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Abstract

The work involves investigation of a type of wiretepower system wherein its analysis will yield the
construction of a prototype modeled as a sing@ahrological artifact. It is through exploration of
the artifact that forms the intellectual basis fmt only its prototypical forms, but suggestive of
variant forms not yet discovered. Through the psedeis greatly clarified the role of the artifaits
most suitable application given the constraintst@endelivery problem, and optimization strateges t
improve it.

In order to improve maturity and contribute to alypof knowledge, this document proposes research
utilizing mid-field region, efficient inductive-tresfer for the purposes of removing wired connestion
and electrical contacts. While the description sseenpugh to state the purpose of this work, it does
not convey the compromises of having to redrawlitiess of demarcation between near and far-field
in the traditional method of broadcasting.

Two striking scenarios are addressed in this thé&sistly, the mathematical explanation of wireless
power is due to J.C. Maxwell'sriginal equations, secondly, the behavior of wireless pawehe
circuit is due to Joseph Larmor’s fundamental wankghe dynamics of the field concept. A model of
propagation will be presented which matches obsensin experiments. A modified model of the
dipole will be presented to address the phenombsareed in the theory and experiments.

Two distinct sets of experiments will test the agpicof single and two coupled-modes. In a more
esoteric context of the zero and first-order maigrfetld, the suggestion of a third coupled-mode is
presented.

Through the remaking of wireless power in this eahtit is the intention of the author to show the
reader that those things lost to history, boundatpath of complete obscurity, are once again
innovative and useful ideas.
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1 Introduction

Before the success of Marconi’s 1902 radio transiois to what later became the sole means of the
wireless art, various alternative methods werestigated for the transport of energy and infornratio
over long distances without wires. The most weltAkn practical experiments five years earlier were
performed by Tesla [103], who had discussed wisekeansmission as early as his 1892 lectures
delivered before the American Institute of Eleati&€ngineers in New York and the Institute of
Electrical Engineers in London [13]. His methodsused on non-radiative means, in stark contrast to
the work of Marconi [108]. Despite significant exipeental successes, the work was not be taken up

by the wider scientific community.

While Marconi, supported by the work of Heavisid®uld go on to establish the practical “Hertzian”
model of radio transmission, Tesla’s work would trmant. At the heart of Tesla’s work was the
consideration his efforts relied heavily on thesréspoused by Poynting and Larmor. A centerpiece
of this understanding is the treatment of the spesmr as the carrier medium was extended from
Maxwell's idea of non-radiative magnetic vorticd99], and of a disturbance contained in a structure
[23].

Wireless energy transfer is most useful in neania-field regions, arguably in some radiative form.
Near-field transfer is of the type exhibited in ttiansformer effect and usually obtained through
mutually-inductive coils and capacitive effects.idMield regions exhibit behavior where the falloff

is rapid, yet linear. It has been proposed thaadees achievable by this scheme are generally very
short, limited to a few times the diameter of tlmlsc[31], losses occurring due to resistive and

radiative effects.

Theoretical and practical methods of the wireleaadfer of energy, distinguished by the broadcast
frequency and circuit geometry, are limited in s=@md application. Far-field power transmission
involves higher frequencies where distances acHiewe much greater than the radius of the coils.
This requires either the use of microwave signalemtical beaming. In general, such techniques
require both line-of-sight and complex trackingteyss. The purpose of the research described in this
thesis is to investigate efficient medium-range eowelivery using small-scale antennas without
tracking systems where the transmitter and receigerlie at a distance regardless of position and

orientation.

An important consideration to reflect is that Paygt Larmor, and Tesla agreed on two fundamental
principles: 1. The Earth acts as a conductor corfi@d charged shell capable as a transmission

medium, and, 2. By designing a suitable circuithpays could be created allowing electrical
15



currents to pass between distant locations. A nsoMgtle conclusion is that the coils could be
designed in such a manner as their magnetic fieddenate, at least in part, with the Schumann
resonance [110]. Haus [93] observed and mathertigtinaorporated some of these possibilities into
his notion of evanescent waves which become mavagunced at higher frequencies in the near-

gigahertz range.

This thesis presents the construction of high-fficy resonance transformers which facilitate stabl
transmission of power and information at usefulatises in two distinct forms—one with a single set
of coils exhibiting a projection field, a secondtlwitwo sets of tuned circuits exhibiting energy
distribution regardless of coil orientation. In botases, the velocity of electrons and their
acceleration on the primary coil establish the thaktic paradigm of differential time in signal
delivery. This would be in support of the remark Bgsla of velocity-inhibition and suggests these
types of wireless transmission devices are bothatiad, in terms of a projection, and non-radiative
where the exchange of energy is along a serietanfiing planar waves existing as a power series
along the distance between the coils. The serisspported by the power transformation in family
time of magnetic fields in the distant circuitsrasonance. Also, that in tandem with these planar
waves, lie regions of radiative emissions whereibi€ coupled to a load.

This thesis hypothesizes that the space betweetrahsmitting and receiving coils is regarded as
containing an electromagnetic field object suspdnole a standing wave perpetuating signals less
than 100 MHz yet yielding smooth power transmisgigar long-range distances, where the distance
of transmission can be many times larger than aingebt dimension of both coils involved in the

transfer. In this way, the field object is compodieerally of a series-progression of plane waves
behaving as a virtual transmission line conneciethb forces driven by the input oscillator or aqitc

the antenna are attached to. Irrespective of anggddamplications or derivation away from magnetic

resonance, the method still relies on the well-ustded concept of inductive coupling and the

transformer effect.

There are various referred methods of wirelessggneansfer as contrasting examples to facilitage t
analysis of the model illustrated in this thesisichihdiffers from it in fundamental ways. While
similarly pursuing inductive coupling of magneti®lfls between resonant coils to allow the
transmission of electrical currents at a distarhis thesis follows logic of the original Maxwell

equations to Joseph Larmor to Nikola Tesla.

Apart from the singular model of the wireless tfan®f power by projection, wireless transmission
of energy through signaling [99] is accomplished thg creation of an inductive link which is

maximized at a particular resonance frequeagygiven the physical characteristics of sets of tune

coils. It is commonly understood that energy trangi the transformer model discovered by Michael
16



Faraday, permits the transfer of energy betweeruitér in close proximity. What is not so clear is
what schemes are appropriate for longer distamrestnission using the same or similar mechanisms.
Some will argue that the near-field for these sa®ilo not exist, rather, the energy is expressed in
the far-field exclusively, dependent on the typeanfenna which typically are loops of a few turns,
receiving energy from an externally driven sinuabidource. Energy is stored in the field by the
exchange between the inductive and capacitive cagme contained in the circuit, through damping
of the frequency. This insists that there is a iguaus field over the distance that cannot be simpl

divided into near and far-field descriptions. Iragteit will be described as a mid-field region.

James Clerk Maxwell proposed mathematical soluttornthe experimental observations of Michael
Faraday and built a framework around what was tmime field theory in hi& Dynamical Theory of
the Electromagnetic Fielth 1865. Within thirty years, Poynting further ééaped the mathematical
context of the free-space field concept to incleshergy and its distributions in 1884, Hertz first
experimental confirmed the existence of electromtignwaves in 1886, Larmor described the
electron and its behavior under acceleration bymeat in 1895, and Tesla, using more refined
devices at higher potentials, demonstrated thikwmthe public at the IEE in London in 1892 and at
the Chicago World's Fair in 1893.

In the electrical age of the Victorian Era, thditytiof power was fluid and was formed in many
imaginative scenarios. For the purposes of thisishexpressions of the interfacing between humans
and technology are the most interesting. In termsviceless power, some consisted of a direct
interfacing at the hands where energy was projeased light so that the interface may be observed.
This imagery is similar to that appearing in wizgrchythos and not unlike the stories of individuals
purported to command the environment, casting tarbalts as a sign of their power as early as the
Middle Ages. The imagery serves to illustrate asistent need in human society: 1. the human form
is more than the sum of its parts, and, 2. by clevanipulation, machines could be constructed to

control the environment.

Following the First World War, from the 1920s te th960s, the concept of signaling was isolated
into its own category, due primarily to the devefgnt of the field of radio engineering following
Marconi. It again became more embedded in humaiviteegt in the form of wireless-powered
implants and cellular phones, spawning a plethdrdewices in many more forms the author calls

archetypes. The term is used purposefully in timgidn sense of the word.

The investigation conducted in this thesis will iirg what constitutes free-space as a transmission

medium, given the set of conditions imposed uponThe goal is to yield a model of the
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transportation of energy across free-space by niagmsonance. The concept of signaling is relevant
to the thesis as a more descriptive body of themgarding radio-wave propagation and
computational strategies, as opposed to pureltreleechanical forces such as voltage and current.

The dynamics of the field is of greater interestrtlsimple expressions of power ratios.

The model constructed in response to the investigét structured as:

1. modular components of the model architecture, @itche components forming a part
of the whole argument,

in the attempt to demarcate a cross-compatibiktyvieen the circuit and field model,
propose methods to demonstrate the soundness witithel in a linear granularity,
propose an experiment to test the methods,

discover a measurement criterion of performance mfysical model, and,

o gk wD

discuss the results and extended components ledunet the process.

The presentation will be an engineering-centridergific investigation where the material is
organized appropriate for the subject matter. Thesis is divided into three categories: circuits,
fields, and waves; each chapter serves to dissegrtima contribution into distinct, yet interconrestt
parts. As the author is aware of the divergencevdsst circuit and field analytics, the circuit model
will be tested in an experiment of a working prgps and the antenna at the interface will be where
the author will attempt to converge the concepisWill not only provide a concrete expression for
the theoretical musings, but to also make the qanem®re tangible. For such an abstract concept, a
cast of the meaning of the expression should exbiith a form and a function. This process will

enumerate

e acircuit with antenna emitting radiation in a getritally-defined pattern,
e as an ambient free-space field of a uniform stmectand,

» abehavior depiction in terms of Maxwell, LarmooyRting, and Tesla.

In an attempt to be concise and descriptive asiljesshe remainder of the introduction will be to
trace the specific parts of Maxwelligiginal equations that are directly relevant to the argume
pursued in the following sections. The focus inghert-term is then on past works to explain modern

problems; therefore, the old masters will then ivemgdirect attention [1].
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1.1  Maxwell and Larmor

Maxwell's equations have been widely discussedhinliterature. In their common and most derived

form, these equations describe five electromagmgtantities:

« The electric fieldE, (in V/m),

« The magnetic field, (in T),

« The magnetic field intensityd, (in A/m),

« The density of electric charge, (in C/nT),
« The density of electric curredt, (in A/m?),

which have the vector forms, in the microscopiecas

(1)

and with Ampere’s circuital law, in the macroscogése,

oxH=J+%2, )
ot

where the constants are tied by the relationshifrgie-space,
EglhoC® =1, (3)
where,

« &, Isthe electric permittivity of the vacuum, @m),
* I, Isthe magnetic permeability of the vacuum, (fmi and,

« C isthe speed of lightin a vacuum, (in m/s).

Not widely discussed is the fact that there exists distinct versions of what is currently represen
as “Maxwell’'s equations”. Those by Maxwell himsatid those by the Maxwellians [2]: Heaviside,

Fitzgerald, Lorentz, and Hertz.
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The modern and ubiquitous form of the Maxwell etpret are the result of a vectorization of sets of
equations by the Maxwellians to facilitate a readbe description of moving charges yet ignoring
rotations of energy in the field. Accounting foeefromagnetic interactions outside the contexhef t
“local” field was also discarded. While the reastorsthe truncation allowed a simpler representatio
which suited the newborn field of radio engineeringhe 19' Century, such a notion does not need
to be held in the present era. Critically, the Mekians banished the vector and scalar potential
functions from their version. As a result, the cepicof the displacement curref, central to
understanding coupling by magnetic resonance, vegteated [3, 4]. The reason was that since
neither it nor the resulting magnetic field weresasated with moving charges, contrary to the
position later argued by J.J. Thomson in his thedrgorpuscles, or what Larmor called electrons,
they simply were not necessary. To this day, tlspldcement current is still controversial and rathe

unclear [104, 105], yet a central part of electrgn&ic theory.

For the purposes of this thesis and in terms ofettperiment introduced later, both the Maxwellian
and Maxwell equations were not sufficient to ddsetthe antenna at its interface. Rather, because of
the central role of accelerated electrons in i@rafion, the arrangement of the dynamics needbéd to
understood from a different point of view, namehatt offered by Joseph Larmor in a series of
publications from 1893 — 1897 [5, 6, 43]. In exaiminboth theories—the Maxwellians on one side,
Larmor on the other—one sees the places wherestiaye commonality and differences. The points

of view, however, are distinct and not directly gatble, therefore by their nature, divergent.

The divergence essentially revolves around Thormipsonerpretation of the description of the
electron, which Larmor had described in [5]: ordesilissecting the problem from the point of view
of radiation on the basis of electric actions, tieer, electric actions on the basis of a mechénica
theory of radiation—of radiant structures or figbjects emitted by the exchange of energy at a

distance between two conductors. Maxwell, et. & twatake the former while Larmor took the latter.

Maxwell's original expression of electromagneticagtities, followingA Dynamical Theory of the

Electromagnetic Fieldconsists of expression of two systems A and Brevbae has influence on the
other and the effects are compounded by coeffisiehforce. In terms of induction, Maxwell states
that L, M, and N depend on the distribution of thagnetic effects due to two circuits, their relativ

position and subject to variation given its velpcit

Of the original 20 Maxwell equations, only six wiié treated.

(A) The relation between electric displacement, truedootion, and the total current,

compounded of both as a means of reduced momentum,
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(B)

©

(D)

(E)

(F)
(©)

(H)

C%de: XOx+YOoy

X =%(Cp2qu+Cpq\), (4)

Y :%(Cpquqz\),

where the momentum of the system referred to aslAi+Mv and B isMu+Nv.

The relation between the lines of magnetic forae thie inductive coefficients of a circuit, as

already deduced from the laws of induction andrésestive forcesR and S, the equation of

the current inx in A will be,
d
E:Rx+a(Lx+My), (5)

and that the current iy in B is,

D=5y +S (M ). 6)

The relation between the strength of a current igsanagnetic effects, according to the
electromagnetic system of measurement.

The value of the electromotive force in a bodyaasing from the motion of the body in the
field, the alteration of the field itself, and thariation of electric potential from one part of
the field to another.

The relation between electric displacement, andtbetromotive force which produces it, as
the work done in a unit of time arising from theiations of L, M and N of the conducting

circuits A and B,

1o, M 1N
2 dt dt 2dt 7

()

The relation between and electric current, andetbetromotive force which produces it.

The relation between the amount of free electricty any point, and the electric
displacements in the neighborhood.

The relation between the increase or diminutiofre¥ electricity and the electric currents in

the neighborhood.
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Only those indicated above with equations, e.g), (B), and (E), will be discussed in greater detai
in their contributions. The others will be absorbietb the discussion only where necessary. It is
relevant now to examine the expression of the texsnguantities of intrinsic energy of the field and
show the applicability of this method, as oppogesitictly the Maxwellian equations (1) and (2¢dti

to unity in (3) for a more thorough mathematicasat@tion of the field more agreeing in geometry

and by inspection, which has resulted in this paldir wireless power scheme.

In order to do this, it will take the assumptionaes Larmor and Maxwell agree on the electric

displacement (A and E). Larmor states regardingtrim from the point of view of the medium:

The problem of theether has been first determinedly attacked from diue of electrical
phenomena by Clerk Maxwell in quite recent timas;great memoir on a 'Dynamical Theory
of the Electromagnetic Field' is of date 1865slin fact only comparatively recently that the
observation of @rsted, and the discoveries and a&uhs of Ampeére, Faraday, and Thomson
had accumulated sufficient material to allow thesjion to be profitably attacked from this
side. Even as it is, our notions of what constitlectric and magnetic phenomena are of the
vaguest as compared with our ideas of what comssittadiation, so that Maxwell's views
involve difficulties, not to say contradictions,caim places present obstacles which are to be
surmounted, not by logical argument or any clepregentation, but by the physical intuition
of a mind saturated with this aspect of the phem@am#lany of these obstacles may, | think,
be removed by beginning at the other end, by emiplgielectric actions on the basis of a
mechanical theory of radiation, instead of radiatim the basis of electric actions. The strong
point of Maxwell's theory is the electromotive pawthich gives an account of electric
radiation and of the phenomena of electromagnetiadtion in fixed conductors; and this is
in keeping with the remark just made. The natureslettric displacement, of electric and
magnetic forces on matter, of what Maxwell calls iectrostatic and the magnetic stress in

the medium, of electrochemical phenomena, arefilbbscure [4, pp.445-6].

Which assumes a potential energy structure of ifapeconsistency we call free-space. The term will
be restricted to charged dielectric: A theoreticgiresentation of a specific type of phenomenon
extant between free-space conductors on a planstigigce. It is this structure the author arguesis

accurate representation given the experimentakeaciel

A line of agreement between Larmor and Maxwell bedgboth the foundation and the angle of
approach to the problem-space for the formulationthis thesis, namely the displacement current.
Form this beginning point, the thesis will expldfese tools from both sets of the arguments to
explain the physical model a wireless power schetmieh exhibits magnetic resonance in the mid-

field region, that is, at the end of the projectfimid H. At present, this seems the best tool to yield
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an accurate mathematical representation. This she8l restrict the discussion of this when it
approaches quantum field theory, deferring the mtml@n example of sufficiently large dielectric
medium given a transmission frequency. Simply, mgwharges in the experiment are described by

the Larmor formula and Bloch waves for an irregutedium.

Rather than using the Lorentz/Larmor theory ofrotd time, family time [26] is used to describe
length contraction given forces, velocities, andvev@ropagation, guised in Poincare’s [42] non-
Euclidean approach. This is possible because theisaestricted to that of two resonant conductors

having a conduction-current between them.

Some questions to answer are the following:

« What forces allow the propagation of the free-spageve of electric and magnetic
components resulting from action in parallel condts; or resonant objects?

* What forces counteract the propagation of the $msece wave of electric and magnetic
components resulting from action in parallel condts; or resonant objects?

* While it is clear such objects exchange energysacfree-space, how does the nature of the
disturbance and the displacement taking place miwbat is being observed in the
experiment?

The significance of the displacement current lieshie inclusion of a strain on the medium, which
could be filled with charged matter of either ahtigor dark predisposition, depending on how it is
defined. Particularly, this thesis will describe thedium which can experience electric strain where

magnetic field is impressed.

Maxwell's derivation of strain is unrelated to thredern day derivation for displacement current in
the vacuum, which is based on consistency betweaapéfe's law for the magnetic field and the
continuity equation for electric charge. Maxwellagined the displacement as a sea of molecular

vortices existing in free-space and the displacémestrain on the medium.

However, when considering polarized circuits, thmuity in Maxwell's derivation clears.

The consequences of clarity are costs in the fdrmnoexchange of forces at the boundary whose
periodicity suggests the ability to create artéfl@lectrical structures with a polarization.

Once Maxwell's sea of molecular vortices had bebandoned, along with it thesther, an

interpretation of displacement current evolved thedted free-space explicitly as a separatiomes-f
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space from material media, unlike Maxwell's origicancept: This is a feature associated with the

potentials, relative to free-space [7, 8] and ytble curl will describe the actual linear displaesin

If the vector( f,g,h) denotes the curl of the medium, or twice the alisalotation of the portion of

the medium at the point considered, and the me@wupposed of crystalline-like quality, in thag¢ th
geometry is distributed and well-ordered alongriacipal axes, so that the field obje@f would be

of the form,
_1 2¢2 2 N2 2 1,2
QO—EI(af +b?g?+ i) o, (8)

where du is an element of volume inclusive at the bounddryfollows that for an internal

equilibrium of the structure, it must have,
a’fdx+ b gdy+ é hdz - d, 9)

a complete differential and that over any boundargiosing a region devoid of elasticity the valfie o

@ must be constant. Such a boundary is the surfaaeconductor;¢ is the electric potential in the

field due to charges on the conduct((rsé;,g,h) is the electric displacement in the field, ciraliby

its very nature as a rotation, a(mF f,b’g, czrﬁ is the electric force derived frogh. The charge on a

conductor is the integral o.ff( f,g, h) dS over a surfaces enclosing it, and cannot be altered except

by opening up a channel devoid of elasticity, ia thedium, between this conductor and another
containing like properties so that electric disgeaoccurs only by the impression of force on the

elastic quality of the medium [6].

At the interface between two dielectric media, take be crystalline as above, the condition comes
out to be that the tangential electric force istomous. When the circumstances are those of
equilibrium, and therefore an electric potentialyrb@ introduced, this condition allows discontiguit

in the value of the potential in crossing the if#tee, but demands that the amount of this

discontinuity shall be the same all along the faf; these are precisely the circumstances of the

observed phenomena of voltaic potential differendé® component, normal to the interface, of the

! The final disengagement of “vacuum” from real mediurred with the international agreement to unee rhaterial-
unrelated termelectric constantand magnetic constanto replace the seemingly material-related tepaanmittivity of
vacuum andpermeabilityof vacuum. These constants halefined(not measured) values that refer to free space&hwh
viewed as an unattainable idealization; not ash observable medium, not equivalent even to aiguma vacuum.
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electric displacement is of course always contisdnom the nature of that vector as a flux. Thils w
be used to imply that calculation of tBefield at the interface along with its projectiéhy, given D

will describe the type of emitted field and itsatele geometry.

The magnetic field, calculated as a function ofritensity, is subject to a property called relistic-

time, or velocity-inhibition. In free-space, it is,

IZOHJaxr

B=0OxA=Lo [ =204y,
4y (10)
H—goa—DEﬁ s,
ot 3

where the energy revealed at the boundary of ttenaa and the free-space boundary is givefby

Vv o I
a :(t ——J a relativistic-time factor, also called familyni& [26], dv an element of volume. In area
c

enclosed byH, &, is free-electricity where the field is consideeedbient; its motion is given by the

direction of A. The application of this hypothesis is illustrateg characteristics of stored and
distributed energy properties shown in ordinaryrgewies of a simple loop antenna, the restrictibn o

such properties to this arrangement exclusively.

Larmor states the energy given off by the accatmatf an electron can transform its energy at the
interface of an antenna to sustain a magnetic.f\lden accelerating or decelerating the electron

releases the force applied by acceleration, theggmadiated is given by,

2 2
p=—S2 (11)
67E,C
Given in terms of the scalar and vector potenéidressed in §2.1.4,
0A
E=-0O¢g-—. 12
¢ o (12)

Equation (12) illustrates the expectation thatehergy in the field in due primarily to both poteig
at the interface of the antenna to free-space.,Alsi the transmission path which yields the eperg
must contain some inherent structure for transfer teuoc This will be known as the “virtual

transmission line” later in the thesis.
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1.2 Poynting and Tesla

Following the work of Maxwell, J.H. Poynting wouttbscribe the energy in the field; following the
work of Maxwell, Poynting, and Larmor, N. Tesla i@dwexperimentally-verify these mathematical
works [9, 13, 14, 15, 52]. By the end of thé"I@ntury, the stage was set for later experimeaieds

inventors to create what became known as “the geehrt” or radio.

Poynting commented [9] on Maxwell's theory whicludks to later commentaries by Larmor [6]:

I am not sure that there has hitherto been anyndistheory of the way in which the energy
developed in various parts of the circuit has foutsdway thither, but there is, | believe, a
prevailing and somewhat vague opinion that is savag it has been carried along with the
conductor by current. Probably Maxwell’s use of teem ‘displacement’ to describe one of the
factors of the electric energy of the medium hasléel to support this notion. It is very difficutt t
keep clearly in mind that this ‘displacement’ is, far as we are yet warranted in describing it,
merely something with direction, which has somehaf properties of an actual displacement in
incompressible fluids or solids. When we learn ttiet ‘displacement’ in a conductor having a
current in it increases continually with time, stalmost impossible to avoid picturing something
moving along the conductor, and it then seems patyral to endow this something with energy-
carrying power. Of course, it may turn out thatréhis an actual displacement along the lines of
electromotive intensity. But it is quite as likelyat the electric ‘displacement’ is only a function
of the true displacement, and it is conceivabl¢ thany theories may be formed which this is the
case, while they may all account for the obsereetsst ... It seems to me then that our use of the
term is somewhat unfortunate, as suggesting tonunds so much that is unverified or false,

while it is so difficult to bear in mind how littli really means.

| have therefore given several cases in considerdbtail of the application of the mode of
transfer of energy in current-bearing circuits adow to the law given above, as | think it is
necessary that we should realize thoroughly thatifaccept Maxwell’s theory of energy residing
in the medium, we must no longer consider a curasnsomething conveying energy along the
conductor. A current in a conductor is rather to rbgarded as consisting essentially of a
convergence of electric and magnetic energy from niedium upon the conductor and its
transformation there into other forms. The curtbknbugh a seat of so-called electromotive force
consists essentially of a divergence of energy ftoenconductor into the medium. The magnetic
lines of force are related to the circuit in thensaway throughout, while the lines of electric ®rc
are in opposite directions in the two parts of tieuit—with the so-called current in the
conductor, against it in the seat of electromofiwee. It follows that the total E.M.I. round the
circuit with a steady current is zero, or the wddne in carrying a unit of positive electricity

round the circuit with the current is zero. For @ required to move it against the E.M.I. in the
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seat of energy, this work sending energy out ihto medium, while an equal amount of energy
comes in the rest of the circuit where it is movimgh the E.M.l. This mode of regarding the
relations of the various parts of the circuit ignh aware, very different from that usually given,

but it seems to me to give us a better accourtteokhown facts.

It may seem at first sight that we ought to havev mxperimental indications of this sort of
movement of energy, if it really takes place. Weust look for proofs at points where the energy
is transformed into other modifications, that isconductors. Now in a conductor, when the field
is in a steady state, there is no electromotivenisity, and therefore no motion and no
transformation of energy. The energy merely streamasid the outside of the conductor, if in
motion at all in its neighborhood. If the fielddhanging, energy can pass into the conductor, as
there may be temporary E.M.I. set up within it, dimere will be a transformation. But we already
know the nature of this transformation, for it cituses the induced current. Indeed, the
fundamental equation describing the motion of epergonly a deduction from Maxwell’'s
equations, which are formed so as to express thergwental facts as far as yet known. Among
these are the laws of induction in secondary discaind they must therefore agree with the law of
transfer. We can hardly hope, then, for any furgireiof of the law beyond its agreement with the
experiments already known until some method isadisced of testing what goes on in the

dielectric independently of the secondary circuit.

The above, in the opinion of the author, is tryingcompartmentalize that the size, shape, and space
taken by an electromotive force appearing in fig@es as a field, is wholly dependent upon the
apparatus, or antenna, projecting it. Poynting’'smmm@nts infer that plane waves propagate on a
transmission line driven by the currents and gddfis distributed along a surface, even is the &nd
surface are virtual. The length of transmissiomlépendent upon the intensity at the field and the
permittivity of the waveguide. In free-space at 284 one atmosphere, attenuation of the field past
the mid-field region, described in detail in Seoty occurs at a ratio of the coil radius to theatice,
typically sixteen times [10]. The number is a comagve estimate. A simple experiment showing a
measurably-powered state of a loop and receiwgstitites the propagation of photons in an emission
pattern constituting a free-space fielahtaining a periodic structure created by the gares of the
coils [11] and that the emitted field is quantiZ&d].

Tesla undertook experimental verification of théseories as early as 1892 [13], and presented his
results in 1900 [103]. Tesla was to focus his éff@mn wireless power transmission, first through
stationary waves then by signaling, sending poweemotely light bulbs and turn motors. In a body
of research over a period of years from 1894 to31&0his laboratories in New York and Colorado
Springs. Tesla’'s method was to project waves byneacgally coupling coils acting as an interface

between the oscillator circuit and free-spaces fésla’s method that is the founding principleéhié
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work. However, in this thesis, it is also interegtto understand what is going on in the dieleaific
free-space by using “indirect” methods. The red®orthis is that it is the author’s opinion thatthwi
the available resources, a direct test can onludeful when there is a framework describing a
definite medium, i.e., thether or dark matter.

