behavior.

By solving the �rst group of fundamental challenges, this thesis has provided a

better understanding of the key elements that a�ect the design of such RIC-WPT

system. However, the optimization of such design and its scalability was still unclear.

Chapter 6 provides a frequency optimization methodology to maximize the

wireless power transfer e�ciency in RIC-WPT systems in both Symetric and Assy-

metric deployments. Moreover, the antennae optimizations of such links are studied

and guidelines to minimize the losses of RIC-WPT antennae are proposed, which

result key in the deployment of these networks. Finally, the front-end electronics

that drive the RIC-WPT link are analyzed and a complete design-oriented joint

circuit-system approach is proposed to optimize the performance of such links using

class E2 inverter and recti�ers.

Towards the application of RIC-WPT systems on multi-node deployments such

as IoT, chapter 7 provides a circuit-centric matrix analytical model that predicts

the behavior of Multiple Input-Multiple Output WPT Systems. The analytical

model is then benchamarked using a Finite Element Field Solver and system-level
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metrics to assess the performance of such systems was proposed. Finally, based on

this derived closed formulation, these metrics have been provided to analyze the

scalability of SIMO RIC-WPT systems oriented to dimension and provide design

guidelines towards the practical applicability of such systems.

8.2 Future Work

This work has explored several challenges precluding the applicability of RIC-WPT

and it has demonstrated that, due to the sensitivity of such systems, it is necessary

to optimize several design variables at di�erent domain levels. In this sense, future

work encompasses the application of these analytical models to multi-domain opti-

mization tools to be able to better overcome such challenges and provide a complete

system-design approach.

Also, due to the applicability of RIC-WPT to the Internet of Things, Smart Build-

ings and large deployments of small sensor networks, future work should pay special

attention to the requirements of such applications, namely: a) the transmission of

data and power over RIC to minimize the energy consumption of communication

between such nodes, b) a control system that enables WPT over a mobile network of

sensors (distance that connect and disconnect and vary the distance between them),

c) applying intelligent control methods and arti�cial intelligence to the matching and

control of such wireless power transfer networks and �nally d) generating a set of

standars that could provide the means to mass production of RIC-WPT compatible

devices.

8.3 Participation in Research Projects

This work has been part of several researh projects, namely:

• Horizon 2020-Earth Observation-3-2015. ONION: Operational Network of In-

dividual Observation Nodes. 2016-2018.

• Spanish Ministry of Economy and Competitiveness, state plan for Scienti�c

and Technical research and innovation 2013-2016, State program for Research,

Development and Research oriented to Society challenges (ref. DPI2013-

47799-C2-2-R) �Health aware enhanced range Wireless Power Transfer (WPT)

systems�, Sep 2014 â Sept 2017.

• Google Faculty Research Awards �Phone-satellite: Android beyond the strato-

sphere�, Sept. 2013 â Sept. 2014.

• Resonant Inductive Near-�eld Generation System (RINGS). Defense Advanced

Research Projects Agency (DARPA) National Aeronautics and Space Admin-

istration (NASA). University of Maryland - Massachusetts Institute of Tech-

nology. Jan 2012 - December 2014.
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• Spanish Ministry of Science and Technology, CONSOLIDER-INGENIO pro-

gram �Advanced Wide Band Gap Semiconductor Devices for Rational Use of

Energy (RUE)�, Project period: Jan 2010 â Jan 2014.

8.4 Publications

• Maximizing e�ciency through impedance matching from a circuit-centric

model of non-radiative resonant wireless power transfer, [40]

• A Comparison of Analytical Models for Resonant Inductive Coupling Wireless

Power Transfer [74]
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• Optimization of WPT e�ciency using a conjugate load in non-impedance

matched systems. [41]

• Inductively coupled wireless power transfer with class-E 2 DC-DC converter
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• Translayer optimized co-design of in-space microwave based wireless power

transfer [14]

• Interference analysis on resonant inductive coupled wireless power transfer

links [94]

• Analysis and Design of Loosely Inductive Coupled Wireless Power Transfer

System Based on Class-E2 DC-DC Converter for E�ciency Enhancement [95]

• Scalability analysis of SIMO non-radiative resonant wireless power transfer

systems based on circuit models [78]

• Analytical design for resonant inductive coupling wireless power transfer sys-

tem with class-E inverter and class-DE recti�er [96]

• Advances in non-radiative resonant inductive coupling wireless power transfer:
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applications [37]

• Temperature gradient sensor from pulsed power supply duty cycle in ultra-

low-power energy harvesting system [97]

• On Frequency Optimization of Assymetric Resonant Inductive Coupling Wire-

less Power Transfer Links [47]
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joint circuit-system co-characterization approach. [45]

• Dual-purpose Resonate Actuators for Electromagnetic Formation Flight and

Wireless Power Transfer [81]

• Interference analysis on resonant inductive coupled wireless power transfer [94]

• Steady-State Analysis of Isolated Class-E2 Converter Outside Nominal Oper-

ation [98]

• Multipath relaying e�ects in multiple-node resonant inductive coupling wire-

less power transfer [75]

• On tunable switch-mode reactive networks: A gyrator-based resonator emu-

lation [99]

• Relay e�ects in multiple-node Resonant Inductive Coupling Wireless Power

Transfer systems [100]
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transfer [101]
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Wireless Power Transfer: Fueling the Dots

Abstract: Resonant Inductive Coupling Wireless Power Transfer (RIC-WPT)

has been proven to provide very high power transfer e�ciencies (above 80%) for

moderate distances, and is hence foreseen as a key technology to enable wireless

power transfer to a myriad of di�erent devices and related applications. Due to

the multidisciplinary nature of the WPT underlying principles, several approaches

have been provided to analyze RIC-WPT systems from di�erent perspectives

(encompassing Electromagnetic �elds, Circuit models and Optics), but they

have failed to provide a uni�ed model to understand and ultimately to design

the behaviour of such systems. This thesis is therefore aimed to, �rst, provide

a multi-modal RIC-WPT complete model oriented to the design and in turn

optimisation of RIC-WPT systems and, secondly, to explore and characterize the

fundamental challenges precluding the widespread deployment of RIC-WPT and

thereby accordingly to yield a set of design guidelines to overcome them. Finally,

and due to the fact that multi-node RIC-WPT systems are key to the adoption

of this technology, this thesis models, characterizes and analyzes Multiple-Input

Multiple-Output RIC WPT Systems, making special emphasis on their scalability.

Keywords: Wireless Power Transfer, Resonant Inductive Coupling, Electro-

magnetic Fields
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