Tesla’s macroscopic vision was to use stationaryesdo broadcast between antipodes on the surface
of the planet as a means to send power, whichrddférom the radiative model constructed by Hertz.
In brief, the difference is subtle; Tesla espoubedtransfer of energy at a distance without wings

standing waves, Hertz espoused the transfer oggmerthe same manner via radiation.

Tesla’s notion of wireless power transfer was te tlee planet as both source and conductor with
towers at positions of an antipode to excite kinetiergy dispersed in the ionosphere while the wave
transmitted along the surface of the planet. Recsiwere constructed with simple aerials which
would absorb these currents. In terms of propagafiesla’s main emphasis was the use of standing
waves, similar to those observed in waveguidesctmmaplish power transmission. He noted the
advantage of these waves is their omnipresencéeplanet surface and long wavelength; coupled
with the use of the grounding plane, it is possibl¢his method to use single-wire receivers. The
planet can be considered as a resonant cavity a@ubet high conductivity between altitudes. In
practical terms, this means an anything with aeram can absorb currents where the wire length is
directly proportional to the magnitude. Tesla idwoed a profound concept that to this day has been
largely unexplored. If history had unfolded as &dshd envisioned, the modern electrical grid would

look like that represented in Fig.1.1.

Fig.1.1. Tesla’s vision of wireless power.

After experimental trials at Wardenclyffe from aripe of 1899 — 1903, some sporadic work as late as

1911, Tesla’s work went unfinished. The tower wasndlished during the First World War.
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Afterwards, Tesla abandoned his standing-wave Ingsid and exclusively experimented with
radiative, or radiation-based emission, models .[}] the time, prevailing attention was toward
Marconi’'s broadcasting system and not the transamssf power. After the publication of the work
on the Yagi antenna [15] in 1926 and the developroéshortwave [16], wireless power would fade

from view.

Forty years passed before interest in wireless pawsurfaced. In the 1960s, short-wavelength
transmission experiments [17] and the modelingrotqgtypical forms showed positive results [18]. A

rethinking of inductive transfer began to surfasesolving problems associated with subcutaneous
implants [19]. While many divergent types of wirgdepower transmission have resulted, especially
since 2004, this thesis will focus on a radiati@sdd emission of power in the form of plane waves

from loop antenna over distances of one meter tipgrat frequencies up to 5 MHz.

This thesis will explore two distinct expressiorfswireless power: That of a single primary loop
transmitter/receiver system, and that of a prinsmgondary loop pair transmitter/receiver system.
The former will exhibit the author’'s notion of tineid-field region of the radiation model of a single
coupled-mode, while latter will exhibit Tesla’'s sbaary or standing waves and tunable wave cavity

of two coupled-modes.

A brief outline of what is to be presented in tthissis is the following.

Chapter 2 will describe the theoretical and math&mbmodel of a circular loop antenna consisting

of two primary coils. It will be shown that the cifit has a specific behavior given the nature ®f it

arrangement. Section 2.1 will discuss a coupledenaith a projection and the forces that are
contiguous. Section 2.2 will discuss the behavioalao embedded in the unique circuit which drives
the coupled-mode. Section 2.3 will discuss the agapion model and the equations which are
capable of describing it. Section 2.4 will discis&veral sets of experiments, relevant to a single
coupled-mode, in various forms. In light of whatdisscribed in the introduction regarding humans
and wireless power [20], biomedical implants wi# bne such experiment. This section will also

discuss optimization of the model.

Chapter 3 will discuss two coupled-modes in terfenoexisting circuit, namely, that of Nikola Tesla
in his U.S. Patent #645,546 of 1900.

Chapter 4 will discuss a novel model of the dip@&en the theory and experimental evidence

presented in the previous chapters.
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Chapter 5 will present conclusions and suggesfionfuture research.

An important contribution of this thesis is, comstiagly to the use of the Maxwell-Heaviside version
of Maxwell’s equations in the literature surveyingsthe 1865 versions to begin the formation of the
theoretical framework from where the arguments anmalytics are derived from it. Tracing through
three, selected because of their appropriatenesthdosubject: The relation between electric
displacement, conduction and current, betweenities lof magnetic force and inductive forces, and
between electric displacement and electromotiveefott will be shown in the thesis the novel

contribution is framed in the expression of thesexMell equations.

Contrastingly to other literature, this thesis wvdiscuss the geometry and ambience of the magnetic
field in terms of Joseph Larmor conception of ofje®utside of some works in the early"20
Century, it seems most have ignored what is otlsenai very powerful set of tools to quantify the
forces responsible for magnetic resonant couplirtgs thesis will choose a set of equations and
force-representations that will be used to exphaimy the phenomenon is at it appears given

experimental evidence.

2 Power transmission and magnetic-resonant modes imanductively-coupled circuit

The theory and those specific original Maxwell ggqres from Chapter 1 will now be applied to a
physical model. A circuit consists of two distinglu@ble parts: a transmitter and a receiver. The
transmitter is comprised of a regulated amplifwatand timing components connected to a loop
antenna and a capacitor. The amplifier is connetited source of direct current (dc) power. The
receiver is comprised of a loop antenna, a capacitw a load such as a lamp or motor. The receiver
is placed at a distance away from the transmitftee circuit will transmit radio-frequency electrica
energy into free-space the form of photons excharggtween two or more coupled resonators,
depending how they are chained together [106].ektain distances and antenna orientations, work
performed by the energy transfer can be observed rateiver by an illuminated lamp or turning
motor. A pair of circular loops of a sufficientlynsilar geometry set at a distance form a closed
induction circuit illustrated in Fig.2.1. These pmoform a resonant circuit, a waveguide, and aairt

transmission-line simultaneously.
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Fig.2.1: The prototype model for the transmissibpawer by magnetic resonance.

On examination of Fig.2.1, current flows from saurio oscillator to coil loopl,, accelerating
electrons at a rate given loop curvature and @ftioop circumference to wavelength; torque is give
as a function of the currer. In this model, current at sufficient levels, timtas a property of the

components used to construct the oscillator, tleeemough torque so that photons are projected into

free-space in the form of radiation at a charastierangular frequencw; .

The description of the number of photons emittea lgyven arrangement is shown by the eneggy,

of the photons emitted by the antenna is given by,

=h ,
and the number of photons per secopyd,is given by the presence of circuital powgr,
J
¥, =—2. (14)
Yo

At a distance, coil loop.; absorbs the photons converting them back intotreleccurrents via a

voltage gap. The current is then coupled to perfenrk powering a load. The process involves:

1. The transfer of energy between input current coethiin the oscillator, accelerated
given a amplitude impressed as a magnitude on oilewdre of the transmission
antenna,
the transit of photonsy, , across free-space, and,
the transfer of energy between free-space andahstitution of electrical currents in

the coil wire of the receiving antenna.
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The flow pattern in time occurs at locations whigre energy is not contained in the fie(cEg, Hg),
where the magnetic flud,, - 0. At these points, the field manifests as a pra@ecencompassing
an areaH which extends at a length from the antenhg, to a surface in free-spac&,, at its
boundary. The boundary is where there is equilibrin the force exerted by the displacemdn,
and that exerted by the medium. denotes the mid-field region. A8,, the far field begins. The

parameterss,, L, andg, are invariant with position except & [21].

Medium 2 Medium 1 0 Medium 2
(E».B,) (Eeg’He:) ()
ii (B, H,) ii
(O-Z’SZ’:LJZ) — (0-2’82’#2)
H (01,604
Li

Fig.2.2. Areas where the field pushes in the medinahfall-off radiation from a loop antenna.

For the conservation of electric charge, a diffeeein the flux at the surface normal, to the

antenna must imply a change in the total electrargeq contained within the volume denoted By

as%. Power in the form of photons projected towardlibandary yields the displacement of energy

from the loop in combination with its circuit. Camecing with Larmor, the boundary has elasticity and
is susceptible to strain. In addition, concurrinighvithe original Maxwell, the boundary is the podrft
dispersion. For linearization, the field is consatk homogenous across the space with charges
considered evenly distributed experiencing a unifamotion. The antenna therefore creates a

disturbance as a deformation of the medium. Athbandary of the displacement, the rotational

property of S, or instantaneous torqueg,, is given by,

1, =0xD, (15)

because of Fitzgerald's proposition of the identfyelectromagnetic radiation as an exchange of
force [22],

Ox F=0 QOF-6 F) (16)
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when,
p=0,andl= 0 a7
Equation (11) will yield a wave equation in therfoof,

10y

=AY. 18
o DY (18)

The field is therefore subject to uniform exterftates dependent upon conditions of temperature and
pressure and has a susceptibility, which is expedtberefore, energies and frequencies limited by a
given geometry share a common state of equilibriihe effect of the equilibrium is analogous to
inflating a balloon. The tension at the surfacadimg the energy inside is given by the shearingdsr
between the field at its border and the medium. s§autheorem transforms the surface into a
changing flux of the electric field through the s#al surface formed by the volume of open

surfaces. More precisely, any “missing” flux of ttrrent densityd is absorbed from the flux of the

oE .
vector 505 or at the potential vectoh.

In terms of magnetic flux, an energized circulaspgcemits a magnetic fiel@ of a given intensity
and geometry according to the Biot-Savart and Neumarinciples. Both propose that the
contribution of each piece of the wire containedthie loop varies inversely as the square of the
distance. Over the entire length of the wire, eachtribution adds up to a total field that varies
inversely as the distance from the loop. The doution to the magnetostatic field at the originaof

current elemengl, at positionr is,

5B:/'10rxf| ,
4

(19)

given by the relationship of its radial length ahé infinitesimal of the magnetic field, shown in
Fig.2.3.
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Fig.2.3. Ray relationships between the magnetid,fiadial vector, and infinitesimal current.

The quantity, dl, is the current multiplied by the length of travekulting from integrating the
current densityJ, along the surface over a small element of volu&el§ particular, for a thin wire
whose length elemerds has a total current, traversing it in the direction ofs, ol =1Js, and

negatively otherwise. The proposition holds for malirectional currents only. In the bi-directional
case, an oscillator creates a rotational forceutjinorr phases, the direction of the current changes
twice in a cycle throughout all ofs. The displacement at the molecular level of thedootor is

given by Maxwell in (4).

The model of wireless power transfer, illustrated Rig.2.1, consists of two distinct views of
operation, that of a system of coupled modes aadathprojection. The first view is expressed by th
utilization of a pair of coils, one acting as ansmitter or primary coil, the other as a receiver o
secondary coil. The combination of these two, orer[d06], antenna is a coupled-mode [24]. The

second view as a transmission antenna projectforce.

Some of the pertinent questions in this case wilblve realizing the geometry of the scheme, the
manner of energy storage, and its boundary comditi®o address the latter question requires a key

assumption: that the medium is not devoid of neifaeticles nor energy.

In the model, the magnetic field is assumed to Fegimple symmetry as in the case of free-space
fields. Ampere’s law yields the value of the magmédield throughout the space without complex

integrations, such as those used when solving fduah inductance. Gauss’ theorem will describe the
shape of the magnetostatic field in cases with igdlesymmetries, generally applied here. For the

special case of magnetic induction on the axis cfreular current loop, several assumptions are

discussed in the remainder of this sectioobind L.
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The arrangement illustrated in Fig.2.1 is analogows pair of Helmholtz coils. However, each hdlf o
the circuit is not connected to the other by wiegher, utilize the dielectric of free-space aseans

of connection.

The first view, of a coupled-mode, is manifest dtua-linkage between symmetrical antennas. It is

by design dependent upon tBefield. Geometry of the coupling mode is shown ig.E4.

Fig.2.4. Geometry of the coupling-mode magnetildfie

For a circular current loop, all radial contributsowill cancel out; the resulting magnetic induati®

is oriented along the axis whef@=B,. Because of the symmetry of the triangles congjstire

interior of the loop, shown in Fig.2.4, the conttion dB, is % times (19), as,

o8, =L Ho s (20)
d 47d

All the elementsgds, add up to the circumference,

2

while the field at the center of the loop is,
g=tl (22)

2
at peak value where = r_2
d

What is essential to understand next is how theiumeevill be treated lying between a set of loops in
a coupled-mode. To accomplish the treatment, Mdisvaliginal equation (5) will be converted into

a differential equation describing a mode of pratig in a waveguide.
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A waveguide, for the purposes here, is consideseahnainfinite system of transmission lines and the
waves traveling along these lines move away altwegvector normal from the source at a constant
frequency, as illustrated in Fig.2.2. The wavefromgembles an infinite series of parallel planes of

constant peak-to-peak amplitude normal to the phekeity vector.

Analogous to a pair of Helmholtz coils, consideotloops shown in Fig.2.1 sharing the same

horizontal axis, or in axial alignment. Letthespective latitudes bera and —a, magnetic

induction is along the axis of axial alignment etahcez

:%,uolrz[[r 2+ (a —2)2}_3/2 +[r 2+(a+ z)z]_w}. (23)

The second derivative of (23) with respectztoat z=0, is

-7/2

B"(0)=3u,Ir? (@ -r?)(r2+a?) (24)

1 . . : : :
The valueazgr is the largest value where the magnetic inductias a single maximum value

along the axis. When values af are large,B" is positive at the center whez=0 indicating a
minimum value present. The configuration where ghparation between the two loops is equal to

their radius,2a=r, yields a magnetic field, which is almost uniformear the center of the loop, as,

A |
B= (Ej H < 071554 (25)
r r

The scalar potential of the magnetic field at teeter of the loop, and where it is equidistant leev
two loops are examples of a current-free regionaltes the form of a multivalued function whose
gradient is the magnetostatic induction. For a simapnnected region under coupled-modes, such a
potential is well-defined up to a uniform additivenstant. Otherwise, an ambiguity arises whenever
the region contains loops which are interlockedhwibops of outside current. In that case a
continuous potential can only be defined with a olodperation for a certain number of discrete

guantities, each of which corresponds to one piétiee outside current.

The method described above fits to (19) that iticstdistributions, all currents must circulate in
closed loops wheré&lxJ =0. Equation (19) cannot express with dynamic distidns where local
electric charges may vary according to the inboflund of current. A more sophisticated method is

required.
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By the Kelvin-Stokes formula, the circulation offector around an oriented loop is equal to the flux
of its rotational element, or curl, through any stiooriented surface bordered by that loop yields

Ampére’s law in integral form,
tol = 1[I S, (26)
S

which is the same as the geometry on the plane,

J'Bmlr. (27)
0S

The simplest and most fundamental direct applicatibAmpeére’s law is to first formulate under the
Biot-Savart and Neumann principles, then extendfltthe of magnetic inductionrB analogous to a

straight wire or a waveguide keeping in mind themsity is inversely proportional to the distance.

Yo

1,

Fig.2.5. Projection of energy by a current imprdsse the loop.

Consider a circular loop of radius whose axis is a straight wire carrying an instaatas current

I, The magnetic inductiof8 at the loop is tangential; the projection of thetion is constant as

long asl (t) is. The magnetic circulation and Ampére’s law tgares,

2B =yl (28)
or equivalently,
g=Hol (29)
2

Maxwell amended the static law of Ampere into th#ofving generalization that holds in all cases
including changing charge distributions [23],
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Ox B—iza_E:
c” ot

o, (30)
which agrees with the vectorized version of Faradkayv,

x e+ 8 -0. (31)
ot

The curl of B, given (30), is the characteristic of a rotatingnpmnent ofB. The curl is illustrated in
Fig.2.6.

OB
ot D

Fig.2.6. Field lines following an axis of displacemt.

By the action of the curl, the propagation takesftirm of the displacemem. The displacement has

a component, called directional current, or grogfoeity in terms of waves, along the magnetic flux
. : : : - 0B
lines. The intensity oD linearly decreases with distand&.couples to perform work whercst— can

flow in a second coil. The measurement of the sitgrD will be determined by the velocity of field
flow. For example, leto be the vector field of a fluid flow. At a giveroipt in the flow, a small
wheel with blades whose axis is oriented in thedalion of 0xv at any point is placed in the flow in

order to measure radial intensity. Then the angudéocity w, of the wheel’s rotation from the action

of the current will maximize, where its value wile equal to@. Assumingv has arbitrary

coordinatesP(x, y, 2, Q(x ¥, 2, andR(x Y, 2, thenOxv has the coordinates,

dy 0z 0z 9Xdx ay (32)

The arcs cast by (25) form boundaries in three-dsions of 0 xv at the interface with the antenna

and feedback from the receiving object, illustrate#ig.2.7.
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Fig.2.7. Flux linkage between two inductively-coegblcoils.

The magnetic scalar potentiagh,, for B created by the loops illustratedRiy.2.7is proportional to
the currents,l; ;, in the loop and to the solid angle-spa€g,, subtended by the side of the loop

facing the observer, as,

H=-0¢,
__H (33)
/= 4ITQ°'

An ambiguity arises in the solid angle becauseethi®ra modulo operation ofr; the angle is an
approximation that becomes loses precision each tima value is taken. The sign convention is such
that the side of a small loop is seen at a soligleganwhich exceeds a multiple @f7r by a small

positive quantity.

The second view, of projection, is manifest as &efrant from a single transmission antenna. The
length and intensity of the projectiohl, is due to both the properties of the antenna hadhower

applied by the circuit. Modification of Fig.2.4 imclude projection is shown in Fig.2.8.
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Fig.2.8. Field geometry extending away from thggxtion.

The projection is the formation of the waveguidgrging energy across free-space displacing it as i
exhibits motion away from the antenna in both thesitive and negative directions ¢t For
convenience, it is divided up into amplitude zonfg, where measurements are taken to obtain the

geometry of the emission by mapping its intenditye projection of the loop is illustrated in Fig2.

mid-field region far-field region

A

N>

H

Fig.2.9. Projection field forming the mid-field rieg by intensity.

A composite of both the coupled-mode and projedtshown in Fig.2.10.
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Fig.2.10. Projection of field and its geometry be¢w two inductively-coupled coils.

The PDE description of the system will be elliptichere its spatial solutions take a hyperbolic form
consisting ofsinh andcoshfunctions. Quantization of the field components amanifesting them in

an experiment will be the aims of the following ews in this document.
2.1 Asingle coupled-mode with projection

The relationship between the loops and the amoluahergy transported between them is described
by how they are coupled. Coupling will only referthe relationshifpetween loopsand not to free-
space. Energy across free-space and its impedamzg by the phenomenon of coupling, rather, it is
the consequence of coupling between the objecthwddlows the transit of energy. Magnetic loops of
a relatively small size and number of turns exhiitmagnetic field density sufficient to be an

excellent model for experimentation.

A mode describes the energy in patterns of eleatragnetic, and force generated by the loops. The

magnetic field intensityH, is related to the magnetizatioh], of the surrounding space on the

antenna by susceptibilityy,. For the dipole moment in the conductor,

M=x H. (34)

The boundary condition will be the surfa&. Analogous to the case of the thin current sheet th

assumption is taken that the thickness of the &ingrture is negligible. Therefore, Ampére’s lawl wi

yield the instantaneous power density on an “agprately-closed” contour,

Jg =H, i +H/? (35)
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If the medium is assumed homogenous and isotrapicthe surface impedance of the boundary
linearly approaches zero, it is considered a pimmitvaveguide. Any discontinuity in a waveguide

facilitates a coupling between some or all desgabbdes [24] in varying magnitudes.

Two electrical objects, consisting of inductive acapacitive components of relative value to each
other, form a closed induction circuit. The linkilgydue to attractive resonators in a waveguide of
characteristic impedance is imbued, purely by tidnj as sharing properties with transmission-line
resonator with small losses [24, 25, 26]. A singtupled-mode can be identified by placing a

receiving loop at an amplitude zowg.

L, is a circular loop with a voltage gap no greatemtlthe size of its radius. Because of its low
radiation resistance and high reactance, impenderatehing is difficult to a sinusoidal oscillator.

Therefore,L; is connected in parallel to a capacitor powered Isyvitching amplifier. Comparably,

the loop antennd,; can also be connected in parallel to a capacitwrse value is no greater than

that of L.

Wave impedance is the ratio of the transverse coemts of the electri€, and magnetidi, fields.

For a transverse-electric-magnetic (TEM) plane wanaveling through a nearly-homogeneous
medium at a given temperature and pressure, wapedance is everywhere equal to the intrinsic

impedance of the medium. The wave impedance, ingef fields is

(¥

H, (x

dm

z:u,zO:

Disassembling the components of (36) into fineapaaters, the free-space impedance is

_ | e
Z,=,|— 2k
° 0-O+j%£0 (37)

In (37), j is an imaginary unit, andy, is the angular frequency. In the case of a digteethere the

(36)

~—

conductivity is zero, the equation reduces to,

z,= | (38)
Hy

Calculated at 20C and one atmosphere,
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Z,=376.7%

=119.92Q, (39)

isolated from the conductivity of free-space foe tralue considered in the present definition of the
unit of theAmpere For any waveguide in the form of a hollow metdde of conductivityg,, such as
circular guide, the wave impedance of a traveliryevis dependent on the resonance frequepcy

but is assumed uniform throughout the guide. Famdaverse electric (TE) modes of propagation the

wave impedance is

Z,=—==, (40)

where f, is the cut-off frequency of the mode. For transeemagnetic (TM) modes of propagation

this value is

wen 1]

Above the cut—off( f,> fc), the impedance is real (resistive) and the waveesaenergy. Below cut-
off the impedance is imaginary (reactive) and thevavis evanescent, the latter shown to be an
effective scheme [31]. These expressions neglexteffect of resistive loss in the walls of the

waveguide, or at the surface bound&@y The presence of a dielectric resulting from atrhesic

phenomena chaotically shifts in impedance thromghmodifying f..

To keep selectivity as narrow as possible onlydhgssion of a single frequency is discussed. The
choice comes at a cost: impedance is not a funcfitime properties the circuit, rather, combinethwi
that of free-space. The radiation pattern exhi@itopological surface from an energized oscillator.
The field is quantifiable at certain lengths frohetantenna but has fractal dispersion geometry,
similar to task of calculating the length of a sHiore, so what constitutes the observable boundary
relative to the technical sophistication of thedigtory of the experimenter. Generally, the obdae/a
free-space electromagnetic field has its boundamgnaedge where the energy stored at the horizon

vanishes, asp,, — 0. Depending on the geometry of the coils and thenisity of energy stored, the

boundary shifts.
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Some applications where the waveguide or transamdgie containing more than one type of
dielectric medium occurs, such as complex micnpg&i], in terms of the boundary conditions, the

wave impedance will in general vary over the crasstion of the line, as a waveguide transient [28].

A similar notion, investigated by Aharonov-Bohm [28uggests such a scheme at lower temperatures
reveals interesting conclusions about the natur§,ofThe dipole, as the supporting phenomenon of a

coupled-mode in both its real and imaginary valtexth, interacts with the space surrounding the

loop causing the displacemeit

Referring to Fig.2.1, consider a system of resasatonsisting of a pair of magnetic dipole loop
antennaly,L; separated by a distance, which contain a singlpled-mode [24].L;,L; are set on a
work-plane as to contain a periodic structure. Bofggm an analysis, a software package called
Comsol Multiphysicss used to simulate the electromagnetic charatiesiof the scheme. The work-
plane consists of two circular loops of a matenigh conductivity o,,, and radiusr,. These loops are

aligned in such a way so that the center of tladii shares a common axis or an axial alignmeng. Th
FEM layout is illustrated in Fig.2.11.

z == /

o

Fig.2.11. FEM model workspace layout.

The investigation is interested in considering $rmatenna sizes with a high efficiency. In the mpde
the loop size is the most critical property. Ifldobp is wound at a specific ratio of circumfererto
wavelength, it is equivalent to an antenna conmetbtean electrically-short transmission line. To
maximize the emission of radiation, the magnetaplshould be at a ratio of its circumference to its

quarter wavelength. Such a magnetic loop will bewshto have the ideal ratid,],, in terms of

maximum transmission efficiency, is when this rdéills on an exponential scale,

44



27T,

0=——~_,

0.251
0, =10, (42)
x=-1,-2-3..n

This allows the model to allow loops with a radaf8 centimeters that are set apart at a distah6e o

centimeters. The loop surface lies onxhg plane whilez between the loops forms the axial line.

In consideration of the efficiency of energy tramsthe receiving antenna collects electromagnetic
photons, the amount given the area its surfacepieswand the influence, in the form of feedback, it
imposes on the space surrounding it [30]. Withitltieoduction of a voltage gap, electrical energy is

extracted in the form of power and work is perfodnbg this method.

In consideration of the surrounding medium of fspace, the arrangement of the antenna in space is

a periodic locally-approximated waveguide with imimltime-dependenceej“’; uncoupled spatial

dependences ae '#* ande '**, In a coupled-mode, the spatial equations [24] are,

d_ 2
—a=-ifa - j2 CO{—Tz)q ,

(:iz 271z (43)
—a, =—]Ba — ]2k co{—ja ‘
dz I
given their coupling with a weak time dependence,
d : :
=Wt ik,
da (44)
d_tJ: jwa; + K8,
relative to the coupled state of the resonators,
M; (45)
K =K =—
ij ji '
JLL,

as a weakly-coupled system, whexe<0.01. This is in contrast to a “strongly-coupled” scleem

[31]. The attention on weak-coupling is referrimgthe weak time dependence (44) for a system

taking an assumption low coupling coefficiexjt affects efficiencyr; weakly and properties of the

circuit affects; strongly.
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2.1.1 The coupling coefficient

In consideration of the geometry of the schemeguriesl in the previous sections, the variables to be

solved are: the coupling coefficient;, the mutual inductanc/,

ij?

the quality factorsQ and Q,

expressed by coilg; andL;, by the contributions of their fieldg, and H,.

To understand the effectiveness of the scheme fandvork done at a distance, the energy-storage
ability of the system is determined by the coupliogfficient in transfer mode. The intensity ofwio

of the energy across the distance is determineg};byetween coild; andL; at a distancel. When

a currentl, is applied to coill;, the power transfer flows from coils to L;, and L, to L.

The coupling coefficient in (45) is solved for aiss of coils of characteristic size and geomelihe

linkage between the series of magnetic resonaitg =odefined at each coupling wheké; is the

mutual inductancel; and L; are the self-inductances of the coils. The indumacan be calculated

since its size and geometry are already specifigdhe approximation of the inductance of a circula
loop [32, 33]:

: 8r
Lizuo,urr]zq[ln%—2+Y],L, = Mol rf[(lng—%YJ, (46)

)

Where rr is the loop radius,a.,a,. the wire radius,ni,nj the number of turns, and the flow

constant of the skin-effect of the emitted radiatigiven the resonance frequency, which is the

approximated to be the same at the surface ofdmilhh The resonance frequency of the system,
1
fO:E(fi+fj), (47)

is comprised of the resonance frequerfcyf; ,...f, of each of the coils,

1
f, = (48)
LG
and the frequency error between each half of tioaiit]
fo=|f-1. (49)
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A consideration of the design is not only to keke antenna small but also to keep the resonance
frequency f, low enough as to not to be deleterious to humssué. Studies have shown that a

frequency spectrum between 100 kHz and 4 MHz isisl& [34]. The theoretical specification of the

antenna is calculated where,

n=3,

r=30mm,

a=0.4mm,

£, =8.85[10" FOm* (50)
Uy =407 HOm*

U =0.99994,

Y =0.

The material properties of the coil is for an irrdatl copper wire wound in concentric loops so the
total loop surface is comprised of a number ofsukqual to a Litz winding, each turn insulatedviro

the other reduces the contribution of the skinaffé

The winding has legs as to allow the loop to be mbed into a circuit board and projected along a
plane linear to the earth. The additional inductaotthe legs is taken into consideration. A C#.NET
program calledCircuit calculator, built specifically for performing and visualizirthe relationships

of the values of wireless power by magnetic resoeanalculates the theoretical specification of the
model. Given (48), a capacitance of 100nF is chobencalculation sequence is shown in Fig.2.12.

The table of values for the model loohs and resonance frequenciés is listed in Table 2.1.

Table 2.1. Loop coils theoretical specification.

TABLE 2.1
LOOP COILS THEORETICAL SPECIFICATION
Coil L; I

J

Coil radius (mm) 30 30
Wire radius (mm) 0.4 0.4
Wire length (cm) 65 65
Number of turns 3.5 3

Leg length (cm) 3 3
Number of legs 3 2
Loop inductance (pH) 2.0306 1.4918
Total inductance (pH) 2.1207 1.5519
Resonance frequency (Hz) 345607.761  404004.671
Differential frequency (Hz) 58396.910
System frequency (Hz) 374806.212
Differential system frequency (Hz) 433203.126
Wavelength {(m) 692.037
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In terms of the prototype, a frequency of approxetya400 kHz is expected to be the resonance

frequency for the physical loop antenna. Mutualittence is next to be solved.

Transmitter Coil Frequency

Session ID: 24 n 35
Capacitance Inductance . 20 o
100 nF w 212067097022936E-06 H -
a 04 mm -
1 Frequency / Wavelength Hy 4n * 10E-7 Hém
1= ﬁ 345607, 760583308 He Caloulate 4 oS G~
SN i B67435550330285 m ® Dirsct Circular Loop
= ¥ 0 homogerious
Receiver Coil Frequency . 8r Y | Calculate |
L o=pun r |In——2+¥ | ——
Capacitance Inductance R a J | Store |
100 nF + 155151343025644E-06 H -
2.03055191711D03E-06 H
; [¥] Litz winding
Frequency  404004.670561953 Hz . ~
Differential - dt - 58356 50957865 Hz ;
System 0 374806 215572634 Hz ’{ 3 T ak
0+t 433203.125551284 Hz | Calculate I 90.119053119327 nH
i Total 212067097022936E06  H

Fig.2.12. Calculator values for (a) system resoadrequency, and (b) inductance of the transmisisiop.
Mutual inductance

The mutual inductance between two coils is dependerely on the geometry of the scheme. An
energized loop affects action at a distance. ltsacton, or mutual inductance, is given by the
Neumann formula [35],

My ;S
M, _EEF?ET' (51)

The infinitesimal positions and s; in (51) are derived under the assumption thatitagnetic field

is evenly distributed, more concentrated towardadieter of the loop than in other places, and in a

mostly linear distribution. In this form, the lo@pre is considered to be contained of coaxial dacu
filaments [32].
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Fig.2.13. Coil properties describing (51).

Mutual inductance is exclusively the property otipling between coils; and L;. The magnetic

flux intercepted by one coil is analogous to a wficurrent flowing in the other [36], the mutual
inductance of thé™ and j" elements and the integration over the surf&eshow the mutual

inductance is also,

[[Bmds
M, =——, (52)
L

where B is the flux intercepted by the receiver cdi|, is the current passing through the first coil,
n= (nx, n, nz) is the unit surface normal vector, ad& is an infinitesimal area element of the local

appearance of5, as S;. It is possible to transform the surface integra(%2) into a simpler line

integral by using the magnetic vector potential,
B=0xA, (53)

together with Stokes theorem, which states thatrfase integral of the curl of a field equals the

closed line integral over the rim of the surface,

[[(OxA)mds $Amdi
M, =— =3 , (54)

ij
B N
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wheret =(tx,ty,tz) is the unit tangent vector of the cur@ anddl is an infinitesimal line element

The mutual inductance, then, depends upon the m«eas;nri—,g,and its proportionality to the radii,
ror.

I I
as,

2

2
M, :yo\/ﬁg{(l—%}( (a)—E(a)}, (55)
whereK (a) and E(a) are elliptic integrals and  is obtained by,

4rr. (56)
(ri +; )2 +d?

Using [32] to find the value where,

M, =afi, =ij(uH), )

Wherea is determined as depending on the variable,

T I (58)
14 +d—2
r r?2

from (53). A calculation was performed @ircuit calculatorfor the mutual inductanc#; based on

(57) and (58) from the specifications listed in [Eab.1,

u?=0.5,
(59)
Mij =0.0042558H,

where the result is used to calculate the dismaige of

K, =0.002346 (60)
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The coupling strength between resonators is destiily the coupling coefficient. Besides what has
already been described as methods for calculatiagcoupling strength, another method [37] is to

consider the bandwidth of the transmission, as

2(f - £,
bandwidthz% (61)

i j

Where f; and f; are the split resonance frequencies of the resmathich are most effective using

a narrow bandwidth. In the sense of the arrangenierstrated in Fig.2.35, there is shown a
separation of the resonators into their electrit mragnetic components. To maintain cohesion in the
beam of energy exchanged betwdenand L;, insights into thevhythe coupling is so significant to
magnetic resonant power transmission are impotta@aiscertain. A novel approach [38] called the

perturbation method, strives to glean insights allooase components which most affect the overall

coupling. The following equation, modified,

j,qu [Higdv—jsEomgw
_ L

K. S 62
! .[£|E0|2 dv (62)

implies that the motivation to understanding theptmg coefficient is wherds, makes the strongest

contribution toward the intensity dfi; and what circuital components would support thegfer. It

also suggests that increasing the amount of magfietd at the loop would result in additional
improvements. In its most basic sense, answeriagettsubtle questions takes time and experience
and they are addressed as motivations in thisshesy will irrevocably remain a most important
topic of future research. However, the author adentify that it is thecontribution of potential
magnetic vector decomposition on the interfawdhich is of greatest importance to grasp if

understanding of the scheme is to advance.

The description of the interface is that of thepld®in situ with free-space. The transmission laod
the “"amount of magnetic lines” crossing the recwvioop is a typical description of a radiated

magnetic field and its effect on distant objects.example is shown in Fig.2.14.
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Fig.2.14. Magnetic coupling of low-modes of distant resonators in space and time.

As noted in [39], the distance does not affect rh@dapling, rather, spatial extensions in tae
direction relate more closely to the transportlettical power due mutual inductance, expressed in
the E andH fields. In such effects, broadcast power is suljgattenuation over the impedance of
free-space if the potential is assumed to congibminimally to the fields. Nevertheless, it is
important to keep in mind that the boundary dodsdegcribe and is independent of the sinusoid as
well as its wave function. Therefore, the presesicthe antenna and the presence of physical free-
space constitute the entirety of the signal. If oaesiders the argument that the waveform is unique
from its conductor—in the manner of induction désed by Faraday as well as the original equations
of Maxwell—the disturbance and the displacemennape door to questions of what in free-space is
allowing the equilibrium of the forces of the curte driving radiation and its influence between

antenna at distances greater than those descob#ukfskin-effect.

To model the relative position and motion of thergly in terms of the exchange of photons, the path
and intensity is described by the density of magniies, illustrated in Fig.2.14.

The antenna, by the nature of its size, geomeftrgl, symmetry couples the magnetic component of
the energy on the coil-wire surface to an interfi@¥. Under closer examination and consistent with

the circuit architecture, the presence of the imgped wave is wholly due to the properties of the

inductor L, L, with the potential of free-spack given its impedanc&,. The magnetic loop, at a

ratio to its quarter wavelength, contains the ¢ffexf a full ac cycle impressed on it by the incide

wave in terms of transmission or reception.
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Fig.2.15. Theoretical coupling coefficient overigstance given (45).

The data in Fig.2.15 is derived from the calculatid coupling, shown in (45) in context of antenna
as a function of transmitted power, in the manrefrae-space interpretation of (48, 52, 54). The

result is the value ok; attenuated by free-space. As is shown, the solutidhis type of description

suggests that a different analytical tool is reggito show the mechanisms responsible for energy
transmission. As the purpose of the arrangememd isansport energy efficiently, the numerical

solution of the circuit power is intended to meastine quantity of energy stored between the
resonators and the dissipated power at the recaualable to a load. Therefore, coupled-modes in

space describe the distribution of an energizeld fiehile coupled-modes in time yield the rate at

which energy is transported.

2.1.2 Coupled-mode power

The energy stored and dissipated between two cowtigects describes a power distribution system.
While the pursuit of a wired analog is desirablesdme applications [10], for the purposes heris, it
more effective to consider the coupling in termsepérgy transport by the virtual waveguide. It is
argued by the author that this particular methagiplwill yield greater insights not only about the

model under investigation, but also about the emirent where the model is operating.

Energy transfer is an observable result in theecdrdf forces moving charges. In the driven case, o
can quantify forces due to amplification. In moubtte cases, the distribution of forces on charges
described by the Lorentz-Fitzgerald transformafith 41] used in special relativity and the sowte

Minkowski light cones and other innovative spagiabmetries with moving forces [42, 43].
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The Larmor force transfers energy between the figld the charges. The powErly of the force
equation isgE [V, thus the power received by the electric chargesipit of volume isE [J. Charge
carriers convert power at the receiver from thal@ectromagnetic field into other forms of energy
including the kinetic energy of particles. Conetys E[J can be negative, in which case there is a
transfer of energy from the charge carriers toftekel. One process is as a time reversal of the
other. In this, it is preferred to retain the fhrtime solution of Maxwell's equations to the naotiof

the sources and changes in the field that areerdtic

The geometry of a circular loop is such that trdiat@on takes the pattern of a hyperbolic functian,
transmitter of a primary loop in an exchange ofrgpewith a primary loop of a receiver in a

theoretical context is shown in Fig.2.7.

In terms of the total magnetic intensityl, comprised of the projectiofl, and the flux density as
B, = #4,H, emitted between antenna. Solviagv, for all desired measurement points l8f will

indicate the amount of energy the field storedhatdiven point. To calculate this value reliably, i

will require a fitted solution to Poynting’s Theane

It is desirable to express the energy as a propétiye electric field and current density and canep

this with the value ofixv; for an arbitrarily-givenH,. The quantityE[J is expressed in terms of

the electromagnetic fields by taking the dot praaii¢he current density inteE on both sides of the

Ampére-Maxwell equation,

—E[QDxH)+yOH%_T+EOEG%—f:—ED. (63)
The identity,
Ef0x H)=H OxE)-(OCE)xH, (64)
and Faraday’s law yield,
~EQDx H):HOG‘T—tM(DDE)xH. (65)

The point where this occurs is at a potential védueequilibrium of the energy exchange between
and the current density at an arbitrary point,
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OUOE)xH+— -E 017, 66
(DOE)xH+2 5 (66)
yields Poynting’s theorem around that point.

S=ExH, (67)

showing the density of power is emitted is a re&@property of the antenna at the interface [187].
any point in the volume, given the possible loaaichown in Fig.2.7, the time-averaged energy

stored is,
15 (E2 +c’H 2) (68)
2° '

Equation (68), a derivation of the Poynting thearexrill show that a variation of energy in a given
volume comes from power that is either deliveraedally by sources or radiated across the surface—
as flux flowing along a cavity or in this particulaodel, a virtual waveguide. The implication igtth

a perfect electrically-short loop antenna at a fabte ratio would have efficiency of radiation at

maximum, indicating a related amount of power tfanand energy storage in the volume.

The physical model is for the case of circular ®ap 82.3.1. These cavities, while homogenous in
free space, maintain a total internal reflectiof] [§ 0 sustain the state of equilibrium of thedien
opposing force is allowing the suspension. Thisliespa force-driving element, appearing in the

circuit as the acceleration value of electrons fimpyin the conductor of the antenna.

The observable behavior in the physical model blldiscussed firstly from the point-of-view of the
magnetic potentiaA asB =[x A, then to the transition to circuital mathematicalgerties.

2.1.3 Efficiency, quality, and loss

To understand the behavior of coupled-mode chaiatits, described in 82.1.1, these are used in
real-world problems. The worthiness of the modehiserms of its overall efficiency, that is, by a
comparison between the energy stored at the imptlitet energy dissipated including those in losses.

The efficiency of the model is measured by the &qud44],

_ K°QQ

_1+/(ijZQQJ , (69)

17;
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Where 77; is dependent on the coupling coefficietjt, but also by the qualitieQ and Q; of the
coils L andL;. The quality of a coil [45] is obtained,

_ L.
Q:%L\’sz% l,

R R (70)

as a property of the energy stored in the anguéajuencyay, the inductancd., and the free-space

projection H, with the dissipation by the resistanBeof the i™ and j" coils. The quality factor is
then determined by,

1L, 1 g1, 1

1. -+ | =— (71)
Q RVG RVE Q @
comprised of the inductande, resistanceR, and capacitanc€, and of thei™ and j" coil in the

oscillator and receiver circuits. The scheme isngef so that the system is performing work, the
unloaded qualityQ, is neglected. The quality factors then become,

1 /L C,
=1 |5 Q=R [, 72
FRAC Q=R L (72)

for both cases of a series and parallel configomain an ideal circuit arrangement. The coils are
arranged within their respective circuits as to imméze the amount of energy stored between the
inductances and the capacitances. The maximumyestmgd inL;; andC ; is,

u. = Llg,u, =CVY7, (73)
u, = LIz, ug = C Vg,

which is discussed in greater detail in 82.3.1. Tdwp can be treated as a standard oscillator in
coupled mode defining (43)(44) as

(74)

It is well-understood that quality factor has aedirconsequence upon the efficiency of an elettrica
transmission circuit.
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The remaining component relevant to the propexifesoupled-modes is the losses in the system
resulting from the materials used in the constanctif the loops. Losses in the system are observed

dissipation of the energy stored. For the lossestdwhmic resistance [58],

—1]1

Where g, is the conductivity of the materiah the number of turns/ the wire length of the coil,
andr,; the wire radius of thé" and j" coils. The calculation of the quality factor ahe fosses for

the system are shown in Table 2.2.

Table 2.2. Energy, quality, and loss specification.

TABLE 2.2

ENERGY, QUALITY, AND LOSS SPECIFICATION
Cloil L; L; Lo
Resonance frequency (Hz) 345607.761 404004.671 433203.126
Oscillator current (A) 1.25
Oscillator voltage (V) 6.20
Ohmic resistance (£2) 0.00593 0.00508 168820.035/cm
Energy storage (pJ) 7.158 6.269
Quality factor T76.583 T75.472 3.225
Magnetic field B (T) 2.618E-05
Scheme efficiency 0.7682

Column L, in Table 2.2 is provided for the object impressedfree-space as a function of the

inductance and resistivity of the medium. Averagid, potential efficiency is very high for the
coupled-mode, although it will be shown in expenitsethat it is transformed solely on the properties
of the material consisting the antennaldeoal space, the efficiency is observed to be very highit
refers to the ability of the loop to transform theceleration of electrons into photons, not incigdi

any of those quantum considerations here. Effigiesfcthe transmission over distance is the linear

decay of power over%. This is discussed in terms of radiated powerhef antenna in §2.3.2.

Energy storage in Table 2.2 is shown per cycle.

With these baseline criteria for the expected prigee of the antenna as a function of the materials
and geometry of the wire established, the next teapill address the circuit model that can sustain
the oscillations. The criteria is the means by Whidferentiating models will be judged to be uged
commonplace application, such as that in §2.4. 3ystem under consideration is designed with
compactness in mind and each component chosennfoexpected level of performance. The
purposeful choice of using the type of oscillatescribed herein is not by accident; it is choserito
simplicity and size.
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2.1.4 The magnetic potential

The magnetic vector decomposition is useful to diesahe nature of the field object between the
resonators as a result of the forces that shamgeshject. The field model is centered around the
assumption that the geometry can be understood fomological arguments of the forces in the

region.

The model uses the magnetic vector poterAia:I(AK, A, A) to construct a finite solution by casting

a projectionA as the dot product of the tangent vector andrtagnetic potential, as,

A=ALO+AL+AL (76)

(76) is the response of the potential to the digtnce of the wave. Its magnitude is relative to the
energy stored in the field object. While not appeaimside the field, it occurs at the limit of tfield

at its boundary and is symmetrical along the sgsteveen coupled-mode objects. The field has
dispersion dependent on the geometry of the antetiva transmitter and receiver placed at
separations in all three Cartesian directions. 0ty of the potential in context with the fieldjebt

is observable under measurement of an unpowerethr@antand is extant at the nulls to the left and
right minor lobes. Modal magnetic resonance cogpiinmore effective at describing magnitudes of
magnetic flux density in terms of the potentialeauch is description is in terms of displacement

currents.
The antenna loop carries a complex current,
I(t)=1cosa , (77)

which is confined to the loop near its surface—sheace of the conductor consisting of Litz wire.
The vector potential from the loop is expressed as,

A(r)=£lg €, (78)

4T r'

where | =1 cosat . To simplify the appearance of the harmonic curierihe following equations, it
is expressed as

I=u,. (79)
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By inspection of (78), the evaluation of the poi@ntepends of the location whed’ is being
observed, as anticipated. Expansion of the exp@idotm,

ew et = e [1- i 1- §], ©)

similar to the approximation of the electric dipf2d]. Equation (78) is written as,

ar

A(r)= Aol o [(1+ jkr @——qu) dl} (81)

For the purposes here, the second integral ini€82¢ro since all it indicates is to continue mavin
the observation around the circle to the startioigtpof integration. Therefore, evaluation of tlirstf

integral in (81) yields, by vector identity [46],

¢ bdl'={_(u, xOb)Cds (82)
to convert to a surface integral. The scdlars equal to the inverse of the amplitu%,, the unit

vector u, =u,, since the loop is wholly in th& -y plane and projecting along This results the

vector to be decomposed into,

(83)

— ur'
- IAS[UZ % (I")ZmedS’

where the surface integral yields the facta®. Because it is expected by geometric inspection the
shape to be homogenous and elliptical, the resgliring representation in spherical coordinates.

Taking the vector relation,

u, xu, =sinéu, (84)
gives,
i 2
§ &L= sine. (85)
S ¢

Using (84) in (81) and evaluating reveals the atdon of the vector potential with the field olijec
This is,
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sindi . (86)

Equation (86) suggests there are observable efé¢dtee boundary between the field object and the
potential. The result was simulated and is showrg®R2.16.

Slice lag10imadlml normE) Streamiine Magnetic fiekl - Magnetic vectol potential, x component (Wb/m)

,‘

=
# 2
Jlf S

L

77
L

The simulation shows that the electromagnetic piatein enmeshed in the field, as predicted, but

also is in motion at the boundary between the faeld free-space following the—y plane of the

loops. What is interesting is that motion is clgsebnnected to the interfacing of the loop and the
medium and that it occurs in differential degreémagnitude. What isnostinteresting is that if the
potential can influence the line integral at theeiiface. If it can significantly move it away frarero,

it would show a second coupled mode inside thersehe

Two questions asked are: is the potentidl, a component of the entirely contained within the
magnetic intensityH , else a coupling tB? Is it a property of the medium inferring a tramsbé
force betweenB and A? The use of the Maxwell displacement currddt is the form of the

displacement because of the forces between antemtha field object [47], as,

(0D/at) xr W

3 (87)
r

B=DxA=i’—;Tj%du+%Tf
The sequence of solutions to find the potentialieirms of a circuit, is difficult when trying to
decompose the potential vector on the interfaceuantify the dependence of the potential on
coupling; this is especially difficult when therge mo definition, outside of the impedance, of free-
space. We have free-space in the sense of thatpdanat, we have free-space in the sense of the
“vacuum” of outer space, and we have the conterttian there is dark matter filling the apparently
empty space. Can there be a unification [25, 48lising the Minkowski cones and time dilation of
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Einstein’s special theory? Are electromagnetic desrand the charges that populate them strictly
dependent on the quantum effects, i.e., the dualitite electron [49] and its esoteric properti€sh
wave-particle duality be expressed in such enedgsteuctures? The author contends this provides
sufficient material to support the notion of frggse waveguides, constructed by the scheme, and
energy can be transmitted across them. It coulg well indicate evidence of properties only visibl

in the quantum universe, are also available tonfaero world [50]. The model would then be

described topologically as a waveguide field [5WG - F, and the primary contributor to the

closure of currents in an open circuit across feace.

The substantive claim presented in this thesisf isnoindependence of the magnetic field from its
electric counterpart in terms of force and attraet-described in terms of the magnetic potential at
the interface of the antenna. It is most observabtier particular conditions in the antenna whieee t
radius of the antenna is expressed as a ratjopf the loop circumference to its wavelength as an
exponential function, shown in (42), whoBefield takes the form of (21) and (22), upon apgiicn

of a true conduction current the field lines extémuan the center of the loop form a hyperbolic gan

along thez and-z directions, as shown in Fig.2.17.

Fig.2.17. A single loop projecting a magnetic field

The presence of the field in free-space emittedabynagnetic loop is obtainable by discrete
trigonometric functions, given its projection [30The effective area, where forces deform the
isotropy into a discernible shape, transforms atmmposite of sufficient flux density providingeth
appearance of a closed surface. The equilibriuth@farea is dependent upon the magnetic energy
contained within and where the boundary is disakrAdéthough in fact the boundary is indeterminate
at extreme positions along the curvature of fieldppgation, where the received power approaches
zero is such a boundary. Description of this bownds given by the infinitesimal of the magnetic
field. The surrounding free-space is considered aeriodic locally-approximated waveguide [107]
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with implicit time-dependence!® that, uncoupled, have the spatial dependercEd and e %,

respectively wheref, = , are propagation constants. For the geometry showfig.2.8 with a
period A\, the coupling coefficient takes the fordx,, 005(2’7%\) . The spatial equations (43) given

their weak time dependence of amplitu@esand a; (44), and coupled state (45), when equivalent to
the relationship of the stored energy at resongizceonductancés and resistanc® attenuating the
transmission, contributing simultaneously to a ctapmpedanceZ, and admittanceéy,, construes

that the forces exchange energy in constructive @egtructive interference patterns as a global

oscillatory force representing the waveguide [2&,1111].

It is proposed that if a special circuit could deca&te electrons in an antenna, the emitted raahati
could be controlled and directed by manipulating firesence of the magnetic component. An
increase ofB will yield a greater mutual inductance (54). Witie addition of metallic accretion

discs, that is, “accretion” meaning discs formingirdaform conductive surface, lying in the-y

plane and projecting along so that a corona effect occurs in the gap betweelisc and the inner
loop surface. Such discs are aligned with theitarsrat the same point as the loop center, illtedra
in Fig.2.18.

distance

Iy M

Li Lj

TRANSMITTER RECEIVER

Fig.2.18. Schematic drawing of two circular loop#hveenter discs.

Under normal atmospheric pressures and temperatnesgnetic field has a potential flux density
which is evenly distributed, is concentrated towduel center of a loop rather than in other plaaed,
can be modified to induce currents at a distan@&][1An energized circular loop antenna emits a

magnetic field of a given intensity which is a pwod of the current dependent upon a spherical
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surface and the geometry expressed by the ant€heaadiusr, of the loopi is given as a ratid],,

of loop circumference to resonance wavelendthexpressed as an exponential power function

27,

Di =l

(0.1)0.251
0, =10", (88)
v=-1-2,-3..n.

With respect to the loop described by (124), thgmetic field in thex-y plane takes the following
form,
B :%Qﬂri :'ULIO. (89)

Xy
i i

where |, is the current applied to the loop. Contrastingi field at a distance along thez -axis

from the center of the loop s,

2
R T (90)
4 2(d32+ri2)§

in which d , is the ordinal field distance. When a current, is applied to the loop, the magnetic

field lines extend from the center of the loop &main a curvature as a hyperbolic plane along zhe

and -z directions, as illustrated in Fig.2.17.

The presence of the field in free-space emittedabynagnetic loop is obtainable by discrete
trigonometric functions, given its projection. Tékective area, where forces deform the isotropy in
a discernible shape, transforms into a composigificient flux density providing the appearanée o

a closed surface.

The equilibrium of the area is dependent upon tlagmatic energy contained within the area and
where the boundary is discerned. Although the bapn@ indeterminate at extreme positions along
the curvature of field propagation, where the resgipower approaches zero is such a boundary.
Description of the momentum of energy propagat®miven by the infinitesimal of the magnetic
field.
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Fig.2.19. Geometry of a projection and infinitesirield in the circular loop.

Fig.2.19 illustrates the geometry of the energyguatemitted from a circular loop by its intensity

motion across free-space, displacing the spacengisemagnitudeH-dB ,, in both the positive and

negative directions ofz. The phenomenon of projectiotd, is manifest as a wavefront from a

transmission antenna where an acceleration foreeblan applied to electrons on its conductive
interior. The length and intensity of the projentits due simultaneously to the geometry of the

antenna and the power applied to it.

In Fig.2.19, the length of transmission along #exis is a component consisting of the projection

field length d; and the ordinal field distanag, , given its radial sizey, , and the infinitesimal field

JdB. The length ofu is given by the persistence of amplitudes to itiné bof their ambience, manifest
as B given in both directions of propagationanBy calculating the anglé and integrating around

the loop, one can determine the amount of energyeott inB.

The magnetic flux density is dependent upon theectirapplied to the loop antenna. An increase of
E or B will quasi-linearly increase the flux density dfetfield, given thermodynamic laws. The

assumption is that an increasedwill yield an equal increased amount®fin the model.

The model under consideration is a weakly-couplledy «, system at resonance behaving
analogously to a locally-approximated transmisdina-resonator [31, 111]. Under such conditions,

the complex current and voltage operating on tbpsdake the form,

1 (z) = Iwo{%j , -
V(2)=-ijz, Iosin(?j ,
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where |, is the current in the short-circuit amds the length of the attractive transmission patie
simple impedancez,, is that of free-space, ~3@7 The average stored magnetic enefgy) in the

loop at resonancey, is,

_].I 2 1 2| 7z
W), =4[ UL d2= Uy J;co§(|—j dz

1
:§L|||0|2.

(92)

The average stored electrical energy does not teebd calculated separately since the system is at

m

resonance. i.e(,vve>% =(W, )wo as,

(W), = (W W), =(2W), =3 U)o (93)

The surrounding free-space is considered as adierlocally-approximated waveguide [24, 107]
with implicit time-dependences’ that, uncoupled, has the spatial dependercé#3 and e '#*,

respectively, whered = 8, are the propagation constants. For the geometwrshn Fig. 3 with a
period A, the coupling coefficient, (transmitter) ands, (receiver) take the form., cos(z%)

Therefore, the spatial equations are,

iaT == j/BTaT - jZKT CO{Z_ﬂzjaR )

d : , 2nz
d_ZaR = - ]Brar~ JZKRCO{_IjaT'

given a weak time dependence of the amplitugleand a, to resonance frequencies and w;,

—-ar = jwrar t jKag,
dt (95)

d . .
aaR = JwRaR+ JK@n

relative to the coupled state of the resonatinmetgsL, andL,,

Ky =Kgq= (96)

M,
Ly,
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The mutual inductance of th&€ and j" elements and the integration over the sphericdhsa S,

from Fig.2.19 is therefore,

[[Bmids
M, =5 (97)
I
proportional to the current, of the opposing resonatar, yielding the property that energy can be

applied to the system to a maximum point that tleveguide can sustain. The dissipated power,

while a property of the load present, is also gerty of the power sustained in the magnetic fial],

(Pa) =3 R +5 GV( 9

1 ' 7z 1 ' mz (98)
==R|I,[* [cod| == |dz+= [ cod| == | dz

SR Joos 72 oz 3 Gy cos( 7]
shown in (134) to be equivalent to the relationgifiphe stored energy at resonance via conductance

G and resistanc® attenuating the transmission, contributing to bettomplex impedancg, and

admittanceyY,. This is suggestive of an oscillatory force actimg waveguide.

Once the electrons within the conductive materialaccelerated, they subsequently radiate energy in
a quantized form upon deceleration [5]. The enemngytted in the form of radiation from the charge

g with acceleratiora is given by,

2,52

(P = g o (99)

wherec is the speed of light. The emission of energy tipolar form is,

(p,) = Htosin’ 6, (100)

where 8 is the angle between the direction of acceleratiod the emission. The radiation is

polarized such that the emission field is paratiehe acceleration force on the electron.

It is proposed here that if a circuit could accalerelectrons in an antenna, the emitted radiatoid

be controlled and directed by manipulating the @nes of the magnetic component. An increase of
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B would then yield a greater value o1, with the addition of metallic accretion discs, tths,
“accretion” meaning discs forming a uniform conduetsurface, lying in thex-y plane so that a

thermodynamic event occurs in the gap between ideahd the inner loop surface connecting the
two as a coupled potential. Such discs can beedignth their centers at the same point as the loop

center.

The magnitude of projection at a distance from |t is given by the quantities afosha and
sinha,as shown in Fig.2.17, between the limit at thedi@m zone, at point ‘b’, and the center. Point

‘a’ is where the influence of the magnetic fieldaisa maximum, such that a second loop absorbs a

maximum quantity of transmitted power yielded bg first loop. The power densities in the darker

grey zones, Iabeled% and i%, based on their orientation on tlxeand z -axis, are equal unless

there is an azimuthal field present. The power itieis these zones is dependent upon the current

applied to the loop.

If a loop is set at a distance with a second lobfhe same number of turns, loop radius, and wire
diameter (to a reasonable degree of equal apprtivimahe field “lines” extend the hyperbolic plane

from (%, ¥y, %) t0 (x.¥;,z) with less curvature than that observed in the case of a singular loop.

The limit between the distance, given py-x,. y,- ¥, z— z), and the fall-off of the field, given by
%2, is asserted here as being due to the curvatuteegiropagation and the substantive waveguide

and is not necessarily dependent upon the sizeedbop.

The addition of a conductive media lying along they plane, perpendicular te, will contort the

zones. If a flat metallic sheet is placed in thengl of a length and height greater than the diaméte

the loops, then energy is absorbed on its surface.

Contrastingly, the introduction of a metal disctla¢ center of the receiving loop will increase the
magnitude ofB. The propensity of the discs to enhance the magfietichas a greater influence on

the receiver as opposed to the transmitter.
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Fiéy.2.20. (a) Magnetic 'flux of ioop antenha, (Padadds flux Strength.

The magnetic loop, at a ratio to its quarter wavgtl, contains the effects of a full alternatingreat
(AC) cycle impressed on it by an incident wave [3[fe rate of exchange of energized particles is
then represented by the density of “magnetic lingkistrated on the left side of Fig.2.21. Thehtig
side of Fig.2.21 meanwhile shows the same loopesystith an accretion disc added at the center of
the transmission loop. The more attraction betwthenloops, so the more efficiently the energy is

transferred.

The lines in Fig.2.21a and Fig. 2.21b show the ratigrilux density while the slices at the ends show
magnetic field intensity at the loop at noBn For the purposes of the paper, the number or fgéns
of field lines precludes a higher magnetic fluxtie region while a shade from dark to light denotes

greater intensity.

The strength of the magnetic field generated byltlop may be increased by adding tum®f
conducting wire, instead of a single turn and iasneg the length of the lega shown in Fig.2.18.
In terms of the experiments which have been perdrigind are reported on in this paper , the loop

was constructed whene=3 and m=4 cm. In terms of calculating the magnitude, it is p@hanore

appropriate to consider the magnetic field in teasl whereB = yH.

Fig.2.21. Propagating energyBn
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A single disc is placed inside the receiving looptsat it lies on thex-y plane while its center lies
along thez-axis, as shown in Fig.2.56, where the magnituda a$ directed through its center. With
the addition of the disc, distortions are presewntimmbalances in the field, where additional

transformed energyd,, appears in the azimuthal field, shown in Fig.2a83
J,=1(r.6)e. (101)

A disc, approximated as a consecutive sequencarefturns in the form of a spiral where the width
w between the winding arms approaches twice the naitius, asw - 2a, has a surface radius of 12
mm. It is expected the disc will increase the magla of H relative to its size with the addition of
the new vectoru. The azimuthal magnetic field is expressed as argtorder phenomenon. An

increase in energy in the field is observed byr@ngased conversion of electric current ifto

Fig.2.22. Density of azimutha8 field.

Distance does not directly affect modal coupling {&ther, spatial extensions in taéirection relate
more closely to the transport of electrical povexpressed in terms of the and B fields, attenuated
along its length. Therefore, broadcast power igesilio an attenuation rate dependent upon a value
of impedance. The appearance of an azimuthal coempamhen the disc is placed inside the loop is
likely due to shearing effects, or imbalances & ¢guilibrium state of the magnetic field consigtin

the waveguide as it transforms from isotropy towamtotropy in thex- y plane.

Experimental work on this aspect of the theoryrespnted in §2.4.2.

2.2 The circuit model

As it is primarily intended that the system transmaves, under such conditions the oscillator is

considered to be the driving-force of the systenith@it oscillations, waves would not propagate.
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For comparative purposes, if the antenna was ctlangh a non-oscillating current such as that
provided by a direct current (dc) power supply, teeeiver would not see the signal and magnetic
energy statically emitted into space, given the a8 of the conductor. There would be no explicitly

defined coupled-mode and the signal would not eotpla distant load. As far as the field object is

concerned, it is randomly generated with no colmesidhe ambience.

The task of this section is to describe the contitbn of a circuit, which illustrates the diagrantina
representation of the source, the oscillator, &weddops illustrated in Fig.2.1. The circuit modell
also attempt to satisfy the mathematical descmgtiof the previous sections while introduce a
reconciliation of the circuit verses field modelscntinuities [52] only in the confines of an

agreement of the supposition of resonant circusirgienna correlation.

To satisfy these aims, a circuit which consista @éfansmitter and a receiver is required consisting
a compact oscillator driving a magnetic-resonamplantenna. The coupling of the source and
oscillator objects are wholly responsible for theu@cter of the manifest field between the antgnnas

as described in §2.1.

The most immediate and obvious question is whad kihoscillator to use: compact, powerful, and
the ability to impress the expected currents on lttep. Efficiency is important here as the
transmission scheme has a criterion of “worthine$ss taken into consideration when choosing the

oscillator type.

In the early days of radio, numerous types of taoits for signaling were based upon the spark-gap
transmitter first used by Hertz [53, 54]. As thansmission of radio waves evolved from telegraphy
into voice, increasingly the oscillator needed ¢dftee from noise for broadcasting. As the spargk-ga

started to fall out of favor, sinusoidal oscillat@ble to contain modulation were proposed in dinen f

of the regenerative circuit by Armstrong [55]. Timeiversality of the scheme showed that any radio-
frequency oscillator was a topology containing fesak; this topology could be modified to provide a

controllable reduction in feedback loop couplingtbe antenna circuit. If the method of coupling was

to split the characteristic impedance of the cir¢cbrough an amplification stage, it functions as a

combination of an oscillator and mixer, which coris¢he modulation directly to the baseband.
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Regenerative oscillator

Fig.2.23. The regenerative oscillator.

On examination of Fig.2.23, the driving force oetliacuum tube Ul is carried across a pair of
inductances, a coupling coil, L2, and tickler caiB, along with tuning capacitor, C1. The capasitor
C2 serves to suppress leakage from the grid othdacitor C3 for frequency bypass. The application
of dc power to the triode amplifies the signal imiog to terminals J1 and J2 treating the beat
frequency of the antenna scheme and power impreseed as if the entire package was a
combination of source and oscillator amplifying teeonant frequency of the antenna. If the cirisuit
modified to split the antenna into two equal phased the driving amplitude powering each 180
phase-shift, a circuit with twice as much applienivpr could be constructed. Such a circuit is the

push-pull oscillator.

The push-pull oscillator is a type of electroniccait that can drive both a positive and a negative
current phase-shift into a load. Appearing in thdye1920s, later described in detail by Hoag [56],
the model is a highly-efficient oscillator whichrtains a complementary pair of power-drivers, one
dissipating or sinking current from the load to tlegative power supply, and the other supplying or
sourcing current to the load from a positive pos@pply over a center-tapped coil during a complete
duty cycle. Because of the high-efficiency and simaplicity of the model, it is ideal for wireless

power transmission shown in Fig.2.1. Since the mehis based on induction, the oscillator will have

to be modified to also phase-shift the antennadtahce through the cycle.

An inductively-coupled push-pull oscillator is show Fig.2.24. When voltage is first applied by the
dc source, V1, the fluctuation of the voltage makes grid of Ul positive and the grid of U2
negative. Because the current is lagging behindviiiiage, it is expressed as changes in the plate
current. The lag of the current is an importantiie® which is directly captured in this type of

oscillator, the dipole is created on the plate. Tdsonance between the inductance and capacitance i
71



the plate circuit causes voltage changes on the,plhich fed through the plate to grid capacitance
or by magnetic coupling between the two tank cts;uieverses the polarity of the grids, switching
them exactly opposite. As this continues, the tainkuit impresses the voltage changes of the grids
and current on the plates, so that oscillationim@feasing magnitude rise. The magnitude risebhéo t
limit imposed by the magnitude of the source vdtamd the energy is spread evenly across the
circuit given its symmetry. Eventually, the riseaches a magnitude where the dipole breaks and
energy is released.

2.2.1 The push-pull oscillator

The push-pull oscillator is a balanced oscillafithis type of circuit is able to deliver larger oute
with less distortion than single-triode amplifiefhe output is a sinusoid relating the opposingdsr
of absorption and dissipation in the tank circuégated by the coupling of coils and capacitors sro
the amplifiers.

Push-pull oscillator

Fig.2.24. Inductively-coupled push-pull oscillator.

Because the oscillator in Fig.2.24 is suitable iwedthe scheme, it is necessary to recast theitirc
since the antiquity and power needs of the vacuibya-triodes make recreating the circuit in its éxac
form impractical. What is more realistic is to r@p Ul and U2 with something like a semiconductor
triode, which has the ability to impress a higheleof amplitude with fast switching speeds. Such an
item that is very advantageous for this purposkes-MOSFET transistor.

Since this is a field-effect transistor, dependgmin high-speed, electric field switch-transitiotie
n-MOSFET has coupled-modes. The mode relevant isetiee triode mode or linear region, also
known as the ohmic mode [57]. The architecture mfnechannel MOSFET shown in Fig.2.25. A
metal-oxide-semiconductor field-effect transist@stthree terminals: the source, the gate, and the

drain. In an n-MOSFET, both the source and thendreé n-type and the substrate between them is p-
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type, shown in Fig.2.25. A thin layer of siliconodide insulates the gate and the p-type substrate.

Due to this insulation, there is no gate currerditber the source or the drain.

source gate drain
\ drain
gate
n-channel ++++++++
| n| ~~——————"—"1n |

p substrate

source
n-MOS

Fig.2.25. The n-channel MOSFET structure.

The n-MOSFET can be equated with a voltage-comtadiwitch. When a sufficient voltagg,g is

applied between the gate and the source, the ymsgititential at the gate will induce enough elawro
from the p-type substrate to form an electronionctgh creating an inversion layer between the source

and the drain, and a currehts is formed. The behavior of a n-MOSFET can be deedrby the

function I = f (VGS,V DS) with a threshold voltag®;. These properties can be taken advantage of

in the wireless power scheme by placing the n-MOBHEthe circuit in such a way as to split
oscillations into two groups: those of the transiois antenna and those between the pair, illustrate
in Fig.2.26, and the steps through each phasstriiited in Fig.2.27.
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Fig.2.26. Schematic representation of acceleradlagtions split across a tank circuit.

Fig.2.26 is intended to show how a single MOSFEMhaapplication applies an acceleration force, as
a property of the potential (voltage) and induceamdere the oscillation is sustained in the antenna
The ability to phase-shift between each part ofdyede synchronizes with the shifting phases of the
potential will close the circuit periodically antdcavs energy to transfer. Free-space wave projectio
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is possible when the synchronization is with ang a@f the rest-state potentials embedded in the
phase. Although the specification of these poténttaoutside the scope of this thesis, sufficeap
the synchronization satisfies the presence of tltenma as analogous to coupled-modes, merely by

inspection. It is at the shifting between phaseeralinteraction with the interface takes place.

180 Phase-shift
Amplifier O ,A'.‘ ‘
package O \/ \/ \/

|

AANS

_IYYYYY
|
|

180" Phase-shift

Fig.2.27. Phase-shift amplifier on coils.

A deeper analysis of phase-shifting on circuitsaiso out of the scope of this thesis. What is

reasonable is that a power n-MOSFET is a suitaim@ponent to replace Ul and U2 of Fig.2.24. The
arrangement of Fig.2.24 is altered to Fig.2.28:

e Coil L2 becomes the antenna, and is connected satmesdrain of Q1 and Q2 to split in half
the antenna circuit including the feed from the posupply, polarity opposite,

» plate terminals Ul and U2 are tied together andvecnto the negative feed from the power
supply, and,

» coil L4 is the receiver antenna, shown in Fig.2.29.

A schematic of the oscillator to drive the cirdsiillustrated in Fig.2.28.
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Transmitter circuit

Fig.2.28. The transmission element with a coupledien

This model contains only a simple description af thipole but it is suspected such a description
could go deeper, briefly examined in the Appen&ggardless, the circuit will create and destroy its
dipole in a cycle releasing its energy. Since desivn of the dipole is occurring by the current
returning to the source in the form of feedback @ofrom the antenna, excess energy will bleed off
as heat. The component that emits the heat dugdmal losses and feedback of energy coupling at
the interface is the capacitor C1.

At higher source levels, heating of Q1 occurs; {s@dts for both Q1 and Q2 and a metalized
capacitor will keep the circuit from burning outhd author strongly suggests future research be

conducted on Joule heating in the circuit.

2.2.2 Simulation and construction of the circuit

The circuit coupling diagram in the simulator praxgy, National InstrumentslultiSim, is shown in
Fig.2.29a.

Free-space coupling Receiver circuit

Fig.2.29. (a) The receiving element with a coe, (l;j-an exaple receiver.
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Using a suitably constructed receiver, illustrateéig.2.29b, a simulation of the circuit is conthat

The driving function of the circuit in the simulati will be a pulse. Hertz proposes that a “ringer”

required to start the oscillator [53]. A pulse entr| .. will be used in substitution of V1, shown in

Fig.2.30. This is similar to the use of the spaak-gOne of the amplifiers must be shorted while
power is applied in order to ring the resonatoorggly enough for oscillations to be sustained. A
momentary short is placed between the gate andithi@a of Q1. The oscillator is self-sufficient
requiring only phase offset amplifiers to sustdia bscillations through the cycles thereafter. This
an ideal representation of a kick-start becausenvihe pulse current is adding energy, it forms a
closed circuit. Simply stated, the oscillator regaipriming. To simulate a momentary burst of eperg

to the oscillator, the settings of the pulse curegr listed in Table 2.3.

Table 2.3. Simulation circuit properties.

TABLE 2.3
SIMULATION CIRCUIT PROPERTIES
Property Value
Initial value 0
Pulsed value (mA) 100
Time delay (ms) 10
Rise time {j1s) 10
Fall time (ps) 10
Pulse width (ms) 1
Period (s) 1

The broadcasting model these settings are apmliedshown in Fig.2.30.

Transmitter element

Fig.2.30. The broadcasting model for simulation.
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The frequency counter reads 422 kHz; the signahetoscilloscope, 2 volts per division on tpe
scale, with a time base of 208 per division on the-scale is shown in Fig.2.31.

20048

Fig.2.31. Simulated signal seen by the receiver.

The simulation refers to both the transmitter aadeiver elements of the theoretical model first
illustrated in Fig.2.1. As the simulation is taki@ncontext to inductively-coupled elements based on
circuital laws, the components consisting the bcaatimodel have the properties:

« Components L1, L2, L3, and C1 simulate the onenasw—the transmission antenna illustrated
in detail in Fig.2.38; likewise, L4 and C2 simulatesecond resonator, they are coupled across
free-space at the calculated coupling coefficiennf(45),

+  Q1, Q2, C3, and C4 constitute the oscillator drikgrvoltage source V1,
- The system transmits energy given the theoreticadiptions. Variation of the coupling

coefficient «; shows the various circuit responses, using theesaand y-scale divisions of

Fig.2.31, shown in Fig.6.1 in the Appendix.
« L3 contributes weakly to the inductance of the loop

Component L3 is primarily the positive connectianthe amplifiers in the circuit, as shown in
Fig.2.30. Since it is only a one-half turn on tleg, it is expected the inductance of L3 is much

smaller than the inductance of the loop represemégdeen components L1 and L2.

2.2.3 Equations of the circuit model

It is expected that a sinusoid to be emitted frowm transmission antenna with both a positive and
negative group velocity outward alomdrom the loop surface lying in the y plane. Group velocity

is defined as a group of amplitudes used to distsilgemanated waves in both positive and negative
directions ofz, projected by the antenna. If only one side issitered, then the efficiency is divided
by the missing group waves, at a complex velogitgesit cannot be assumed that each photon in the

energy is moving at a constant velocity throughthat projection. This assumption is because the
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velocity is due to the magnitude of force of acratien on the electron in the conductor. The
assumption is compatible with the consideratiorthef wave envelope, however, with a stochastic

distribution of energies.

Alignment of loop centers, or axial alignment, wiield the highest magnitude of energy transmitted.
Performance in the circuit seems ideal when nodge @aced at the point one-half of the length of

AB. It would be interesting for future researchthfs wire placement differs in performance on the

length. The cyclic qualityQ(t), is relevant to describing the internal qualitytleé oscillator at any

particular timet, when,

QY :%to' (102)

Equation (102) infers a complex set of amplitudesent across the field object. The effective quali
factor Q, along with the effective damping factaf, satisfies the traveling wave solution. These

properties are based on the states of the osciflat@ach instance of the antenna elements as,

iq,Q Q,...Q,,
m (103)

PRI

for each of the antenna elementgk ,...n. The states describe behavior of the system wheme tire

small changes irR,, given (72), shown in Table 2.4.

Table 2.4. Oscillator state b and .

TABLE 2.4
OSCILLATOR STATE BY Q AND ¢
Oscillator state Q ¢
underdamped Q.>05 (<1

critically damped Q. =05 ¢ =1
overdamped Q.<05 (=1

Depending on the values of the effective dampfingand the effective quality factd®, in both the

antenna and the oscillator, the emitted wavefort ke one of the three types. The meaning
represented in the different states of oscillai®odue to the displacement of a wave in space gigen
periodic motion. In order to satisfy periodicityhet oscillator must be elastic—in the sense of

returning precisely to its original configuratioftea deformation: this requires a known position of
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equilibrium and a counter force which restores ldopiiim. The oscillator must be able to produce a
sustained single frequency on a source objectavitiierance small enough that an object designed to
absorb the oscillations will do so if it has appmoately the same parameters. The antenna will

comprise the vibrator while the oscillator will pide synchronous amplitude.

In the traveling wave case for radiative energyterdifrom the coupled antenna, the solution ismgive

by the wave equation, transformed from (5) using (9

0°u  d°u_ 1d%u

o 0f Vot (104)

where Vv is the phase velocity. As the wave propagatesth the +z and -z directions—positive
. . o .21
and negative group velocity—the description of tinensverse motlonT=27Tf =w, where

v= fA allows the description to be,

y(xt)= Asin27ﬂ( x= Vi

v, (x1) :%:wACOSZTH( x= Vi (105)
ay(x,t)=%= afy=—w2Asm—ﬂ( X V)

The following equivalent parametric forms of theweaolution of (105) are,
y(xt) = Asin( kx- w1,
y(x1)= AsinZTH( x= Vi), (106)
. X t
X t)= Asin2r| ———|.
y(x)= Asinzr X~

The determination of the velocity, and its inhibition,v, is dependent upon the properties of the

medium in tandem with the coupled inductance whimhms an approximation given the wave

relationship. The parameters are shown in Table 2.5
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Table 2.5. Oscillator traveling wave parameters.

TABLE 2.5

OSCILLATOR TRAVELING WAVE PARAMETERS
Coil L; L; L,
Resonance frequency (Hz) 345607.761 404004.671 433203.126
Wavelength (m) 867,436 742.052 692.037
Quarter wavelength (m) 216.859 185.543 173.00925
Wave period (ps) 2.803 2,475 2.308
Wave number 0.0072 0.0085 0.0091

Quarter-wave velocity (m/s) 7.4948153e07 7.4960238e07 7.4948147e07

Because, in the wireless power case, the traveliaee emitted by the antenna is a function of the
amplitude generated in the oscillator, is confitdne plane in space and varies sinusoidally th bo

space and time and expressed in combinations of,

y = Asin( kx- wf),
(207)
y = Acos( kx-wf) ,
and of the complex form,
y=Ade, (108)
As an Euler identity, the form takes,
€? =cosf + i sirg (109)

Alterations to the circuit would affect strong clyas to its state. The transmission circuit is &eser

circuit and the addition oR, would makeQ, smaller. The receiving circuit is arranged in flataso

that changes iR, will make Q, larger.

Fig.2.32. Simplified circuit diagram.

Based wholly on these theoretical results, a dinsuconstructed based on the schematic used in the
simulation wherein to test the hypothesis. Thedmgiasion circuit including the antenna discussed in

§2.3.1, is shown in Fig.2.33. Measured with a fesgy counter, the broadcasting frequency is
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f, =428 kHz It is expected that if the dipole would be presenafter each cycle, that efficiency

would increase as well as the potential at the Bann

Fig.2.33. The constructed oscillator.
The next section addresses the details of the gatipen model proposed in this section.
2.3 The propagation model

The transportation of energy across free-spacersdowa pair of tuned circuits, symmetric and set a
distance apart, when one of the circuits is eleall§i stimulated. By amplification, the resonance
frequency can be used to accelerate electronsail.a

In practice, this means an electric current willibduced in any distant circuit where the magnetic
flux intersects with an appropriate conductor ie fmath of the oscillations. The placement of the
resonant objects in the scheme will be in the pased on the projections of their antenna, coupled

their resonant circuits.

The quarter-wavelength magnetic loop antenna iseéulidevice to transmit significant quantities of
electrical current at reasonable efficiency. Famdicity and brevity, this is a fundamental artifat
the scheme presented in this thesis. The comm@atgerof behavior available is exclusively due ® th
interface between a set of electrical charges amdarabient structure of free-space at normal
temperatures and pressures, for the purposes hat@aspheric air with characteristic impedance.

The mathematical components needed to describgrttidem at hand are currents in the conductive
media and currents in the dielectric. If the medinside the waveguide is homogenous and isotropic
and if the surface impedance at the boundary i3, zee method of separating variables obtains a set

of normal, uncoupled modes of propagation. Anygutarity or discontinuity in the waveguide
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provides a coupling between some, or all, modegropagation [24], transported on a transmission
element whose radius is smaller than the dielespaxre, whose waveguide is sufficiently infinite, t

impose ideal planetary electrical characteristics.

A necessarily narrowband antenna with steep nsillgduired to allow the power to transmit in the
signal while rejecting spurious noise and othendient phenomena the magnetic fields could be
subject to, including solar radiation. The quart@velength magnetic loop antenna has very sharp

nulls at right angles to the plane of the loop.

These nulls can be very useful for suppressingoraderference. A rotation of the loop will reduce
noise. Because the nulls are sharp, small chamgasténna orientation can make a large change in
signal or noise received from the direction of lills allowing the interference to bleed into tred.

The nulls are sharpest on the smallest loops atrampter approximately0.054 which linearly

increases t@®.14 at the periphery [30].

The propagation model, for reasons stated in theigus sections, and in detail in §2.1, is conagrne
primarily with small antenna sizes with a high &ffncy. In the proposed model, the loop size is the
most critical property. If coil loop is wound atsaecific ratio of circumference to wavelength,sit i
equivalent to conductor connected to an electyiegtliort transmission line with coupled modes [30,
107]. To maximize the emission of radiation, thegmetic loop should be at a ratio of its
circumference to its quarter wavelength. Such anetig loop will be shown to have the ideal ratio,
in terms of maximum transmission efficiency, is whhis ratio falls on an exponential scale, shown
in (42). Consider a circuit consisting of a singglep of insulated wire wound in such a way as to
create a circular loop of a few turns. This loop &8 capacitor become one-half of a resonant itircu

forming a transmitterT,. The length of this wire loop/,, is then duplicated to construct a similar

loop of identical characteristicd, , along with a capacitor forming the second halfaofesonant

r?

circuit forming a receiveR.

A current is applied to this circuit, induces amattical field in the self-inductance of loofy,

creating a magnetic field which is coupled at thteriface. By placing a load in parallel to the agh
gap in loop, magnetic energy is drawn into the gap then converted into electrical current.
Inclusive in the loop is a voltage gap of width no greater than the loop radius, so theat r. The
coil 7, is positioned in such a way that the- y axes form the loop surface and thaxis the
trajectory out from the loop in the directions betgroup velocity of the radiation—positively for

right-handed, negatively for left-handed. This tielaship is illustrated in Fig.2.34.
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The chosen frequency computes (39) to be betwe2madd 526 kHz.

Radiation

Fig.2.34. Radiation emissions of a magnetic lodje@ma.

The antenna loop is excited by the acceleratiogledtrons on its curvature, driven by the currgnt
from the amplifiers in the circuit. The positiveogp velocity emits radiation in the forH;, the

negative group velocity emits radiation in the forkh,, and ),, the quantized energy due

exclusively to photons, illustrated in Fig.2.35.
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Fig.2.35. Wave propagation for the modal coupliclgesne of wireless power transfer.

An assumption of symmetry will reveal the modelnshgnetic waves, or currents, in the form of

photons of a given angular frequenay flow positively at a given coordinat(ey : Hg) from coils

¢, - ¢, and negatively a(—yg, Hg) from coils ¢, — ¢, with an efficiencyn. There is a distinction

in the solutions later that and not energy exchabgtween loops since currents are used for

electromagnetic descriptions at each half of theudi
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From the circuit point of view, antennas appeaa assistancer. called radiation resistance. It is not
related to any resistance in the antenna itsdlfieraa resistance coupled from space to the aatenn
terminals. Active radiation raises the ambient terafure of R. This temperature is equivalent

across the circuit because the temperature of igtand antenna (respectively from the transmitter)

can only see its symmetric analogue due to the@atiinductive coupling in that the photons extant

in the magnetic field only react with like or ottresonant objects [31, 58]. Under such conditibhs

is quantified by the region of space inside thepl@s a function of the virtual transmission line

linking the antenna to the distant region, showRim2.36.

Fig.2.36. Schematic representation of a virtuaigraission line of an antenna to a region of space.

The loop will operate using a single-band transioisswith regard to the antenna impedance,
directivity, and gain. The antenna analysis is ®etiskdy equivalent to that for a curved dipole and
projected magnetic field given (19). The computatid the antenna will target electrically small joo

antennas in the normal and axial mode of operafadial mode is an advanced topic. Multiple

modes are exhibited in 82.4.

Following the discussion of the circuit propertias§2.2, and the schematic shown in Fig.2.28, the

transmission antenna coil must be designed to contio the shifting phase of the amplifiers.

Following Larmor’s theorem, discussed in §1.1 a@dl®, it is ideal if an electrical force can be
applied to a conductor in such a way as to acdelelactrons between one half of the conductor and
the other, similar to a wire treated as a dipole Movement is treated as the phase.

Phase is defined as representing movement alorgythaf the antenna through divisioBg through
the circle’s circumference where the radiusis the magnitude of the electric fieI<E¢, and v, a
component of velocity of the shifting phase repnéisg the velocity of the electrons. A schematic
representation is shown in Fig.2.37.
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Fig.2.37. Angular motion of the oscillator trangitiphase.

The acceleration forces move throughon the loop, shifting direction between compondritgA)
and L3 (C), and L2 (B) and L3 (C) which are negatiand positive voltages respectively.
Theoretically, the force contained in the curresttederates the electrons through one phase tfen
switches direction through the other phasernfAt each switch in direction, the electrons in the
conductor decelerate and release their energy enfahm of photons along the direction of the

magnetic field.

The material of the coil should sustain the angukdocity of the currentsgy, oscillating through

integer multiples of 7z Copper is sufficient, artificial materials couldibstantially improve the

reactance. An insulated length of wiré, given by A, B, is wound into a loop of a chosen
specification. It has a break cut into its inswatat the midpoint in the loop, whece:}éz, and a

third wire follows the loop forming an extra numhérturns,n=0.5, and an extra standing length, or

leg, illustrated in Fig.2.38.

A B
C
Fig.2.38. The transmitter coil.
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The transmission antenna in now a three terminglaatenna (A, B, C) corresponds to (L1, L3, L2)
respectively, with (L1, L3, L2) behaving as an dathr when connected directly to an amplifier.

Terminals A (L1) and B (L2) are connected acrossjgacitor to the corresponding drains of two n-
MOSFETs whose sources are connected to the nedativenal of the power supply. Terminal C

(L3) is connected to the positive terminal of tloever supply.

A generalizable computation, the method of momewi§, be fitted to solve the problem of the
circular loop antenna as a function of the scattef the field emitted by the transmitter. This
general solution is solved using the software pgekdatlab and files from [59]. Properties of the
loop antenna can then we put into the prog@insuit calculatorto arrive at the theoretical values.
The computational structures will be these scrightsir purpose is listed in Table 2.6.

Table 2.6. Computational elements from mesh tal fsgllutions.

TABLE 2.6
COMPUTATIONAL ELEMENTS FROM MESH TO FIELD SOLUTIONS
Problem class Input REWG-element file Output Purpose
Cirenit magneticLoopMesh.mat rwgl.m geoMesh.mat Creates RWG edge elements.
geohlesh. mat rwg2.am rwgGeoMesh.mat Creates RWG edge elements.
rwgGeoMesh. mat rwgd.m impedance. mat Computes the impedance.
rwgGeoMesh.mat rwgd.m Determines exeitation voltage and solves MoM equations.
impedance.mat current.mat
rwgGeoMesh.mat rwgh.m Determines and visnalizes surface currents.
current.mat Plot
Field rweGeoMesh.mat efieldl.an Computes the radiated field on a ring with center P.
current.mat Parameters
rwgGeoMesh.mat cfield2.an Computes the radiated/scattered field,
current. mat
sphere.mat gainPower.mat
rwgGeoMesh.mat efield3.an Displays the 2D radiation pattern in a polar plot.
current. mat
gainPower,mat Plot

Each of the element files were compiled againstish files created in each progressive step. The
antenna was solved for and its properties computedse theoretical results and comparison to the

measured results will be discussed. The physiaaacteristics of the antenna will be discussedhén t
next section.

The antenna is the sole artifact of wireless potramsmission and relies on no other analogue. If
wireless energy transfer is to become more usifisl,necessary to establish a set of generalzatio
regarding specific conditions of operation.

2.3.1 The receiving antenna

A receiving antenna may be viewed as any metalkolijat scatters an incident electromagnetic field
from a transmitting antenna, which propagates gleiband signal. Because of scattering, an electric
current appears on the antenna'’s surface. Thatrgurr turn creates a corresponding electric fidld.

a capacitor is attached to the free ends of thg, las shown in Fig.2.39b, a voltage difference appe
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at the terminals. The terminal voltage constitdtesreceived signal; power is extracted through the
voltage and fed to an incandescent lamp, showrigr2 9. Analytically speaking, it is ideal if the
scheme could be addressed as surface currenbdigin over the antenna as a three-dimensional
oval surface using its edges as propagation afnidgnetic field expected in a Boltzmann distribution

The description here will be for a two-dimensiofial surface antenna.

a) Incident wave b) Incident wave

oy oy

Capacitor

Fig.2.39. (a) Schematic of the receiving loop anger{b) Loop antenna connected to a capacitoratdhage
gap. The white arrows are surface currents.

Considering solely the viewpoint of energy transfen antenna in the receiving mode collects
electromagnetic energy over a certain area, showridg.2.39a, extracts the captured power while
both absorbing and reflecting the energy back frée space, behaving like a signal repeater. The

specifications of the coils, as illustrated in Bi@, are shown in Table 2.7.

Table 2.7. Transmission and receiving coils physpacification.

TABLE 2.7
TRANSMISSION AND RECEIVING COILS PHYSICAL SPECIFICATION
Coil Coil radius (mm) Wire radius (mm) Wire length (mm) Number of turns
L; 30 0.4 650 3
L, 30 0.4 650 3

The method of moments is solved for the antennfaseirusing Rao-Wilton-Glisson (RWG) edge

elements. A short discussion of the detail of tM#@R algorithm is required to understand how the
edge elements are used to approximate the fieldigonl[65]. The surface of an insulated metal loop
antenna divided into separate triangles as show(Fig2.40a). Each pair of triangles, having a
common edge, constitutes a corresponding edge ptesee (Fig.2.40b). One of the triangles has a

plus sign and the other a minus sign indicatingdibection of the current. A vector basis function,
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N

[ ,Iij+(r)’ rinT?
f(r)= [I—_jp'(r), rinT- (110)

0, otherwise

N

is assigned to each edge element wheisethe edge length and” is the area of triangl&*. Vector

p" connects the free vertex of the plus triangleht® dobservation point, shown in (Fig.2.40b).

Vector p~ connects the observation point to the free vestake minus triangle [60].

The vectorized surface electric current on the rargesurface, shown in Fig.2.40a, is a sum of the
contributions over all edge elements with unknowefficients. These coefficients are found from the
moment equation (110). The surface current dermitya surfaceS, of a perfectly conducting
structure is given by an expansion into RWG basigtions overm edge elements. The moment
equations are a system of linear equations withitipedanceZ. The basis function of the edge

shown in Fig.2.40b

-r c+

re

element corresponds to a small but finite eleatifole of lengthd =

and [21]. Indexc denotes the center of triangl€ for the division of a loop antenna structure into

elementary electric dipoles, shown in Fig.2.40d.

The approximation here is similar approach to desdhe currents according to Maxwell's equations

[61] in terms of those specified at in §1.1. Therent density,J, and the antenna impedanZeis

represented on surfacg,. If S, is open,J is regarded as the vector sum of surface curremts

opposite sides 0§,. As,

[;R;]p;(r), rinT*
o I
J=> 1 fof.==—=1p.\r), rinT" (111)
mZ:l [ZAJP (r)
0, otherwise

Where Z expresses the vector voltage from expansion woeffis |, forming the impedance

momentZ [ =V . The antenna voltage is expressed by [60],
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Vv, :|m(E+mg"2i +E-mg"7mj, E*,=E™(r%),m=1..M (112)

where E™ is the electric field on an incident electromagneignal over the lengthl_, of the

antenna. The voltage excitation vector is analogouke circuit voltage. The surface electric cotre

on the antenna surface is a sum of the contribsitfdhl) over all edge elements.

a) = /;‘\f == b) c) d) : ,/Y‘\ S

/ ¢
T S =" 0] s

Fig.2.40. Modified schematic of RWG edge elememnt #re dipole interpretation for curvatué

Simply state: The impedancg describes the interaction between neighboring ehtany dipoles

given over the length of the conductor. If edgeme&estsm andn are dipoles, the elemerd

describes the contribution of dipate through the radiated field, to the electric catref dipolem.
The size ofZ is equal to the number of edge elements. Thisribanion is calculated using the

electrical field integral equation [62, 63].

The antenna was constructed and simulated Wgadtpb while theoretical equations were computed
using theCircuit calculator. Using Matlab with the PDE toolbox, the surface mesh is desigmed
creating a model of the loop and creating RWG giles. Visually, one can create the meshes based
on a 2-D model approximation of a loop surfacemsha Fig.2.41a for 180 nodes and 288 triangles

and Fig.2.41b for 648 nodes and 1152 triangles/stesnatic description is contained in Table 6.2.

i,
ﬂ&‘fv‘ﬁﬁ

B
N e T
RG]

Fig.2.41. Two loop meshes: (a) 288 triangles and {52 triangles.
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During the process of creating the mesh, checkimg ttiangle quality will provide an average
characteristic before continuing with the RWG asalyThe triangle quality of both meshes shown in
Fig.2.42a while the expected current density, shiowifig.2.42b, is confined to the inner edge of the
loop. The RWG edge elements are more advantagbamsthe simple finite dipoles. In particular,
they support a uniform axial electric current al@ntpin metal strip, approximating for curvaturd]ié

For help calculating in Matlab for the desired ange characteristics from the constructed meshes,

code from [65] will be used to perform the compigias.

Triangle quality
T

— — e : = s i
Fig.2.42. (a) Triangle quality of the loop mesh), €brrent density on the loop.

The .mat files containing the compiled mesh of anéenna structure are used as input to the edge
generator rwgl.m and to the rest of the code seguésted in Table 2.6. The PDE tool is used

created compiled mesh “magneticLoopMesh.mat” wah ftiangles.

Using the input characteristic antenna data:

e 412 kHzs f, < 526 kHz

» observation point: 50 centimeters on #exis,
» radiation sphere radius: 100 centimeters,
» feeding edge [-1, 0, 0], dipole,

resulted the sequence for output data is listéichvle 2.8.
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Table 2.8. Matlab computed input characteristieana data.

TABLE 2.8
COMPUTED ANTENNA CHARACTERISTICS BASED ON MoM
Froperty L;(ideal}
Edges total 1656
Impedance (£} 0.000 + 0.4931
Feed power (W) T.12e-11
La(A) 1.25
Ey 1.0e-05 *

-0.0007 + 0.0001i
0.1080 - 0.0239

0
Hy 1.0e-08 *
0
0
0.1039 - 0.22061
Povnting field Sq 1.0e-15 *
0.5249
0.0054
0
Stored energy (J) 8.24%9e-12
Tatal power (W) 1.271e-10
Gain (dBi) 24778
Radiation resistance 6.1799e-11

The computation of the model suggests that thetsirel of the radiation is exclusively a property of
the geometry of the coil. A specific pattern ofiedidn emission is observable by showing intensity

projection fieldH, out from the dipole at the center of the loop vehdn Fig.2.43.

Fig.2.43. Directional power density of field on &gproaching wavefront, white shows higher power.

By examination of Fig.2.43, the field emanatingnirthe loop antenna, the whiter toward the center
of the loop is the plane of projection, relativethe loop around the sphere. The power signature is
due to the dipole releasing energy and the forpes the electrons in the conductor. This is given i
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more detail in Chapter 4. The height of displaceamaong the y-axis is the beam width. It is
interesting to now describe the computations whieltermined the emitted power and radiation

resistance of the field given the distance betwberantenna based on [30].

2.3.2 Radiated power

In terms of the circuit model of the physical amanenergy and power are computed using the C#
programCircuit calculator. The voltage and current are related via the iraped of the loop. In the

case of electrically-small loops, impedance iss@ees combination at the angular frequeray, of
the reactance of the external inductanicg, and radiation resistand® , and ohmic resistancdy,

of the conductor,

Z,=R+R+ m(L+ L), (113)

and terms operating on the loop have the forms,

1(z) = Ioco{%) , 1
V(2)=-iz Iosin(%j,

where | is the current in the short-circuit at=0 and ¢ is the length of the attractive transmission

path. The average stored magnetic energy in theitoits single mode at resonance is,

1I
<Wm>% :ZJ. L| |z|2 dz
0
21 2| iz
=5 LIt _!coé(?jdz (115)
=%L€|IO|2.

The average stored electrical energy does not ttebd calculated separately since the system is at

m

resonance{We>% =(W, )wo , SO,

(W), = (W + W),

1 . o (116)
=(2W,),, =2 Le| 1|

m
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One interpretation that can be drawn from the nmatties is energy can be applied to the system to
the point as the waveguide can sustain.

A discussion of the calculation of the potentialfrefe-space is well outside the scope of this thesi
however, suffice it to say, it is expected this t@mto be very large given the radius of the cditss
is a very important feature, which can be expldrgdhis method, and it is suggested to be conducted

in future research.

The dissipated power, while a property of the Ipegkent, is also a property of the power sustaimed
the magnetic field. A resonant object will allowvper to be seen at the receiver as,

1 2 1 2
(Pa) =5 RI(Z +5GM 3
Lo P cog( ™
=Rl !cosz( ; jdz (117)

|
+1G|V0|2 Jcos2 (Ej dz
2 eI

Its impedance vyields the stored energy at resonaitbé the transmitted wave. For a non-isotropic

radiator if the emitted power iB

rad

W at a distancal from the source, the magnitude of the wave'’s
Poynting vector (power per unit area) is,
_ P

— g 118
Y 4md? (118)

The radiated powelR,, is replaced byPG, where R is the power delivered to the transmitter

antenna by the amplifying switches in the circiit &, is the transmitter antenna gain. The electric

field intensity, the result of active coupling,thé antenna interface is,
SENFAY (119)

where Z, is the impedance of free-space (39). At a reltil@ge distance from a non-isotropic

radiator, the electric field intensity, or the simmpnagnitude of the disturbance, is,

J30P
I, = /1207'[D4F;d2 = dtG‘ v/m. (120)

respectively, the

If the electric field intensity and power at theewing antenna ar&,,. and P,

maximum power able to perform work interceptedhmsy tieceiver is,
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P=""[P,. (121)

For a non-isotropic antenna of receiver power g&ip, and given (117), the received power is,

2 2 2 2
P :—/1 R..G =—/] E@EG = —Erec/‘ J—Gr . (122)
iyrg amr Z, 2T 120

The average radiated power can be considered to$araas the source oscillator is considered,;
therefore, the antenna behaves similar to a resstdissipating power from the source. The raahati

resistanceR is defined as an average quantity,

2
I 0

R =22, (123)

o+~

where |, is the input current to the transmitter coil, §&g2.1 and Fig.2.35. This is implying that the

Ampereunit here is representative of a force. Modify{dg3), assuming a uniform current restricted

to a Boltzmann distribution,
R =2077(ka)", (124)
whereka= ZﬂaA Solving for radiation resistance of the antenna,

2
I0

R =2 =105'A 1, (125)

where |, is the peak amplitude applied to the antenna teal®i The ratio of separation between the
coils and the geometric mean of the transmitter recdiver coil radiir; =Jrr; will be the measure

of this maximum gradient along the length away fithin coil along the z-axis, illustrated in Fig.2.44
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Fig.2.44. Projection of magnetic currents with ghpotential coupling pointsl,, .

In the space containing the energy, the intendith® magnetic field can be known in advance given

the distance between the coils and the radiuseoptimary coil. In a multiple-turn Litz-wound caf
n turns with radius;, the magnetic field strength alorgfrom the center of the coil along the axis

can be written as [66],

H(z,q):'uEIZLﬁff. (126)
2 +2

Differentiating with respect tg shows that for, =72, H, will be maximized [67].

The ratio implies a geometry of the emitted fiekdsexplore this, it is relevant to discuss mapyhne
field to determine where energy is stored in grgaf@antities and in what forms. The ambience of
the field emission, or flux, is described as adimnsequence of the circuit’s electrical propertit
will be shown that for an antenna of a given loafio; the flux as well as the intensity are calteda
to be maximum in terms of the exchange of energywéen the transmitter and the receiver. As

discussed in §2.1.2, the amount of power transthiteclosely related to the coupling between the

loop coils. The potential coupling, wheggH, =¢/H,, shifts the further the distance away as a

measure of coordinates along it.

2.3.3 Field emissions

Results from the simulation show the emission patie a function of the antenna geometry, as
illustrated in Fig.2.45.
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Fig.2.45. Average power-over-space antenna radig@tern looking into the coil.

The result of the computational pattern agrees witlt is expected, given [30], and illustrates that
the pattern is a beam of a particular width.

It is now relevant to create a set of experimegitgen in the simulation resulting from the theareti
framework, where this beam pattern is confirmed ahdwn in what magnitude given a distance

away from its source. There will be two areas lokiration and discussion:

1. Atdistances where distance is less than the raditie coils,d <r, and,
2. at distances where the distance is greater thagual to the radius of the coild,>r.

It is an interesting topic of future research toadeery detailed map of the energy distributechia t

field between two resonant loops.

2.4 The circuit experiments

Three distinct sets of experiments were performétth whe circuit and antenna model described

throughout 8§2. These groups of experiments are:

1. Using a single transmitting and receiving coil,

2. using a single transmitting and receiving coil,ngsa conductive disc at the center of one or
both coils, and,

3. using a pair of transmitting and receiving coils.

Of each of the experiments, different sets of prige are manipulated to shape an understanding of

the behavior of the arrangement, given the thezakitinplications in the model.

2.4.1 Measured power at a distance with a single loop tresmitter and receiver

The first experiment was to test the theoreticaimework, the simulation, and circuit model, setup

shown in the form of Fig.2.1. Some assumptionstiaeeuse of off-the-shelf rubber-insulated copper
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wire of fairly high quality to apply as much of aptimization as possible. If optimization is kept i
mind during experimentation, it is but a linearrizgse of power transmission with more deliberately
made materials, such a niobium-tin, a topic of fettesearch. A schematic of the circuit is shown in
Fig.2.46.

~.

Y Y Y YL
o

distance

N ‘

Fig.2.46. Schematic diagram of the circuit forragé coupled-mode.

Using the coil specification listed in Table 2.7ithwsingle transmitting and receiving Litz wire

antennas including legs, shown in Fig.2.38 and2R§, of number—+=3 and j=2—of two
centimeters of the total inductancks Lj , at a transmission distance varied between coatatisix

centimeters, experiments were conducted to tespithigerties of the coils and energy transfer given

the theoretical framework. The calculated spedificeis listed in Table 2.9.

Table 2.9. Experimental coils calculated electrggscification I.

TABLE 2.9
EXPERIMENTAL COILS CALCULATED ELECTRICAL SPECIFICATION I
Coil  Wire radius (mm) Inductance (¢H) Mutual Inductance (pH) Coupling coefficient (x;;)
L; 0.4 1.547 0.02489 0.0162
L; 0.4 1.529 0.02489 0.0174

CapacitanceC,,C, is set to as equal as possible, 100 nF. With patiat the oscillator of 4.5 volts

and 1500 mA from an external DC supply, power measents were taking by measuring the
voltage and current present at the receiver asdiepveen close-proximity of the coils and distance

to six centimeters.

The results of power measurements at a distancghaven in Fig.2.47.
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Fig.2.47. The power over distance showing the ptiga field H, where C =C,.

In analyzing the data, it is apparent there is r@a,aas described in the theory, what is a praecti
where the energy is nearly constant across theasarg distance. At the end of the projection, Wwhic

contains a peak value, transmission power ovearnitst falls off linearly, as%z.

The pattern is present when the capacitor valud wath the transmitter coil is nearly equél, = C;.

It is hypothesized that the driving force of th@jpction is feedback power from the receiver to the
transmitter across the space. It is expected higaprtojection would be less intense the more eatfh h
of the circuit drifts away from resonance with tther.

A second set of experiments were conducted tahegpower over a distance of 100 centimeters. The
results of power measurements at a longer distarecehown in Fig.2.48.

Average power
— 8= —Measurement points

° PAC

Intensity

| =

D 1 1 1 1 1 1
0 10 20 30 40 a0 60 70 g0 a0 100

Distance - cm

Fig.2.48. The power over a longer distance.
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The behavior illustrated in Fig.2.48 is, while aftke projection there is a falloff 0%2, near to the

point of distance of ten centimeters, falloff tritiosis to a rate of}{ and is continuous until the noise

floor of the environment. A suggestion for futuesearch is to obtain a more exacting set of data
could be obtained by using a spectrum analyzer aitlttenuator to prevent overloading at distances
less than six centimeters.

A third set of experiments were conducted usindhiaker wire to see if performance could be
improved. It is expected that a higher amount ofigrowould be observed at each measurement point

from the previous set of experiments. The coil prtips are listed in Table 2.10.

Table 2.10. Experimental coils calculated electripecification 1.

TABLE 2.10
EXPERIMENTAL COILS CALCULATED ELECTRICAL SPECIFICATION II
Coil  Wire radius (mm) Inductance (pH) Mutual Inductance (uH)  Coupling coefficient (x;;)
L; 0.5 1.469 0.02489 0.0170
L; 0.5 1.451 0.02489 0.0181

It was observed during experiments that the cogptivefficient increases with a thicker wire, while
the mutual inductance between the coils stays #Hmes Two conditions were applied to the
experiment: one where the capacitor at the tratsm#nd receiver are equal, and one where the
capacitors are not equal.

The results of power measurements of a thicker atigedistance are shown in Fig.2.49.

Average power
— 8= —Measurement points

Pac
i
T

Intensity -
(4]
T

D 1 1 1 1 1
0 1 2 3 4 g B

Distance - cm

Fig.2.49. The power over distance using a thickeerna wire.

It is confirmed that the assumption of more powansmitted per quotient of distance increases. It i

also noted that the power seems, for lack of a rpogeise word, “smoother” using the thicker piece
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of wire. There is a property of conductor thickngag&en electron acceleration at the antenna wihsch i
an interesting point to study in future researtks expected a similar behavior, expect a grdatasi
of power delivery in the same manner as Fig.2.4Pmanifest over the length of 100 centimeters as

in the previous set of experiments.

A fourth set of experiments were conducted chandimg value of the capacitor between the
transmitter and the receiver, component C1 of E2§.2nd C4 Fig.2.29 respectively. In the previous
set of experiments, the value of capacitors wasoske as equal as possible, given the limitatmns

the components and the laboratory measurementraguaipwith differences no greater than 10 pF. In
this set of experiments, the value of the capacéaat the receiver was reduced incrementally to, zer

or no capacitor present. The result of measurenmetsthe distance is shown in Fig.2.50.

Between the cases whe) =C; and C, >C;, a contrastingly different behavior is observedisit

hypothesized that the reason for the projectiotd fis primarily a feedback of power from the
receiver to the transmitter which appears as a maxi in close proximity to the transmitting
antenna, or what this thesis calls the projectieltfH. From data in the experiments, it is expected

that the projection would be more intense the cleseh half of the circuit is at resonance with the

other.

According the data from all experiments, the amafnteceived power is due more strongly to the
inductive component than the capacitive comporilms is concluded since the lamp is lit even if no

capacitor is used at the receiver.

g Average power
— 8= —Measurement points

Intensity -

D 1 1 1 1 1
0 1 2 3 4 g B

Distance - cm

Fig.2.50. The power intensity over distance shovimear falloff, whereC, > C,.
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A fifth set of experiments were conducted whér= C; using a non-uniform Litz loop winding. At
the measurement points given in the previous expaaris, energy is still transmitted, although with a
far less intensity, calculated to be at about 22%ithier set of experiments using the differentewir
thicknesses. The projection fieltl, is also present. It is noted that the energyptoe is tied more

directly to the total wire length of the receiviagtenna than that of the geometry of the loop.

In this case wherC, =C;, the energy contained in the projectidd, as well as the area of the
transmission where falloff is at a rate %2,called the mid-field region, is due to the incidel?qt

and reflectedE; waves, as,
E el B o, (127)

are given as oscillator properties, whegg is the vacuum wave number. The calculated value is

shown in Table 2.5. There are points in the fieldere there is constructive and destructive
interference in the beam inferring a polarizatiorthe plane-waves. These fields are transverse and
only the tangential components exist at the bouyngéane of z=0. Equation (127) represents the
electric field present of the incident and reflecteaves constructively interfering. The determioti

of the strength of the electric field at the coiinding is dependent upon the current at the Litz

winding,
__Sin’(B) sirf (0)
I. =I,sin ,
50T 2 SiE) (128)
where,
rsind rd sind
= ,0= . 129
B, y r (129)

The quantityl is the electric field intensity on the wiré,is the diameter, and is the index of

refraction. The profile of the antenna and the guattof the transmission energy are illustrated in
Fig.2.51.
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Fig.2.51. Radiation pattern observed at the receive

The plot to the left of Fig.2.51 shows the radiatmattern observed from the receiver. The plohto t
right of Fig.2.51 shows a higher resolution bandiwid-ollowing the theoretical discussion of the
expected beaming pattern in §2.3.3,

The radiation pattern of Fig.2.51 is observed whereproportional to the field intensity, is
approaching maximum at a distance from the traniemiThe pattern has its main-lobe maximum in
thezdirection (6 =0) with minor lobes to the left and the right in atliérections. Between the lobes

are nulls in the directions of zero or minimum edtin.

To specify the radiation pattern with respect te fteld intensity and polarization requires three

features: thed component of the electric fieltEg(H,qo)(V m‘l), the ¢ component of the electric
field Eq,(é?, qo) (V m‘l), and the phases of these fields as functions chtigéesd and ¢ or 53(64))

and J,(6,¢). Dividing a field component by its maximum valuellwieveal a normalized field

pattern, a dimensionless number with a maximumevafuwnity. The normalized field pattern for the

@ component of the electric field is,

E, (6.9)

E9(8’¢)N = Eg(é?,qo) .

(130)
At distances relative to the size of the antenrthsamall compared to the wavelength, the field patte
is expressed in terms of power per unit area, @Piynting vectOtS(H, ¢). Normalizing the power

with respect to its maximum value, as in the eledield example, yields a normalized power pattern
as a function of angle, which is a dimensionlesmber, with a maximum value of unity. The
normalized power pattern is,
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R.(6.9) - Sleg) (131)

where S(8,¢), the Poynting vector equals,

509+ B0,

m~, 132
2 (132)

expressed in rectangular coordinates on a deaibéd,s
dB=10log, P, (6 ») , (133)

shown in Fig.2.51. The efficiency of the transndtfgower in the primary mode is given by the ratio

of its total beam ared?,, consisting of the main-lobe areQ,,, plus the minor-lobe are®,,. The

ratio of the main beam area is the beam efficiency,

_Q
=g (134)

while the ratio of the minor-lobe area to the tdt@am area is the stray factor,

Q
&, =—2, 135
ey (135)
with a total efficiency of,
N +éy =1. (136)

In experiments, this value is shown to be 0.768e Talculated values of the radiated power
characteristics for the antenna are listed in Tablé. These were calculated in tBecuit calculator

software.
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Table 2.11. Calculated antenna characteristicsdoasg30].

TABLE 2.11
CALCULATED ANTENNA CHARACTERISTICS BASED ON [30]
Property L;(lossy)
To(A) 1.25
Eg(A/m) 1.572e-04
Hq(T) 4.170e-07
Poynting field 8.249-16
Directivity (dBi) 1.76
Gain (dBi) 2.10
Radiation resistance (£2) 1.1396e-11
Radiation efficiency factor 2.62e-10
Depth of penetration (m) 1.22e07

The operational circuit including the antenna pamgea lamp a distance is shown in Fig.2.52. The
field shows a continuous flow of energy from traitsen to receiver is taking place on spatial and
temporal vectors. Conception of the energy in thiel ivas a combination of the current at the s@fac
of the antenna and the density of propagated enscgyss free-space. Directional finding [68] is
possible in the scheme but was not explored inhdepformation transfer, although not directly
examined is also possible by means of the samaittircgiven the sinusoidal nature of the power
transmission. Additions to the amplifier circuit wd however be required where a modulation signal
is introduced to the carrier. Modifications to theceiver would however also be required. For
simplicity, the wave is understood as a charadterisf its potential power, given the circuital

characteristics already discussed.

Fig.2.52. Prototypical wireless-power oscillatonamstrating the theoretical model.

The radiation and pattern as a function of thedfieinission is observable directly as a function of
geometry, and match the simulated pattern shoviig2.45. Organic material does not destructively
interfere with the transmission. A suggestion fatufe research is to use metal plates to creatg edd

currents induced by a changing magnetic field t@fage the signal to a human connection, such as
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the coupling of the nervous system to an exterrahpmter via magnetic coupling including

modulation as an information carrier.

What has been discussed in this section is fonglesioop power scenario exclusively—primary coil
to primary coil coupling of a single mode. Introtioo of methods to enhance the magnetic field

culminating at the center of the loop are treatethé next section.

2.4.2 Measured power at a distance with an enhanced magtiefield at the potential

This section proposes a method to enhance the madedds in an inductive-coupled, resonant-link

model which realizes an improvement in power remgiat a distance.

The theoretical description of the improvementiza# a single mode of propagation [24], an isotropi
waveguide transformed anisotropically by the motiéra magnetic field between a transmitting and

receiving element resulting from an acceleratiorcdopresent in the electric field at the source.

Isotropy in this case implies that changes to tlagmetic field are present equally in both theY

and z plane. The working definition of radiation emitted a locally-approximated isotropic
waveguide is an exchange of discretized energy &vhadocity is attenuated by a characteristic
resistive quality of its displacement in the medach resistance is also due to the magnetic field
density and coupling errors expressed by drift leé tesonant-link between the elements. The
exchange of electromagnetic forces increases aogoand forms the waveguide into a shape with a
particular curvature, yielding a state of equilibni where currents are observed flowing from the

transmitter to perform a quantity of work at theeaieer.

A goal is to examine a technique of increasingrdad-valued flux density and bind the curvature of
propagating charges across a circuit consistingwaf loops operating at a constant resonant
frequency. It is proffered that if the flexion otirwature is reduced in the waveguide by the
introduction of conducting discs, then the receiyeaver is increased over longer distances. The
result sheds light on the details of the theoréfreemework underpinning the hypothesis that wissle

energy transfer in coupled-modes is dependent upenstate and order of the magnetic field.

Theoretical and experimental setup is shown in2Hg.

Four sets of experiments were performed: a strafghward power transmission without discs,
transmission with one disc in the transmitting lotspnsmission with one disc in the receiving loop,

and finally with one disc in both the transmittiagd receiving loops simultaneously.
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The experiment consisted of a circuit of two lodpsen to a frequency of 450 kHz at a power level

of 4.5 volts and 1.1 amperes was used to teshdwratical framework.

In order to show the prediction of an increaseciteived energy due to the addition of a metal disc,

position is determined so that movements away dstree the reduction in electrical potential and

power linearly as%z, affecting the matrix by introducing a vectar

The relative difference between two loops set distance of a radius length, 3 cm, at a potenfial o
4.0 volts yields power measured using a spectruatyaer of 11.26dBm at a calculated value of
46QQ, although it is anticipated that it could be a mutdgher load impedance [30], given its

resonance frequenay,.

By moving the receiver away from the transmittes, the less likely it is to intersect with the
hyperbolic field, as was discussed in the theaabtiamework, given the curvature of the field
established by the coupling. It is shown here thataddition of the disc increasels or, reduces the

curvature of the hyperbolic function where moreldilines” will intersect with it.

During the experiment, the electric field was meadiby a probe and exhibited as a function of the

loop antenna lying in the-y plane and calculated in Joules; the magnetic field measured by a

Hall probe and exhibited as a function of its petign along thez-axis and calculated in Teslas with
the dominant azimuthal magnetic field—neglectinghtdbutions of minor azimuthal fields—in

Teslas at a pressure of one atmosphere and a tatiomgeof 20° C.

Table 2.12. Calculated quantities in the projectednetic field.

TABLE 2.12
CALCULATED QUANTITIES IN THE PROJECTED-PROPAGATING MAGNETIC FIELD H-¢B..
Experiment E-field (&, y, J) B-field (z, T)
A: Loops sans disc (2.0- 10% + 0.02¢, —2.77- 10® — 0.002i) (5.0- 10" — 0.0671)
B: Transmitter disc  (1.62- 10 + 0.32i, —2.52- 10° — 0.3452i) (2.0 107 — 0.0244)
C: Receiver disc (248 - 10 + 0.02i, —3.21- 10° — 0.038i) (8.76 - 10° — 0.002i)
D: Loops with dises  (2.82- 10® + 0.024, —3.45- 10% — 0.367i) (7.48 - 10° — 0.042i)
Table 2.13. Calculated quantities in the projectednetic field.
TABLE 2.13
CALCULATED QUANTITIES IN THE PROJECTED-PROPAGATING MAGNETIC FIELD H -B..
Experiment Dominant azimuthal B-field (T Impedance (£2)
A: Loops sans disc (1.62- 10° — 0.856i @ 45°) 376 + 9.71651
B: Transmitter disc (3.2 1077 — 0.148i @ 62°) 376 + 9.71651
C: Receiver disc (8.06- 10 — 0.856i @ 62°) 376 + 9.7165i
D: Loops with discs (9.895 - 10° — 0.856i @ 87°) 376 + 9.71651
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Examination of the results contained in Tables 24@ 2.13 show that an increase in magnetic field
yields an increase in quantized energy densitysibgnwas not considered in the experiment, only
how energy transformation was more efficient usthg discs. A hypothesis for the increased
efficiency is that a conversion of energy projechexnin the loop is taking place at a length cloger t
the receiver when it contains a disc. The incideaves, whose magnitude is nearer to where the

power is being measured, are more efficiently camedgeinto electric current.

Given the geometric patterns of Fig.2.17 and Fi@af B at the point where&dB makes a stronger
contribution, field momentum is hyperbolic in itis@libution (on a circularly perfect antenna suefpc
and the concentration of energy is confined toarea inside the loop along its transmission axes.

Hence, it is more illustrative given the experinargetup, to calculate field decay over a distance

following H as converging to a point at the center of theivece

In Table 2.14, the impedance is calculated givem power measured and that available to the

spectrum analyzer—a range between 50 an@2600

Table 2.14. Experimental quantities of the magrietip antenna.

TABLE 2.14
EXPERIMENTAL QUANTITIES - MAGNETIC LOOP ANTENNA SET AT A DISTANCE
Experiment Distance (em)  Potential (V) Power (dBm) Impedance (£2)
A: Loops sans disc 3.0 4.00 11.26 460
B: Transmitter disc 3.0 3.65 12.69 520
C: Receiver disc 3.0 4.45 16.06 260
D: Loops with discs 3.0 4.28 15.88 340

The results listed in Table 2.14 show the equivtabeimbers in terms of the equipment measuring the
fields. The observation point was considered tcabéhe center of the loop, where the coordinate
(0, 0, 0) was found. Any movements in the poinblo$ervation involved trajectories along theaxis,

although deflections in the- y plane were also possible.

In the projectionH, the magnetic field experiences minimum decay;idatthe projection area, the

power transfer falls at a rate %2 until a distance ofr,shown in Fig.2.53, then at a rate %

until power transfer falls into the noise floor shoin Fig.2.54.
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Fig.2.53. Intensity over distancd,=2r.
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Fig.2.54. Intensity over distancd,> r.

Beam divergence was not studied in the experin@amy, the energy present in the attractive force

between magnetic-resonant fields.

It was determined during the experiments that #wults agreed quite well with the theoretical
calculations, demonstrating the validity of thediedical framework. Nevertheless, improvements in
the method are possible given the dynamic flonhefélectric and magnetic quantities, as well as the
appearance of multiple azimuthal fields. It is segjgd by the experimental evidence that although th
theoretical framework is sound, it is too simpleitsipresent form to capture the complexity of the
energy exchange in the fields. A recommendatiorfuture research is to address in more detail the
deeper aspects of why the energy exchange in éimsition between mid-field region and far-field

region changes its rate of decay.
108



By considering the geometry of a magnetic fieldaasdiation-object, it extends basic concepts to
include a definition of energy exchange betweemmast antenna. An extension is the concept of
coupled-modes is successfully applied to energyange object. This extension brought into the
model those properties of modal-modes as a hypo#thetxplanation of highly-efficient wireless
energy transmission by magnetic resonance whicimbiakbeen addressed adequately in the literature.

It has been shown that the description in [24Lisable to describe coupled-modes.

Also, to take into account motions of intensity r@othe x-y plane, it is suggested by the

experimental evidence that although the theorefteahework is sound, it is too simplistic a model i

its present form to capture the full complexitytioé energy transformation in the fields.

Therefore, a recommendation for future researdo iaddress in more detail the deeper aspects of
energy exchange and transformation in the polaoizabetween the loop antennas manifesting

wireless power transfer.

In this section an investigation of coupled modesergy exchange, and energy transformation
between two distant circular loop antennas was makien. We have introduced a novel concept of
enhancement of the resonantly-coupled magnetid figf the addition of accretion discs thereby
increasing the potential of the antennas at thafente of free-space. By the considering the gegmet
of a magnetic field as quasi-structured radiatmioWing from a quantity of force, it has extendad
basic concepts of antenna engineering by introdueindefinition of energy exchange between

resonant loops as a function of projection andllagicin to maximum entropic states.

Although it is well-investigated loop antenna foireless power transfer over short distances, what
was discussed in this experiment was the additfiacoretion discs to increase the magnetic energy
density. What was also discovered was that suats dislp to direct the magnetic energy along the
resonant trajectory toward the other resonant aienv€hat was somewhat of a surprise was that the
discs and their presence in the field seemed tgesighat a possible explanation for the additibn o

magnetic energy was an attractive force betweene@nators in their particular coupled-mode.

A hypothesis to explain the observation is thatdbeductive material in the disc is responsible for

the energy shifts. This would be possible if thecdicreate a first order magnetic field [24, 26];

although not directly observed, the magnetic fiekgheriences little falloff in the projection aré

then continues falloff at a rate f2) where the field expresses an infinitesingal then assumes a
falloff of % This is observed by increasing the distance baiwbe resonant elements and
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measuring the energy. Beam divergence was not takenaccount in this experiment, only the
attractive force between magnetic fields, as presem §2.4.1. A detailed examination of beaming,

divergence and if such apertures can be manipulsidelevant topic of future research.

If further experiments could reinforce the deteration that the field is transforming accordingly, i
would suggest that in extending the presence ofrthgnetic field from the mid-field region to the
far-field implies a usage of both Einstein’s speceativity, which does not include amther but
moving frames and accelerating electrodynamicswjch includes anether. Although on the
surface it would seem there is a contradictiorhmrepresentation of velocities, the author oftbes
perhaps there are more powerful contributions efrtbtion of time dilation to electrodynamics than

meets the eye.

2.4.3 The circuit experiment with subtended angles in huran proximity

One aspect of the utilization of wireless powerslagwn in the introduction, was the form attacleed t
the human body. This section will describe an aapibn of the oscillator and model, illustrated in
detail in 82, for powering subcutaneous implantd eemponents, wirelessly connecting the human

nervous system to a machine.

Power delivery for biomedical implants is a majonsideration in their design for both measurement
and stimulation. When performed by a wireless tephs transmission efficiency is critically
important not only because of the costs associatddany losses but also because of the nature of
those losses, e.g. excessive heat can be uncobiéofta the individual involved. In this section a
method and means of wireless power transmissidatdaifor biomedical implants is both discussed
and experimentally evaluated. The procedure ieitids comparable in size and simplicity to those
methods already employed; however, some of Teflaiddamental ideas have been incorporated in
order to obtain a significant improvement in efficty. This section contains a theoretical basis for

the approach taken although the emphasis is otigabexperimental analysis.

Implantable biomedical devices have, particulamlydcent years, received much attention with regard
to their application for a variety of uses involgiboth stimulation and monitoring. In direct costra
to wearable monitoring healthcare systems [69], @ihthe key issues for implanted devices is the
satisfactory provision of power on an ongoing ha&isr short term experimentation it is quite
possible for sufficient transcutaneous power tgph®rided, a good example of this being in the 3
month implantation testing of the Utah Array [7(or long-term implantation however power needs

can vary considerably [71, 72].
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Implants such as the Utah Array have in fact bessduor a variety of applications, including an
alternative sensory input and neural control ofspgreses as well as a new means of communication
[73]. Transcutaneous power delivery for any longrtemployment will however always carry with it
the chance of infection for the recipient as weltlze possibility of mechanical leveraging. Cleaunty
onboard/on chip power pick up device that avoidsigcutaneous power supply is an attractive

alternative which will most likely result in morddespread use of the technology [74].

Some devices, which require several milliamps ohsating current, such as those used in the deep
brain stimulating electrodes for the treatment afkihson Disease, need full battery implantation

[75]. This technique then suffers from the requieetnof periodic battery replacement. On the other
hand, it is possible to consider energy harvestiitin the body. This approach is however stilits

infancy and its practical usefulness is yet tollly frealized [76].

Wireless power delivery offers the advantages ithetduces the risks (particularly due to infecjion
associated with either battery replacement surgegytranscutaneous supply. Inductive coupling can
be employed for such power transfer, but the efficy of transfer is a (very sensitive) function of
coil dimensions and the distance between them. [Resefficiencies for biomedical implants are, as
a result, generally very low [77], particularly §o a practical, working environment. The most
attractive scheme is arguably therefore couplirtgeben magnetically resonant objects [78].

While the idea of wireless power has been exploegtensively in the literature with several
competing power delivery techniques being consiieitee most directly relevant are those in which
power is not directed, but rather is absorbed B, In essence, the required load or draw-down
current is determined by the operational constsaamd not by the beaming method employed. This
feature allows magnetic currents to exist in a ipassiode, i.e., the energy does not persist in the
environment continuously but rather is tapped mmedemand. As a consequence of this, less energy
is consumed to drive the circuits. What is madeasgmt here is the small size and relatively few
components required in the method described as aadpo the relatively large and efficient amount

of power transmitted.

The transmission frequency selected for the syste#®0 kHz, due primarily to the fact that that no
adverse biological effects have thus far been tedoat this frequency [34]. Nevertheless, in the
scheme of magnetic resonance for power transmissionas already been determined that the
transmission does not interact with off-resonaneats [31]. Using an on-board miniature solid-state
high-power amplifier, we demonstrate here a pr@etgapable of delivering reliable operating
characteristics suitable for practical implantsuigqg a steady power supply of anything from th5
12 volts dc.
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Contrary to the purposes of other implementati@is B2, 83, 84, 85], of specific interest hereois t
guestion whether a scheme could be accomplishad sanall coils of a few turns driven by a simple
amplification circuit. The goal of this exercise tiserefore to establish a driving circuit with a

minimum amount of components, thereby reducingaegbmplexity.

As a physical demonstration of the operating charatics of the method described, a set
requirement is to maintain a sufficiently high-poe@ signal reliably powering a lamp and motor.
The reasoning being that if the technique can fanawell in terms of such external requirements, it
will certainly perform adequately in the case ofimplant specification. In this regard, it has been
the goal to deliver power at the sort of distanegmrted on in such as [82, 83] where efficienoks
40% are perhaps the upper target. Rather here¢am@ttto compare directly with transmission over
relatively short distances (a few centimetersyem®rted on in such as [86], with a high efficierdy

transmission (over 75%) being the target.

An overriding aim is to overcome power supply issuEminently apparent in the study of biomedical
implants, by realizing a wireless scheme whichuffigently powerful such that an implant can
reliably receive its power remotely. Hence, direatiof power transmission as well as the size of

technology involved has been important in this gtud

The concept of wireless power transfer, first diésct by Joseph Larmor and Poynting, and
experimentally verified by Tesla, has been illugtdain the literature as a viable method to trartspo
electrical current between distant points [24, 8@®, 87, 88, 89]. The extension of this method tmerei
maintains a significant amount of useful power $raitted at intensities of less than 15 volts in
which, across a volume of air, magnetic waves aehanged between two or more coupled

resonators.

Consider a circuit consisting of a single loop méulated wire wound in such a way as to create a
circular loop of a few turns. This loop, connectadparallel to a capacitor, becomes one-half of a
resonant circuit. This is designated as the tramsnt. The length of the wire loop ibis then

replicated to construct a similar loop placed oniradependent circuit board positioned a distance
away and which is connected in parallel with a cétpaof the same reactive value and a load. In its

entirety this becomes the second half of a resatienuit, designated the receiver

Each half of the resonant circuit is placed a distafrom the other. The transmitter is connectea to
power source such that the LC circuit is excitedcdise of the symmetry between each half of the

circuit, magnetic waves flow from transmitter twe&er at resonance frequendy with efficiency
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1. When energized, this circuit engages an electfied in the loop int, creating a magnetic field,

which is coupled to the loop in By placing the load in parallel to the looprinmagnetic energy is
converted into electrical current. The arrangeneiltustrated in Fig.2.1.

A number of receivers can be fed from one commanstmitter, thereby opening up the potential to
power mobile robotic platforms by this means. Adifegical configuration of the circuit in a robotic
implementation is a single fixed-position transmitt delivering energy to distant receiversinds.
Such a circuit has been constructed and testeth&intensity of the induced current at different

distances away from the transmitter. The receigeggrouped into two categories:

1. ac mode: lighting an incandescent lamp, and,
2. dc mode: turning a motor.

Either of the receiver or sis a lamp or a motor; these become synonymoufoptas in where they
are required. The experimentally-tested rangeisfrttethod is illustrated in Fig.2.55 and Fig.2.56.

Fig.2.55. Experimentally-tested orientation of ripl# receivers ands with reference to each position at the
transmittert when there is no angle of rotation away from aalgjnmenta, =0. The standing height of all

coils are equal.
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Fig.2.56. Experimentally tested orientation of npé receivers ands, through with an angle of rotatiofi
away from axial alignment, with reference to eaokifion at the transmittér The standing height of all coils is
equal.

When using two or more receiver§ will be additive to the solution for each receifesm the

perspective of the entire efficiency calculatiohinteraction between the receivers is considered,

modifying (69) then gives [78]

A (%QQ)(% 9 Q)(x: Q Q) |

(137)

If it is desirable to consider the interaction bétmagnetic fields each of the elements: transmitte
receiver one, receiver two, or more operating otheather. If the consideration is given that the
operation is limited to between a transmitter aadeiver one, receiver two exclusively, i.e., not
interested in the coupling between each receivémbticing the increase ir. The total is then

given [45] by,

1 (138)

where the loaded qualitie€) ,Qj are a property of the capacitand8sC. , resistanceRR, R , and

inductancesl;, L; of the circuits containing the coils are defined72). Overall however, although

the separation distance examined here was rekatshart, albeit appropriate for biomedical implants

Given the radii of the coils, a high amount of povgedelivered at high efficiency.
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Coupled-power modes
The physical properties of the circuit construdmdexperimental purposes are shown in Table 2.7.

The experiment was tasked to answer three questions

1. What are suitable geometric positions for the cwil®rder to deliver power to sufficiently
drive a ten-gram motor at six volts, with an opi@gtorque of 3400 gram-centimeters?

2. What are suitable geometric positions in orderefliver power to sufficiently drive a twelve-
watt incandescent lamp?

3. What is the consequence in terms of power availgkdhd draw down of adding multiple
receivers?

The quantities of measurement required are:

* Intensity by voltage present in the receiver, ie ttase of dc mode, from a minimum to
maximum position,

e intensity by photometric intensity of a lamp, iretobase of ac mode, from a minimum to
maximum position.

The goal is to calculate the physical propertiesttdd system and see if practically measured
efficiency agrees with the theoretical quantitid® accomplish this we employed two sets of

receivers: one pair of lamps and one pair of motors

Each receiver was operationally tested in one ofrtvades:

e ac mode, receivarcontains a capacitor and a lamp;
* dc mode, receives contains a capacitor, a full-wave rectifier bridged a dc motor.

Each mode can be used separately or combined.

The receiver circuits in each mode were construdiffdrently although each used a coil loop wound
with the same physical characteristics as the mnétex coil. Each had a capacitor of the same value

placed in parallel.

For one of the ac modes, a bias resistor was auidedrallel to increase th® value. For all dc
modes, converting the radio-frequency signal tedalircurrent was straightforward. Using 1N34

germanium diodes as a bridge rectifier resultegiimmum voltage drop.
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The behavior of the received current was contrgltidifferent between each mode. In ac mode,
there is a measure of feedback reflected acrossirttigit, which in this case, would initially suggie

an improvement of performance, as illustrated jnZb8.

However, this comes at a cost. The distance frartrdmsmitter was reduced to 7 centimeters in ac
mode while it was held at ten centimeters in dc enddking the modes illustrated in the next section

describe the operational freedom of the mobileivece

ac mode

It can be seen, from Fig.2.57, that when using anenode, signal performance of a receiveras
maximum when its distance, fromt was two centimeters and its axial differenge was no

greater than three centimeters to the left or ¢éoripht oft, as was illustrated in Fig.2.55. Meanwhile
the maximum distance for the receiver when the lamas absorbing enough power to ignite its

filament, was observed at six centimeters.

Average power
— 8= —Measurement points

° PAC

Intensity

Distance - cm

Fig.2.57. The ac power intensity seen by a recgigintenna with axial alignment whe@ = C,.

When using two ac modes (meaning the use of tweivers in ac mode — essentially two lamps
operating simultaneously), the signal performant®r® receiver, while comparable to one AC
mode, consumed power relevant to its proximity witlas expected, but attenuated by a distant
receivers. In experiments the maximum distance when the samre absorbing enough power to
ignite their filaments, was observed at six centere However, by lining up ands with minimum
axial displacement, the currents constructivelrif@red creating a solenoid structure. This method

extended the range of useful induced current taé¢etimeters.
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When using one ac mode and rotating at an aégbes illustrated in Fig.2.56, the signal performance
of a receiver was observed wheé was between 40 and 90 degrees offset frolm this range, the
power falls off and remains steady @t 90.The peak seen at two centimeters is due to feedifack

energy when the circuit is near optimal tuning kegwthe coils.

At a distanced,, @=60, the lamp was at peak brightness within 1.5 certénse movement along

the axial length reduced the signal to its minimaithree centimeters. However, movement along
the trajectory ofé reduced the signal to a minimum at two centimetéxactly the same behavior
was observed for receiver Tentative results suggest that the field is aipsat across its manifold,

i.e., consisting of a finite spatial geometry synmicealong its axial length.

When using two ac modes and rotating at an a@glsignal performance of the receiverwhile

comparable to one ac mode, it was found that fgmeats of its rotation througl energy was

exchanged between the two receivers.

When introducing a third and fourth ac mode, eadding a third and fourth receiver, the geometric
positioning of the intensity of the magnetic fieldject remained constant and, relevant to theipasit

of the other receivers, more energy was absorbtbaieak, as already described.

dc mode

When experimenting with one dc mode, using a geimmamectifier bridge, the signal performance of

a receiverr was maximum when the distanck was at its minimum proximity to and the axial

difference a, was no greater than 1/3 of the radius to thedefto the right oft, as illustrated in
Fig.2.58.

PDC
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Fig.2.58. The dc power intensity seen by the rengiantenna with axial alignment.
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In the experiment, motor performance was obserteldeareceiver with sufficient torque to drive the
wheel of a robot when the receiving coil was closes, with the power induced falling off steadily
up to a distance of four centimeters, where it juas sufficient to do the same. When the motor was

not loaded, it exhibited a similar performance aa tistance of nine centimeters.

The next experiment involved using two dc modesaimrgg the use of two receivers in dc mode —
essentially two motors operating simultaneouslyd igermanium rectifier bridge. Results were found
to be comparable to one dc mode in terms of powesumption relevant to its proximity with as

expected, but the effects of the distant receittenaated the power deliveredsat

The maximum distance, when there was found to lmeigin power to drive a loaded motor, was
observed at 9 centimeters. By lining wpnds with minimum axial displacement, the currents were
made to constructively interfere, creating a sal@istructure. In this way, sufficient induced power

drive a motor could be extended to a distance h#roeters.

When using one dc mode and rotating at an adgles illustrated in Fig.2.56, signal performance of
a receiver was observed whed was between 40 and 90 degrees offset ftom this range, the

luminescence fell off, remaining steadyét 90.

When using two dc modes and rotating at an asyglesignal performance of the receiverwhile
comparable to one dc mode, exhibited segmentssirratation throughd where energy was

exchanged between the two receivers.

When using one ac and one dc mode, signal perfaenaithe receivers was found to be comparable
in each characteristic performance based on expatahobservations. Energy is exchanged so that it
is distributed by the position of the receiver valet to its multiple based on the total energy latée

in the circuit. By increasing power to the sourbéher intensity currents are available to each

receiver.

While demonstrating the transmitter generates magnaves which can pass through walls and does
not interact with off-resonant objects such as msnar animals, there are reasons where it is
undesirable to exchange energy with a circuit whibhres characteristic properties of the resonant
circuit. In such cases, shielding of a resonaneabjs possible by enclosing the machine in thin

metallic foil. It was observed magnetic waves pnége the system cannot penetrate such a substance.

118



2.4.4 Optimization of the circuit

On examination of (72), and discussed in 8§2.2ait be seen that it is possible to affect the guali
factor of the coil by adding resistance into theereer circuit. This is achievable particularly whe

using high-wattage resistors at low quantitiesesistance.

For example, by adding a 5@ resistor in parallel with the load this raises thmlity factor of the
circuit thereby causing the lamp to give off a btay luminescence. In doing so it also improves the
efficiency of the circuit. It has to be said howetlgat the addition of resistance into a dc cirevsdls

not tested here. Adding series resistance is stggbby work in [82].

By increasing the length of wire after the rectif@rcuit, the useful range of the dc signal was
extended out to twelve centimeters. At higher \g#tg i.e., those at nine volts and greater, thé hea
given off was found to be minimal in the circuigsted. What heat there was found to be concentrated

around the capacitor in parallel with the loop aras linearly related to the input current.

The maximum power was transmitted in this experint®ndriving the amplifier circuit at twelve
volts. At this level, there was found to be sigrafit heating of the transmitter’'s capacitor. Chagagi
the input voltage altered the output voltage,there was no apparent storage of magnetic energy in

the magnetic field.

Any increase or decrease in power supplied doesaltet the locations where the coils achieve a
maximum or minimum in their resonance couplingheatit increases or decreases respectively the

available power at those locations.

The maximum energy transmitted in experiments vdakJ3over the period of one hour. The apparent
limiting factor in this scheme was the number ofpéifiers we employed. It would be of interest to
apply further amplifiers, thereby increasing thevpoin the system, in order to understand how much

current can be practically transported in the ge¢dmspace.

Perhaps the most significant results obtained feaperiments were those relating to the efficienfcy o
power transfer. Here the aim was to use small, Ieimpd efficient means, at directly comparable
distances to those reported in [44, 78, 86]. Thinrgaal of the research program being to ultimately

deliver power for biomedical implants — as desatilrethose works.

In this case, with two coils, both of radius thimntimeters, set six centimeters apart, a measured
power transfer efficiency of 76.82% was achieveldisTcompares directly and extremely favorably

with the 82% reported in [78] and the 80% repoitef4]. It is worth adding that it compares even
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more favorably with the 45% reported in [86] altgbuit is worth stressing that the goal in that

section was not merely high efficiency.

As an interesting aside, it is also apparent that <ame method of power delivery, as tested in
experiments, can also be employed in the case tfpteureceivers. With the addition of additional
receivers, the transfer efficiency remained at aimmim of 82%, whilst dividing the power — this
based on the position of the receivers relativéht transmitter. Clearly, this can mean that the
method introduced here could be useful to poweersdvmeasurement and/or stimulating points

within one body, without significant power degradaf from one single external transmission source.

Power issues faced by [90] deal with system cadngisbf modes—active and sleep—and are
concerned with power consumption of a circuitryrandom intervals, such as when a vibration
triggers the piezoelectric response to generatiages and currents. Regarding [91], the notion of
beacon-delimited, ultra-low body network is comfmeato the research here in that they share two

common themes:

1. sending power for medical implants or body monitgrapparatus,

2. sending information at an appreciable data rateyeler, the current research only
acknowledges the apparatus has ahdity to transmit data given the waveform is a
steady-state sinusoid.

Because of the importance of the subject areadg bbresearch both theoretical and experimental
has appeared, particularly in the last decadehisntopic. As a result we have attempted to make it
clear how the work compares favorably with thatotifiers in terms of the results obtained. It is
important however to also give an indication of htivese improvements in results have been

achieved through original differences in fundamedésign.

It must be realized that the basic ideas underlyfiregdifferences have been sparked by returning to
some of the fundamental work of Tesla, Larmor, Boginting, stemming from the original Maxwell
equations. As such it is made clear in this sedtiaih the geometry of the magnetically coupledscoil
we employed was not ‘standard’ but rather exhibiéterences to that used in other work [78, 79,
80, 85, 88, 92]. Here is a list of differences.

Firstly, the antenna made use of a Litz winding, wound in any particular orientation. This same
approach was in fact used in [78], but not so i, [86]. Secondly, the radius of the receiver and

transmitter coils in experiments was the same étluentimeters), others meanwhile used one radius
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for the transmitter and another for the receivet, [A9, 80, 92]. On top of this there were very few

turns on both coils, where= 3, and no use of a secondary coil. This is iralicontrast to [78, 86].

Also diverging with previous work, the prototypeedsan analog oscillator, integrated with the loops,
i.e. the inductor and capacitor formed a resonaotit. It also used plain, circular loops, whereas
[44, 72, 77] all used flat coils whilst in [78] tlseheme used a staggered arrangement. In thistkeay,
loops consume the entire ac cycle. The prototyge Aftoadcast a lower resonant frequency, i.e.
longest wavelength, than that in previous research.

Overall, the key to the approach was simplicityeThodel used, by quite some way, the fewest
number of components (13 in total for the oscifpend yet generated a clean sinusoidal waveform at
440 kHz. On top of this, the receiver containedyatfiree components. By contrast, in [44] the

authors employed a noisy digital driver, which alequired supplemental circuitry.

The operational circuit including the antenna pomgemultiple lamps a distance in approximated
rotations away from axial alignment, is shown ig.Ri59.

Fig.2.59. Operational oscillator powering multifdenps.

Experimental results show that significant improeens in terms of power transfer efficiency are
achieved by directly connecting the LC circuit to amplifier circuit instead of excitation being

achieved from an external sinusoidal source.

The measured results were found to be in very gapdement with the theoretical models. The next
step clearly will need to involve tests involvingt@al biological tissue. Although, by analyzing
results from previous comparable studies [78, 443, not anticipated that there will be any issoés
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significance, nevertheless such a study is a nitgelsefore actual practical application of the

procedure can go ahead in situ.

In tests it was found that the efficiency of theergy transfer system can be improved by increasing

the quality factor,Q, of the coils. The power transfer system achieveteast four times more

efficiency and power density in watts per centime@iven its small size, compared to prior

inductive-link schemes.

Reasons behind the improved results, as reportddsiihesis, in comparison with previous work are
not particularly due to the antenna type or qudhtor of the coils, as one might expect. The matu

of the loop antenna has been thoroughly investigatethe literature; rather, it is a property oéth
oscillator driving the system under resonancehindesign, we have used a magnetic loop, which has
the advantage when its circumference is at a wdtibe driving frequency quarter-wavelength. The
oscillator frequency has then been set so the tappbe small and the radiation non-toxic in human
presence. It is the manner of how the driving feequy is realized, how clean the oscillator in

synchronizing currents in phase, that determinegjthality of the energy exhibited in the receiver.

As reported in the theoretical section, efficiemegults of 77% in power transfer over a range xf si
centimeters between transmitter and receiver caiks extremely encouraging. For biomedical
implants, this then starts to look at the posgibilif remote wireless power provision, in which €as

the opportunity for multiple recipients also becemelevant.

The discussion in this chapter centered aroundhglesicoupled-mode with several experiments to
prove the theory. Given the utility of the concepts interesting to supplement the discussior\ait

addition of a second coupled-mode given an altemaircuit arrangement.

3 Two coupled-modes without projection

The last chapter discussed the theoretical impdicatand framework of a single coupled-mode
magnetic resonant transmission including experialeatidence confirming the theory. This chapter
will extend the work from the last, adding a secondpled-mode to the arrangement. In this form, it
is conceptually convenient to discuss it in termhsaaircuit which has already been created. The
concept of two coupled-modes will be discussed idlndtrated in terms of a recreated model of
Tesla’s circuit illustrated in his 1900 patehtSystem of Transmission of Electrical Enenggtably,

the arrangement of four tuned circuits exhibitedvwas concentric spirals.

Three contributions are proposed in this chapter:
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1. An analysis of the two coupled-mode model of wisslepower transmission and
constructing a circuit;

2. comparing the performance of the circuit with these described one in the literature,
[10]; and,

3. introducing an innovation wherein modification d¢ietcircuit links its model with the
field model, in stronger support of the model, igatarly the concept of the contiguous
(virtual homogenous) waveguide of free-space desdrin in §2.

Tesla presented a model of wireless power trangnigisat he claimed in U.S. Patent #645,546 could
be used to send wireless signals to anywhere ompldret. A schematic of his setup is shown in
Fig.3.1.

Dl

Fig.3.1. Tesla's wireless power model.

The Tesla circuit comprises four tuned circuittraamsmission and receiving pair of circular codgle
containing a thick-wire primary of a few turns aamdhin-wire secondary of many turns. Illustrated in
Fig.3.1, (C) represents the primary coil (A) the@®ary coil, (B) one free end of the secondary; coi
and (D) the other free end of the secondary cotheftransmitter. For the receiver, these identical
components are labeled with primes so as to digithgthe transmission side from the receiver side

of the complete circuit.

The circuit windings, sensitively dependent upoa position of the coils relative to each other,

perform ideally when the distance between the pynaad secondary winding is no greater than the
thickness of the primary, similarly to the transf@r effect at close proximity. This ensures maximum
current displacement in the outer winding of theosglary. When a constant current is maintained on
the secondary, it is possible to enhance the ctaistic of this coil. An innovative enhancementl wi

be discussed later in this chapter which introduaesonnection of a third coil with passive
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components such as capacitors and resistors bet{Bg¢emd (D), and between {Band (D) used to
manipulate the order of the magnetic field, compulinig the power series, projecting away from the
secondary coil. Applying a sinusoidal current (G}He ends of the primary coil at the transmitties,
input current is observed at the ends of the prroail at the receiver. The current can be utilizéx
a load represented as lamps (L) and motors (M) a@lmgkerved on a spectrum analyzer when

transmitting at low power levels or using attenusito

The windings, so constructed and oriented as destrieach form one-half of a tuned circuit. By
placing each half of the circuit at a distance grethan the radius of its secondary coils, thaltot
circuit expresses cavity effects occurring along trajectory of energy transfer. It is assumed the
observed behavior and the emission of plane waesiformly present, though perhaps in different
guantities, with circuits of different sizes butvivey the same relative geometry. It is a fairlyitl
exercise to artificially create resonance cavitiesagnetically-coupled wherein energy and
information are transmitted bi-directionally. Thesesities, while homogenous in free-space, maintain
a total internal reflection implying each individlyaor multiply-connected cavity is a holomorphic
manifold [11]. In plain terms, it demonstrates tlatthe extreme limit of mid-field transfer, the
transmitter and receiver can be placed at sepasaiio all three Cartesian directions and can be
designed in such a manner as to be a planetargntitiar, which is not unlike Tesla’s original

description.

Considering the radius of the secondary coil amdl¢émgth of the conductor consisting the spiral, a
peak-transmission frequency is established wheh balves of the circuit are built to exacting
specifications yet wound in the opposite directjombich, for the purposes herein, is 27.50 MHz +
5%. By applying an external sinusoidal steadyessignal to the primary coil (C) at (G), the ideati
signal is observed at the primary coit)@t (L) and (M) without drift or distortion. By épection, it is
clear the circuit has a complex symmetry; applyegernal sinusoids to either half—at the
transmitter or receiver—the signal is observedhat ¢ther half. Experiments have shown that in
general that the higher degree of symmetry in trauit, the greater the resonance and the beteer th

performance.

The two pairs of self-resonant coils allow the $@ortation of quantities of energy at significant
distances comparable to the sizes of the windingslved. Rather than the use of large coils redativ
to the distance of transmission which rely on fixail qualities, small coils are used with a tuning

apparatus which controls the tuned state of thenasr cavity through ordered magnetic fields.
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3.1 The theoretical model

The efficiency,n7, is a measure of performance of a circuit to catdhe success of this particular

experimental design. It is expressed as a fradtiquentity, as,

_ Useful power output
Total powerinput

(139)

Another measure of performance is the energy storélie magnetic fieldH, utilized for magnetic-
resonant coupling. The circuit consists of an tetcit driving a loop of wireL; coupled to a
capacitorC; and a resistoR. at the circuit's resonance frequenay representing the transmitter; a
second loop of wire; of equal radius coupled to a capaci@y and a resistoR, connected to a
light-bulb representing the receivell, and L;are placed at a distance apart from each other. The

projectionH is not seen in this model, as the energy is alesbirtio the secondary coil.

In terms of the properties of the radio-frequen@ves transmitted by the circuit, the efficiengyis

first given in terms of the degree of coupling betw each half of the circuit as:

_ k' QQp
=R ST =R 140
(ST oYoN (149
where k., is the coupling coefficientQ, , Q, are the quality factor of the coils and L, driven at

resonance frequenay, .

The criterion of efficiency in the scheme is partenieed by the coupling coefficient between the
secondary coils in each half of the circuit andirtlypiality factor yielding the energy stored. By

creating a generic model of the means of transonissve can glean insights about the efficierncgf

the scheme and how to improve it. Each part of tesla resonator is discussed in the following
sections; it is advantageous to discern the systetarms of its geometry and construct the field

model around it.

The transmitter coils

There are two sets of coils for each half of theust, they subsist of a pair of coupled circuitsthe
form of a spiral. The arrangement of the transmittéls is shown in Fig.3.2. There is a primaryl coi

of a few turns and a secondary coil of many turkgight coupling k,, between the primary’s
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inductancelL, and the secondary’s inductantg, suggests the capability to have a high mutual

inductanceM,, which greatly aids more power to be transmitted.

Fig.3.2. Transmitter coil package.

The receiver coils

Because of the symmetry a tight couplikg between the secondary’s inductance and the
primary’s inductancel, is also observed yielding, again, a high mutuauctanceM . The

arrangement of the receiver coils is shown in F8y.8lote the sole difference is the direction @& th

winding: it is opposite to that of the transmitter.

Fig.3.3. Receiver coil package.

The physical properties of the coils are shownabl& 3.1.
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Table 3.1. Resonant coils physical specification.

TABLE 3.1
RESONANT COILS PHYSICAL SPECIFICATION
Designation Coil letter  Inner/Outer rading (nun)  Wire radius (mm)  Wire length (mm) Number of turns
Tx Primary a 40.5/51 1.30 TO0 1.80
Tx Secondary b 10/40 0.384 150 40
Rx Secondary C 10/40 0.384 5150 40
Rx Primary d 40.5/51 1.30 700 180

The coupling coefficient

The coupling coefficienk,,, mutual inductancév,. between distant coils, andL_, and the quality

factors of all the coils are the significant phydigroperties in this arrangement. The mutual
relationship and the coupling between each of s gs illustrated in Fig.5. To understand the
effectiveness of the scheme and the work doned&tance, the energy-storage ability of the system

is determined by coupling coefficients in transfevde. The flow of the energ#, in joules across
the distance is determined lxy. between coild, andL_; k, andk_ are relatively constant as the
distance between coills, and L, , and coilsL, and L, do not move with respect to each other. If the
resonance frequency, is kept constant, the inductances of dgjland coil L, are small while the
distances between coils, and L, coils L, and L, and coilsL, and L, are relatively large. Thus,
K., K, andk,, are relatively small and hence can be neglectdtenVurrentl; is applied to coil

L., the power transfer flows from coils, to L, L, to L., andL_ to L.

,'{O‘u

b

M,

Y Yy
ﬂ

iy < I, L, ; L,
|) kﬁ; - distance J krd-.\_i
Transmitter Receiver

Fig.3.4. Schematic diagram of the circuit for twaupled-modes.

Referring to the scheme illustrated in Fig.3.4, twupling coefficients between the significant
magnetically-coupled coils are defined as,

,and k= —2= (141)
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., L. are the self-

where M, , M, and M, are the mutual inductancesk,, L, and L ,L, and L,
inductances of the coils. Since we cannot calculaecoupling coefficient directly, it is necessany

calculate the inductances and the mutual inductahtee distant coils. For the coils, and L, we

will use the approximation for the inductance afiraular loop,

L, = ﬂoﬂrnira(ln%-ZWJ, Ly = Hok, T rd[ln%- 2+ Y] : (142)

wherer,, r, is the loop radius an®,, R, is the wire radiusn,, n, is the number of turns, and
is the flow constant of the skin-effect of the dmitradiation. For the coils, and L., we will use

the approximation for the inductance of an air-dtaespiral coil [30],

b g —1IR, +w,) ¢ T e - 1IR + W, )

wherer,, r. is the loop radius an®,, R, is the wire radiusn,, n, is the number of turns, ang, ,

w, is the width between each turn of the windingsbl&z8.2 shows the calculated values for the

coils.
Table 3.2. Resonant coils calculated electricatijoation.
TABLE 3.2

RESONANT COILS CALCULATED ELECTRICAL SPECIFICATION
Coil  Inductance (uH) Mutual Inductance (between coils) (uH)  Coupling coefficient (&)
a 0.78 0.340 (ab) 0.061
b HR.18 13.10 (be) 0.225
& 58.18 13.10 (cb) 0.225

d 0.78 0.340 (ed) 0.061

Determination of mutual inductance in the model
The mutual inductanc#l, is calculated by,

[[Brds
My, =———, (144)

I,

where L, is the area of the receiver secondary dilis the magnetic fieldl, is the current passing

through the transmitter secondary coil amds the vector normal to the energy across freeepia
examining mutual inductance and the distance, phaeesbetween is filled with a radiated field object

resulting from the exchange of energy and feedhbztiveen the coils, whose size and shape is
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dependent upon coil geometis such, we can expect the space to be a mediunpiact by a

charged field exhibiting an energy flow.

An accurate calculation of mutual inductance depead the assumption of energy distribution
occupying the free-space between the distant cbilis. assumed a Boltzmann distribution of the
magnetic currents along the waveform limited atbitsindary or other non-local positions, given
Maxwell’'s notion of the potential. The model stibwever assumes a smooth boundary. Using these

assumptions, the calculated coupling coefficientsiaductances are also shown in Table 3.2.

The explicit innovation here is that the conicail edlows the magnetization to be manipulated. The
polarization of the fields across the space is $hahit magnifies a magnetic monopole in the regio

which allows the stronger transmission ldf,. By manipulating this magnetization, the field dza

tuned with the introduction of passive components.

M,

4
AN

Enerey flow :’ : ':

o

AN

distance

Fig.3.5. The coherent field object resulting framndtions in Fig.2.17.

Visually, it is expected the space to be occupigdabhyperbolic-shaped field object in three
dimensions saturated with charge and flow, illustidn Fig.3.5.

On quality and loss

The quality factors of the coils loaded by a pa&fatircuit containing a capacitanc€,, and a light

bulb are calculated. The arrangement to be cabxuilet shown in Fig.2. Under such geometry, the
quality factor is calculated the same manner fohez the four coils. In the scheme, the components
of the circuit are in parallel with reference tockaother between the transmitter and receiver

secondary coils. The overall loaded qualiti@s, are defined via the relation,
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Q=R [+ RE, (145)

where the qualityQ represents the quality factor of the resonanudigither due to ohmic resistance

R, and radiation resistand® . The losses are divided into the losses due td®tesistance,

w, 1?
R = ﬂzoo—o AR’ (146)

where o is the conductivity of the material, the wire length of the coil an® is the wire radius,
and the losses due to radiation resistance

wlm (ar) 2 (wh)
= |22 = = | +—|—| |, 147
R 50{12 [cj 37?(0)} (147)
where n is the number of turns of the coil ard is the speed of light. By examination of (145),
increasing either the capacitance or circuit rasis¢ will increase the quality factor of the coils.
Given (140) a small increase of the quality faatbrthe coils will increase the amount of energy

transported improving the effective efficiency. Tih@wer transfer efficiency of the four-coil system

calculated from the quality factors and couplingficients from above is,

- (K6Q.Q)(K.QQ)( %2 Q)
[+ ,QQ) (1 K,QQ) + K.QQ|[1+ k.QQr k,QQ

(148)

3.2 The propagation of magnetic currents

In consideration of the work of Poynting, it isen¢sting in plotting the magnetic field intensityda

the magnetic flux density of the magnetic curregntisanating between the coils, and L.. It is
insightful to map these magnetic fields betweetschj and L, when a source of 1 ampere is applied.

Using a computational software packagemsol Multiphysicswe are able to plot the magnetic flux

density and magnetic intensity between the distands. The plot is shown in Fig.3.6.
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In order to calculate the magnetic field strength distance from the coils, it is necessary tadate
the computational domain, because the finite el¢roattulation requires a finite-sized mesh. The
sphere,S, which serves as the computational boundary ofiteain, has a radius of 80 centimeters.
The plot displays a calculation of magnetic fietdesgth (the ovals on top and bottom) and the
magnetic flux density (the lines passing througtd around the coils). The colors from light to dark
show the increasing intensity of the magnetic fiefditted by the coils; the peak strength (darkest
color in the center) lies 1.5 times the radiushaf toils. The minimum strength lies at 15 times the
radius of the coils. The magnetic flux density (theld lines) extends the field intensity
approximately 8 times the radius of the coils olfay between the maximum and minimum field
strength. As shown in Fig.3.6, the magnetic fielgmnsity is strong in the free space between tiis co
which suggest this geometry, given the strengththef fields to perform work at a reasonable
efficiency, is suitable for transmitting electriclrrents of sufficient magnitude.
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Fig.3.7. Magnetic field intensity and flux densétygreater distance.

It is also interesting to know if the model holdsistances away from the near-field region. Figi8.

a plot of the same secondary cdilsand L, emitting a magnetic field at a distance of 75 ireeters,

the boundary of the computation domain has a radfu$20 centimeters. The intensity remains
uniform across the distance. The limit at the baupds obtained by the assumption of how the fields
are computed and the assumptions about free-spapending on the assumptions constructing the

method, the limit for medium-range transfer carekended.

One method to extend the range of energy trangpaat increase the density of a component of the

magnetic field,H . This typically involves increasing the inductanafethe coils as to satisfy the

relationship of the stored energy to inductance and the fields, as,

1 1
W==LI*’W==|BMHd 149
5 5B dy (149)
or increasing the quality factor of the coils thetass. Adding a third conical coil of a radigsat a

distance of 10 centimeters along the axis of the secondary coil and connecting at teamiB), the

free end of the secondary coil, increases the waflug linearly. The value oH is also increased, it

is given the length of wir¢, contained on the curvaturé,, of the conic. We averaged the value of
H by setting the conic anglé, = % along a length where, <r_, and therein yielded a significant

increase of magnetic potentidl ,. An increase ofH, is observed by applying the force upon the

dipole residing at the center of the secondary. g hypothesize the motion of the magnetic field
from the conical coil constructively interferes lwthe magnetic field lying on the spiral coil givire

two coils are sharing the same electrical fieldand electric potentia$ . By adding capacitive and
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resistive components across both cdijsand L, quality and coupling-coefficient values are dihgct

accessed. The third coil arrangement is showngr8.

Fig.3.8. Receiver package and third coil. Compoibeeadboard shown.

The possibility of calculating coupling effects,tably the coupling coefficient between the distant
spiral coils differs from normal models in that thgiral liesinside of the loop coil containing the

generator and therefore is assumed highly effid@tdwing the well-understood transformer effect.

3.3 The circuit experiment

A reconstruction of the Tesla resonator, illustlatem Fig.3.1, was built with the physical

specifications shown in Table 3.1. The inductaneese measured on a Hewlett-Packard hp4192A
into 50 Q, shown in Table 3.3. The first test was to plo¢ tlesults of applying a steady-state
sinusoidal source at the peak resonance frequen2y.50 MHz and chart the measured differential

power between input and output. The efficiengy,as a function of the distance between the csils i

shown in Fig.3.9.
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Fig.3.9. The efficiency of the Tesla resonator avelistance.

To understand how this model performed againstrapapative wireless power system, results were
contrasted with [10]. Although containing a diffeterientation and geometry, due to similar sources

of prior art sufficient shared fundamentals extsg.3.10 shows a contrast of the two schemes.

Reconstructed Resonator

———Kurs Scheme

Efficiency - ¢

o
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o
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Fig.3.10. Comparison of the Tesla resonator withsKu

The reconstructed Tesla resonator, in its origioain without modification, performs better with
secondary coils of more winds yielding more magnédield properties. Considering magnetic
resonance coupling schemes studied in this chaysist a higher magnitude of magnetic flux density
as directly translating into greater efficiency pweid-field distances, the observation of a linear
relationship in force to energy density of the netgnfield is not surprising. What is interestirgy i

that energy transmission can be achieved whersmtu®| does not rely on axial alignment.
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Table 3.3. Resonant coils measured electrical Bpaton.

TABLE 3.3
RESONANT COILS MEASURED ELECTRICAL SPECIFICATION
Coil  Inductance (pH) Capacitance (nF)  Resistance (©?)  Quality factor (Q)

a 1.15 870 2.00 96.6
b 62.40 16G 1.88 182.3
¢ 61.68 16 1.81 180.4
d 1.17 886 0.55 97.3

The second test was to add passive componentsitp ifeas according to (145), the quality facfr

the scheme could be improved. By doing so, theieficy shown in (148) is improved. Capacitors
added in parallel to the transmission coil, whisistors added in parallel to the receiver coil Mou
show an improved efficiency in the transmissionctsdirect connections between the circuit and the
field are aided by the addition of the third ceoidluctively coupled to the transmission field. Valod
added or subtracted capacitance and resistanageaffadmittance and circuit impedance by altering
the phase of the energy at the distant secondaky/caeries of five tests were conducted adding

capacitance and resistance as value-based paranwetailsL, and L, coupled through.,.

As illustrated in Fig.3.11, the coupling coefficiely, can be affected by not only reducing the losses,
but also affecting the quality factor by addingued of capacitance and resistance. Tuning the
resonant frequency to the peak magnetic flux dgneit the circuit would further improve

performance.
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Fig.3.11. The efficiency of the Tesla resonatohwehhanced quality factor.

This implies the cavity is contiguous and has gerty inherent to it, suspended inside free-space.
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Discussion of the experiment

Following the theoretical framework of two coupleabdes, the experimental reconstruction of
Tesla’s signaling apparatus from his 1900 paterfystem of Transmission of Electrical Energy
illustrated in Fig.3.1, is also examined in termmitcasted with other attempts claiming a Tesla
wireless power system. In [10] the author concefmetself with Tesla's 1914 pateAjpparatus for
Transmitting Electrical Energyocusing primarily on the transmission of eledticurrents given
large coil loops of a few turns. Here, we haverafteed to demonstrate an alternative approach using
coils significantly smaller yet achieving bettesuds for efficiency. One striking difference isaththe
geometry and orientation of the Tesla resonatoméaxad in this chapter does not rely on an axial
alignment of the coils; rather, the transmittereiger pair can be placed liberally at a distandatire

to each other without any significant additionaddes. According to [10], the limit of this type of

transfer is 8 times the diameter of the coils, @lextrical intensity between the coils diminishixiga

rate %2 . Experimental results have indicated a greatdril the magnetic field density appears at

the secondary coils in this resonator-coupled motied extreme distance measured in the experiment

was four meters.

The last step was to discern if the reconstrucesbrrator could be modified to increase energy
transmission and intensity of the magnetic fieldsthhe magnetic-resonant model. What became
immediately apparent was by adding passive comparienitry, the field object behaved as a cavity
not unlike a transmission-line resonator. The siadf those basic characteristics in our modelgive

a wireless transmission-line resonator. More resean this formalism is suggested.

It has been observed that the resonator’'s perfacenansensitively dependent upon its impedance, as
expected. The signal generator used during expatgrautputs into 5@, impendence at the receiver
was measured to be §8 Tuning the resonator, we were able to more cjoseltch the impedance of
the circuit allowing more of the power seen at fiveirce to be dissipated in the load. From this
approach, by adding and subtracting impedance;ieffiies over longer distances are dramatically
improved. Although, not directly addressed in thg@ezximents in this chapter, the appearance of
standing waves in the resonator suggests a possdplanation of voltage magnification lending

credence to Tesla’s description of velocity-inhioit

The idea of velocity-inhibition is related to thermor concept of acceleration, used here in this
thesis, and described in 81.1. What is further@sting is that Tesla described a method of anépod
[110], or positions on the planet where it would ideal to place transmitters for world wireless
transmission. A drawing of this idea is shown ig.Bil12.
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Fig.3.12. Tesla antenna and antipodes.

The addition of a third coil on the - axis allowed the manipulation of the variables rfesting the
magnetic fields at the secondary spiral coils yigjdan improvement in performance. The presence of

the coil L, in the field along the trajectory couples, throwghigher-order magnetic field [26], to the
transmission circuit ofl, and L, shown when there is and not a connection at (B)(8d Based
upon this observation, it is of great interestutufe experiments to investigate what access ihde

the magnetic potentiah ,.

3.4 Observations of behaviors present in the circuit

The method here describes medium-range wireleseptransmission by means of low-frequency

radiating waves, as opposed to either near-fiettugtive direct coupling or far-field microwave

transmission. We have proposed a type of wirelesgep transmission based on the notion of a
transmission-line resonator without any physicahtamment other than the fields themselves. It
suggests that the existence of a pair of tunediitsrcas illustrated in Fig.3.1 and schematically
demonstrated in Fig.2.1, exhibits such possibditehen measuring unpowered outputs at both the
receiver as well as the transmitter—a cavity presas visible whether external power is applied or

not.

The observations lead to an implication of a resmmaavity with characteristic peaks in the
frequency spectrum which go unchanged regardletiseoflistance between transmitter and receiver.
It is this uniqueness that makes the circuit wodhgeeper study. Power efficiencies recorded @lte f
to be respectable for research at this stage, tsgmgficantly higher than those previously repdrte

for mid-field regions, without the need for therexhely large directed antenna.
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A detailed and quantitative analysis of the effdfcéxternal, non-resonant objects on the transprissi

circuit is compatible here as it is with the methligtussed in the other parts of the thesis.

It is worth noting that the power transfer is ntieeted if humans or various everyday objects, both
large and small, are placed between the receivértramsmitter. This includes cases where objects
completely obstruct the line of sight or lie withen few centimeters of the coils. While the
transmission frequency is somewhat outside thamddesafe for human exposure [18], coupling is
only possible if a receiver contains a coil symiceto the transmitter, but oppositely wound. It is

suspected the radio-frequency fields react weakly off-resonant objects.

During the course of conducting experiments, vatatagnifications were observed when applying
resistances to the receiving circuit. Magnificati@s much as 50 times were observed which manifest
themselves as current spikes reflecting back adtussesonator. Although noted, they were not
directly analyzed during the investigation for tleisapter. Nevertheless, it is apparent that Tesla’s
resonator has properties which appear either uneehbr under-investigated as such, although they
were partially sketched out in Tesla’s original W®f1, 2, 3, 25, 26]. It is therefore suggested tha
detailed body of research be conducted on thitopining techniques and strategies, field-order

coupling are also considered very fruitful paths.

Whilst the results presented in this chapter aratefest in themselves, they also throw up a numbe
of intriguing questions which need to be researcliemt example, in terms of performance over
distance, how important are the shape and direadtisettings of the windings and the amount of
power drawn by the load with regard to the transiois efficiency? What remains consistent is that
an improvement of quality leads directly to an im@ment of performance not only at the distances

shown in the figures, but also at greater distareceexpected.

Given the appearance of more complex wave patterriee transmission, it is hypothesized the
magnetic fields of the first-order are, at leastpart, with the Schumann resonance [110]. This is
supported by experiments conducted with the thiidpresent in both the transmission and receiving

coils, introducing a third coupled-mode.

Compared to the single coupled-mode model frompifewious chapter, this model shares many of
the characteristics of the former. Coupling betwelese-proximity coils, where the distance is much
smaller than the radius, resembles the commonlgtatood transformer model. Coupling between
distant coils, such as the coupling between eacbnsiary coil, resembles the theoretical framework
of the previous chapter in several ways. Firsierggction of “flux lines” is deemphasized and the

notion of the virtual homogenous waveguide is gitieened. Contrarily, it is also conceptually cotrec
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to consider the intersection of “flux lines” as theking force constituting the structure of the
waveguide. Second, although the oscillator in taise is not tightly integrated into the primaryl coi
antenna and the circuit responds more to ringig tcceleration, it is distinctly apparent that the
projection field, H, from the previous chapter is present because @ffdlst that the third coil
experiences a magnitude of energy along zkaxis. Third, the enhanced magnetic field magnitude
again experienced by the third coil, is supportedhe work of 82.4.2. The theory is further exteshde
in this chapter by the concept of the ordered migfield—zero and first order—following from the
theoretical discussions in [21, 26]. Personallyaspey, | believe the demonstration of physical
evidence of the first order magnetic field is aypowerful claim and deserves serious consideration

in future research.

This chapter discussed two coupled-modes by ilitisiy a reconstruction of a Tesla system of
wireless power, contrasted to the single coupledenof the previous chapter. The utility of the
schemes illustrated in both chapters present masgilpilities for the future of efficient wireless

energy transfer in an industrial capacity.

4  The dipole concept and quantum magnetic potential

This chapter will discuss a modified model of thpote. The dipole concept and quantum magnetic
potential are fundamental concepts describing theéam and forces of separation of electric charges
on an antenna. During Hertz' research, it was dwsged some peculiar effects occur in certain
antennas [16, 30, 76, 93] such as the circular,l@wen at those wavelengths utilized. While a
comprehensive explanation is out of scope, it isrgsting nevertheless to examine the motions of
separation of two charges in the viewpoint of dedie waves [49] as well as their description by
Bohm [96] to form a unified model between quantumd &lassical descriptions of the model in this

thesis.

It is orthodoxy in electrical engineering and aibdenet of physics, that work is done in electrica
systems by the separation of charges and energslaased when those same charges come back
together, or an oscillation takes place along e b trajectory. Conservation laws dictate that the
work done to separate charges is equal to the erbgeg is observed. While this understanding is
convenient to finding solutions in “common” problermnd has shown itself to be a rather useful tool
as such, in itself, it portends the electron repméag the charge, given Lorentz, is independenthef
space where it is located. If we are to acceptribion that charges exist because of matter, the
separation of charges in the conductor projectgnento the interface where they lie. The interface

has an interesting feature in that the lag of curfeom voltage allows the dipole to sustain long
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enough for the energy to release when it is desttoyhe potential energy in the duration of time of
the existence of the dipole is a window to see hbe charges project themselves as waves

simultaneously [94].

What is to be considered here is that the separaficharges by an electrical force results thetate
dipole and the magnetic dipole to exist simultarsipat right angles to each other and that magnetic
charge is a result of the potential energy of thegmetic moment. It is hypothesized that the
coexisting charges, forces, and distribution ofrgies lie within a manifold, which describes a
contiguous set of particles and energies lying inkdwski space that produce radiant energies. This

has been discussed previously as a field object.

A magnetic dipole is the limit of either a closambp of electric current or a pair of poles as the
dimensions of the source are reduced to zero vieigping the magnetic moment constant. It is a
magnetic analogue of the electric dipole. The magn®onopole, the magnetic analogue to the
electric charge, has not been proved [98]. The mgrield around any magnetic source looks

increasingly like the field of a magnetic dipole the distance from the source increases. A new
analogy is proposed combining the particle and wattt@butes of the separation of charges [16, 49,
96]. The attention on this detail is due to a qaepaf the electron having a magnetic dipole moment
that the electron’s magnetic moment is not dua tairrent loop, but is instead an intrinsic propert

of the electron [95, 96]; the electron has not bateserved to have an electric dipole moment [97].

If it is logical to accept the concept of the dipas well as the manner in which it is manifest in
antenna, one can also assume that space-time sraliritature, in the Minkowski sense, is not
uniform in the presence of charges relative tortipelarized opposites do not exist analogous to
points on a grid. While this assumption is not vijnelrprising, the crux is how often are partiobds
opposite electrical magnitude localized enoughhst the force performing the work does not have to
“reach” so far as to construct the dipole infeasil#in unhelpful answer would obviously be derived
from probability and statistics but does not yieldproper explanation since the abstractions are
completely arbitrary. As such, a possible explamais proffered: that the charges exist as a ptgper
of free-space as they exist as a property of thenahconsisting the charges, i.e., the quantumidvo

is littered with such charges everywhere.

4.1 Waveform assumptions

Because of the assumption that the transverse isavdisturbance, the disturbance contained around

the charge is analogous when work is conducteth@m tanalogous to a quantum interpretation [50].
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Fig.4.1. Energy in the quantum state.

Such an analogue would allow the selection of atmgf equal magnitude yet opposite charge and
polarization based on the phase wherein a forepjdied to separate them into gauge groups. The
charges are still random in the statistical seys¢,drawn into suspension by simple forces of

attraction and repulsion, constrained to performkwo

The magnetic field of a dipole is calculated at lih@t of a current loop split into two phases; a@irp
of charges as the source shrinks to a point wheitpplng the magnetic momemh, constant [98]. For
the current loop, this limit is most easily derivied the vector potential. Outside of the souragame,

this potential is,

_ Ho MxT
Alr)==—= , 150
") 4 r® (150)
and the magnetic flux density is,
B(r):DxA - M_E . (151)
4\ r® r?

The scalar potential from the monopole limit is,

r)= , 152
and the magnetic field strength at a point chasge i
1(3(ml) m B
H(r)=—D¢=—£¥——3j=—. (153)
ar r r Mo

The magnetic field is assumed symmetric underiostatabout the axis of the magnetic momemnt
4.2 Attraction in the dipole moment

Fig.4.2 shows a point-charge emitting a field ifte®-space, illustrating the axial and lateral emois
of energy: electrical for an electric point-chargggnetic for a magnetic point-charge.
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Fig.4.2. A common description of a point-chargeotip

While the pattern of the field emission is unifoaver the axes of propagation, the depiction implies
the point-charge is not moving. Since the Hertzana is a dipole through the separation of charges,
the generalization implied allows a further suggesof the energetic state of a point-charge. Sithce

is due to the conservation of energy and Gauss' that the length of propagation varies
proportionally to the magnitude of the emission dhdt the length cannot extend forever, it is
relevant to point out there is a formal boundaryh® fields in both the axial and lateral direcsott

is also relevant to consider that the energy motamgard the boundary does not necessarily disperse
from the point-charge, if it is the assumption tifa¢ point-charge only contains energy. If this
condition were true, the point-charge would be ested after a given time. Since it does not exhaust
illustrated by the fact that electrical circuitdl$tinction, its internal modulation—or the frequey by
which the energy shifts between moving toward améyafrom the boundary—is the attribute
defining its state. Otherwise, an unseen forc@pyéng energy to the point-charge sustaining tisses
feeding it as a force holding the equilibrium, battthe field is conservative. A modified descopti

of the dipole is illustrated of the forces on tlparation of charges given their mutual attractfon

shown in Fig.4.3.
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Fig.4.3. a) Point-charges and the wake patterorefs, b) emitting a magnetic shearing force comated at
the magnetic momema.

Fig.4.3a shows point-chargesy,—q creating the wake pattern lines of attractionhet magnetic

momentm dispersing energy at right angles to the poinrgés when work is applied separating

them, visualized in Fig.4.1. In Fig.4.3b, forcesvimen the point charges reveal a circulating magnet

shearing forceF analogous to the Larmor forces [6]. The separatiboharges, the rippling of the
charges, because of the forces of separation, #ie wauses the elliptical feature of the effect of
point charges on free-space. The energy from tHevsexpressed at right-angles as the magnetic
field.

The bending of the force lines illustrates the wimtion of force across the momemt The tension
between the centers of force illustrates the riggpfield exchange between the two point charges an
a quantized component of energy traveling alongakie of orientation between the points. The
repulsive forces between the points are balancetthéyattractive forces folded in the motion of the
passing energy creating equilibrium in the systBince the system simply either reflects or refracts
the passing magnitude of energy, there is no figktaction between the points, only the Lorentd an

Larmor gauge.

The dipole description has been derived exclusifedyn the geometry of the antenna used in the
oscillator, theoretically supported by coupled-mdueory. The concept illustrated here for the dpol

is to emphasize the exchange of energy betwedfi-tas a function of the separation of charges—
and other vector-based components it could possitigract with as a Riemann surface. Greater

energies in higher concentrations act to influesiber dipoles not unlike gravitational forces bedwe
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celestial bodies. As such, the architecture of dhetrical particles is defined by absorptions and
reflections of quantized energy, in the form of célemagnetic photons. Point-charges on the
manifold define each other by the exchange of pigtotherwise, they would be inert and unseen,
perhaps confused for the vacuum. The definitioolgécts on the manifold and how they exchange
energy gives rise to this description of the elwmotignetic spectrum. Here, the electromagnetic
spectrum is defined through two dominant procesgesit-charges reflecting a photon and point-

charges absorbing a photon.

2 w o

Fig.4.4. Photon reflection and absorption primisive

Fig.4.4 shows: a) a photon refraction by the diglke, b) photon absorption by the dipole fielda O
each spatial surface, a photon carrying electroe@grenergy, y,, is represented as a packet of
energy moving with a constant magnitude and divectbased on the emission from the transmitter.
By inspection, ), has the potential to transfer energy to the dipoléo be emitted from it by the

acceleration of electrons in the conductor. Thatpahere the photon changes direction by a fadtor o

reflection or refraction indicates a radial poifitlee intensity of energy by its shift in directigiving

rise to the magnitude of the free-space currépts

4.3 Gauge fields

The interaction of the stream of particles with thdiated field will result in a graduated ellipdai

field growing away from the emission point. Instedch static quantity, the momentum of the particle
stream creates an elliptical area on the manifdidre the relationship between the two charges, the
virtual and the passing field, are in resonancé waspect to each other, creating a more dense form
on the manifold. Some passing particles, which ¢@antain masses, are temporarily trapped in the
sink and orbit the central axis of the field. Thdius of the field and the equilibrium of the systare
dependent on the magnitude of energy stored asomaace between the transmission and receiving
loop antenna. This quotient of energy is trappethisink as long as the system remains stable in
terms of its geometry and the resonance pattemmshohl it together. The form would hold unless
broken by a stronger external electric field. Asesies of dipoles, analogous in the case of a short

dipole, a chaining of dipoles yields the polariaatbf the propagating waveform—the rise and fall of
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current from one polarity to the other—across fspace, with a given admittance and reactance

dependent upon the temperature and pressure.

What is relevant to understand at the fundameptadllare that the notions of flux and propagation
are absorbed into the scalar, vector, and quatemgpresentations of the potential of the waveguide

structure, which consists and subsists the spaeeeba and of the antenna discussed throughout this

thesis. As the phenomenon is physically observabledicates that the potentia , fields, where

1=0,1 2, 3,.. do possess a physical significance as globaldatoperators or the case of gauge

fields, subject to precisely constrained topolodtek]. The available constrained topologies in the

case of the model described in this thesis are:

e The case of localized waveguide, and,

» classically-defined electro-state charge manifolds,

where both are limited in magnitude and statistig@&bltzmann) distribution by a temperature-
dependent electron coherence length given the matanchitecture. In the case of the localized

waveguide charged manifold, type is identified lbaae the definitions of:

- fields — free electronF - FE),

» fields — conducting eIectrorﬁF - CE),
- waveguide field (WG - F), and,

« conducting electron- fields (CE - F),

provided by the

1. Aharonov-Bohm and Altshuler-Aronov-Spivak effecis ¢4 FEand F - CE),

2. the topological phase effects of Berry, AharonowaAdan, Pancharatnam, Chiao and Wu
(WG - F),

3. the Josephson effe¢CE — F) in the sense of the variable phaseAof,

4. and the De Haas-Van Alphen effe(ch: - CE) in the sense of the periodicity of oscillations

in the effect determined b, potential dependency and gauge invariance.
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In each of these circumstances, #hg potentials are described pisysically meaningfutonstructs at

the classical level, numbers 2 and 3 and at lomgean the case of effect 2. Coherence length
limitation is noted in effects 1, 3 and 4. Whatstlnplies is that a properly constructed and well-
defined topological object can manifest, along withgnetic flux, sets of potentials along its length

and trajectory conditionally dependent upon theiana creating the field object.

It would be interesting in future research to exglthose topologies as quantization of the fielgctb

where appropriate.

Finally, H.F. Harmuth proposed an amendment to Maksvequations [99, 100]. The subject having
gone through much discussion [101], presents elattjuan argument of possibilities of expansion in
the interpretation of the more abstract partsttid Maxwell equations. One consequence: the
application of force to separate the charges byagication of current, the current lags behingl th
voltage potential, the point charges are both gagiand waves [102]. It is anticipated that steps

toward a proof of the notions discussed in thisisecan be formed thusly.

An electrically-charged short antenna has a triglaaracteristic impedance when compared load
whose impedance dominates the circuit, desiralilednding power over distances; e.g., the power is
induced to traverse the free-space between thesmitter and receiver to the load where the

impedance is located, a primitive form of direcabfinding [68].

4.4 The loop ratio in determining dipole integrity

Typically, small loop antennas have a poor efficiennless they are constructed at a ratio of their
circumference to the wavelength of the transmis§fiequency. Considering the ratio hypothesis, for
further size reduction, the loop can also havelaimgiower transmission efficiency if the ratio Isa
one-thousandth relative to the quarter wavelength tlie circumference. It is suggested it woulabals

be effective at one-ten thousandth given the exptialgorogression,

27, _ 0'0188495559@0.0100807302

., = =
' 0.01(0.25 ) 0.4199879228m (154)
r, =0.003m.

Applied to the physical antenna model, the antestraracteristics are truncated to a quarter-wave
A . . .
antenna, asz, the experimental setup of the antenna keeps inteduperpendicular to the earth and

not connected to a ground plane. The ground pkaignbred. The resonator floating above ground is
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susceptible to the forces at the interface; thesplshifting of the amplifier over the surface oé th
antenna throughr rotations in the impedance of free-space to sael#tssed circuit connection.

It is this seeking effect that yields some quatifevidence that there is a possibility of a stragnof
the space between the antenna cited the patteapefitious properties not unlike a set of harmsnic

across space. It is suspected the observable &rairalogous to that described by Maxwell.

5 Thesis conclusions

The literature which contains descriptions of pbgbidevices tends to address typical problems in
wireless power transfer—antennas, inductance, aaypand energy transfer, by clear mention of
magnetic resonance or not—regardless of coil sizkesign of experimental setup. It can be surmised
by this fact alone that the phenomenon of magnmeBonance wireless power is such that it matters
little of the size of the coils or the distance rma the pattern and number of antennas or thenmea
by which the energy is utilized; what matters igttthe phenomenon is commonplace law of physics,
although not expressly stated as such. Becauskeotdnclusion of the similarities in analytics of
other researchers, it becomes apparent that tlérarleaffects other electrons at a distance by a
connection explained by quantum mechanics. Howenenone of the literature surveyed for this
thesis has the mathematical tools of quantum méchdmeen applied to magnetic resonant coupling.
This thesis attempts to begin the framework by graBng gauge field theory to shape an
understanding of the quantum mechanical implicatiamd a thorough analysis of the magnetic
potential between the coupling and free-space fexgpatructural equations which predict the

reactive forces and subsequent observable propertie

The work presented in this thesis attempts to addrmagnetic resonant coupling form a
phenomenological point-of-view. That is, asking sfiens and forming hypotheses on observations of
two distinctly different types of wireless powerhsmes. In addition, the thesis tries to structtse i
analytical arguments based on non-isolation ofpthenomenon; meaning the phenomenon does not
exist in exclusion of other forces, rather, becanteghem. A novel contribution the thesis is
presenting is exactly this point: that forces aggblio an electron emitting radiation impress agpatt
onto free-space and that this pattern exists omlyabse there are counterforces simply by the
connection between the original force and consdipldorce. It insists there is a strong connection

between the accelerated electron and the impress$itsradiation on non-charged spaces.

In this thesis, the method and means of wirelesgepdy magnetic resonance has been described.
The focus of this research was on the descriptimh experimental testing of an efficient wireless

power model to be used in several application areasably those for in a human proximity.

147



However, the method of power delivery is general aan be applied to other applications which

require wireless power transfer on scales bottelaryl small [31, 88] as well as many others.
5.1 Coupled-mode conclusions

While the seat of the arguments for the method loy ¥or magnetic resonance lie exclusively with
[24], it is used verbosely by many other examplesvioeless power transfer. While the author can
cite how coupled-mode theory would apply to schemedh as the one illustrated in this thesis, it is
still not clear how the coupled-modes manifest gitlee simplistic model of the dipole purveyed in
scholastic physics texts. For coupled-mode to lbeessful, it seems apparent that the dimensionality
of the dipole is brought into question. In termss@fnaling, as it has been understood since the day
of Marconi, the single dimensionality is satisfyirlg terms of wireless power transfer, which is a
form of signaling in the scheme of radiant transfiee dimensionality fails to describe the system.
order to attempt to come to terms with the disanepa 84 introduces a dimensionally-equivalent
description of the energies observed in the schdinés anticipated that descriptions in this
architecture can shed light onto current dilemnmmaglectromagnetism. Regardless of intention or

discrepancy, couple-mode theory is a useful todlescribe mathematically wireless power schemes.

5.2 Circuit model and propagation conclusions

The circuit model is an attempt to present the meuts for coupled-modes into a physical paradigm.
The model proposed the embodiment of coupled maddsnergy exchange properties between two
distant circular loops. By considering the geometiyhe loops as a fundamental description of the
manifest electric and magnetic fields coupled ® ridiation, it has helped to extend the basic
concepts of a definition of broadcast power betwditant antenna forming a closed induction

circuit. The extension bundled into model properéiad applied optimizations of coupled-modes as a

hypothetical explanation of efficient wireless anetransmission.

If the loops are magnetic dipole antenna of a si#ative to their quarter wavelength, adjustment

along a descendingg,, scale will yield maximum power dissipation in tfree-space between the

antenna. In such a manner, the extant electromadiedt creates a spherical shell whose boundary
conditions interact intrinsically with the conduai properties of the medium. Because of such a
seemingly high conductivity in the scheme, wheesélperhaps should not be given the impedance of
free-space, these results lead the author to hgpizih further that at the boundary, the conductive
medium on quantum scales consists of some intedfaaity in the notion of space-time itself. This
could be theether or dark matter. What is clear is teamethings going on at the boundary between

the energized field and the medium.
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The model in its simplicity provides stark insightet the energies that permeate the field can be
expressly quantified, given enough sophisticatiothe methods. It is therefore interesting to esplo
the quantifications and to what further insights ¢ gleaned. Although it is very interesting to
understand the physicality of what consists a aaiphagnetic resonant mode, contrastingly, what
reactive phenomena are responsible for providiegstistaining counter-force giving it such a strong
linear equilibrium is equally so. The author suggdarther research needs to be conducted on what

consists the structure of “empty space”.

Whilst the results presented are of interest im#edves, they also throw up a number of intriguing
guestions that need to be researched. For exanmplierms of performance over distance, how
important are the shape and directional settingh®fwindings and the amount of power drawn by
the load with regard to the transmission efficichdyhat kind of improvement of the quality-factor

leads directly to an improvement of performance avdy at the distances shown in the figures, but
also at greater distances? What is the relationshifhe architecture of the antenna to facilitating

higher magnitudes at those distances?

Clearly, the approach described here has enornmmestal for wireless power transfer from a central
transmitter base to remote receiver stations, with@urring the losses due to wire resistancethad
inherent costs of building physical transmissiared. The added advantage is that mobile devices
within that environment do not need to carry ttmisn power cells but rather can pick up power
wirelessly from the transmitting station. These febevices, which could be autonomous or swarm

micro-robots, can also be driven when obstructanesin their path such as walls and other objects.

With increased power transmitted over greater desta this method could potentially also be used as
a power source for external vehicles, each merebdimg to house its own receiver unit in order to
pick up power from a distant station. Contrastingtg small size could be exploited to make
miniature devices receiving power and instructionsall these ways discovering what medium-range
and perhaps longer distances by repetition areeaghie with this method of power transfer would be
of great interest to developing societies and kigldvanced technological paradigms. The utility of
the scheme illustrated in this thesis presents npasgibilities for the future of efficient wireless

energy transfer.

Aside from the application advantages, it is equatlignant to examine other computational methods
to describe the electromagnetic problem, giverutiigueness of the model. How does the translation

in mathematizing the model from circuit theory teld theory help to ease genetic fallacies [47]
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prevalent in electromagnetism? Can the more arpittamponents of Maxwell's theory be given

substance, especially those considered as puralytaal devices such as the potential?

The research opens the door to many questions &iirmya means to answer them in a physical
experiment. It allows the investigation of the pedjes of what is coupled to it as well as some
masses contributed by free-space; this is the mteesting take-away knowledge from the research

process.

5.3 Antenna at the interface conclusions

It is a valid hypothesis, given the evidence irs thiork, that it is possible the method is detecting
something at the interface, such as the dark mattethe present accepted description of what in
antiquity was called thether. The configuration of the circuitry describied a prototype exhibited
in the model is thecharacteristic archetypef all of the classes for wireless power transioiss

methodology. Nearly all other schemes of comparatdthodologies are derived from it.

The presence of currents on the wire give riseht magnetic fields propagated into free-space
because the loop antenna is a high emitter ofrelmetgnetic photons. An interesting observatioth is i

this lack of mass of the photons and their abtlitylo work. However, because at some energy level,
a motor is turned, some mass is entering into yistem. Wired systems rely on electron masses to

perform work at a distance, wireless systems relptwotons to perform work at a distance.

The unity of the potential in context with the febbject is observable under measurement of an
unpowered antenna and is extant at the nulls téefh@nd right minor lobes. It is assumed thisis
loose measure of confirmation of the existence siracture of free-space that will inevitably lead

a more detailed future description. Additional ledtory resources would be required, more than the

basic equipment available a member of the public.

The movement of the oscillation through in consideration of how the antenna is couple@no
open system through the interface, suggests imjgitaon the impedance of free-spaceladr) .
Since each phase moves through a total of 60 cycles would sum up the impressibma single

complex wave on free-space. Does the interfacestipdogarithmically-based coupling method?

For the purposes of the thesis, the behavior thattéresting to the relevant discussion is thatrth
MOSFET is a high-speed switch at a suitable lefgloaver, that is, about 100 watts.
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Although quantum Hall effects are best exhibitedli@SFETs with gallium arsenide GaAs channels,
considered the “holy grail” in semiconductor resbathe oscillator discussed in this thesis might b
exhibiting some of these properties. It is suggkstecess to the quantized Hall states is accessible

through the n-MOSFET architecture which are beimgipulated on the antenna interface.

The author hypothesizes an oscillatory reactiorcfopermeates the waveguide. The increase of
magnetic potential is the means by which to understhe force.

This work has described the principle of wirelessrgy transmission by magnetic resonance.

QED
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5.4 Topics of future research

Throughout this thesis, topics for future resedrabe been noted. Generally speaking, it would be of
further interest:

To study the physical geometry of the scheme: tiditian of a secondary coil whose winding is
equidistant on thex, y plane and the addition of receivers to “chain” gmaver signal over longer

distances.

To revisit the Aharonov-Bohm experiments [29], dlaors of subsequent attempts to see if the
problem can be modeled on larger scaleg, as 77, and at higher temperatures.

To experiment with different lengths of componeft af the transmitter coil and its position along
the length AB. Is there a difference in projectiedtdf geometry or power?

To create antenna from metamaterials; the metaiabat@ncept has captured the imagination of a
significant and growing pool of researchers fromvide range of fields, with the move toward
practical applications perhaps most evident inatteea of antennas and wireless energy propagation. |
is interesting to use collections of sub-wavelengigments in a structured medium of volumetric
metamaterials (three-dimensions), meta-surfaces @fwensions), and meta-wires (one dimension)
for control over the broadcast and receiving priggmnf the antenna. Thusly, the medium within the
loop can be carefully controlled and its exotic gadies revealed: controlled in that its commonly
understood properties with uncommon control oveatiap variation, polarization sensitivity, and
frequency dispersion; Exotic in that the answerthtoreasons of its behavior were not forthcoming.
Nevertheless, the medium is currently inaccessthiegxpansion of basic parameters and more finite
granular control over the antenna and its influeaicthe interface would greatly aid investigation i
subsequent properties of the medium of free-spagertd the interface. Of all the possible suggested

research, not one is more profound than the apjgicaf metamaterials to the investigation.

To study the parameters of a computational paradigound the model to capture the complex
geometry and potentials of the fields.

Lastly, does the apparatus detect dark matter?
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6 Appendix — Tables, figures, and code

This section contains the large tables and figasewell as the basMatlab code to create an antenna

mesh as the one described in this thesis and readyse with a solver of your choice. | used the
method of moments (MoM).

The variable names in Table 6.1 have been chargrecbhsistency in the text. The names affected
are:k? - u, foa,a- 1, Ao .

Table 6.1. Values of factou? [32].

TABLE 13. YALUES OF FACTOR f IN FORMULA (77)

M =iV 4a.

ke / Diff. | logf | Diff. || k7?2 ! Diff. | logf | Diff.
0.010 | 0.021474 233101 0.260 | 0.003805 3.58034
—4159 —0349 — 156 —1819
020 | .017315 23842 270 003649 56215
-2378 - 6596 - 149 —1805
.030 | .014937 17246 280 | .003500 S4410
—1653 —4013 — 141 —1792
040 | 013284 .12333 200 | .003359 52618
-1258 —4319 - 135 —1783
0.050 | 0.012026 3.08014 0.300 | 0.003224 3.50835
—1008 —3807 - 129 —1773
060 | 011017 04207 310 | .003095 49062
— B38 ~3437 - 124 -1767
070 | .010179 2.00770 .320 | .002071 AT205
- 715 -3162 - 118 —1760
080 | 000464 3.97608 3301 .002853 45535
— 621 —2046 - 113 —1757
J090 | 008843 94662 .340 | .002740 A3778
— 546 —2772 — 108 —1754
0.100 | 0.008297 3.91890 0.350 | 0.0026317 3.42024
— 487 —2627 —1041 —1753
110 | 007810 .89263 360 | 0025276 40271
— 439 —2500 —1000 —1753
120 | .007371 B6T54 370 | 0024276 38518
— 397 —2407 — 961 —1754
130 | 006974 84347 380 | 0023315 36764
— 363 —2321 — 024 - 1756
140 | 006611 82028 390 | 0022391 .35008
— 333 _ —2246 | — 889 —1760
0.150 | 0.006278 3.79780 0.400 | 0.0021502 3.33248
— 308 —2181 — 8506 —1765
.160 | .005970 77599 410 | 0020646 31483
- 285 —2124 - 825 - 1769
1701 005685 0475 4201 0019821 20712
— 265 —2074 — 705 —1778
180 | 005420 73401 430 | .0019026 270
— 247 —2030 - 767 —1786
190 | 005173 71371 440 | 0018259 26148
- 232) —1991 - T40| - 1796
0.200 | 0.004941 3.69380 0.450 | 0.0017519 3.24352
- 218 — 1957 - Ti4 — 1807
210 | 004723 67423 460 | .0016805 22545
— 205 - 1926 - B89 -1819
220 004518 65407 AT0 | 0016116 20726
— 193 —1899 — 865 —1832
230 | 004325 63598 AR0 | 0015451 .18894
- 183 —1875 — 643 —1846
2401 004142 61723 490 | .0014808 17048
- 173 —1854 — 622 —1862
0.250 | 0.003969 3.50869 0.500 | 0.0014186 3.15186
— 164 —1835 - 601 —1879
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Fig.6.1. Effect on the simulated output based anging the value of the coupling coefficiexif : (a)
k =0.002, (b) x =0.004, (c) k =0.008, (d) k =0.010.

NOTE: Thex andy-scales for each waveform are 28® and 2 volts per division, respectively.
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This is a set of instructions to use Matlab wite BDE toolbox to duplicate the mesh used to compute
the antenna.

Table 6.2. Instructions to create an antenna mikesh f

Instructions to create an antenna file structure.

1. Open Matlab, type pdetool,
2. Click Options/Axes Equal,
3. Draw any ellipse, double-click on its surface,

a. Set X-center to 0,

b. Set Y-center to 0,

c. Set A-semiaxes to 3 (for a radius of 3 units)

d. Set B-semiaxes to 3 (for a radius of 3 units)

4. Draw a second ellipse, double-click on its stefa

a. Set X-center to O,

b. Set Y-center to 0,

c. Set A-semiaxes to 2.75 (for a wire thicknefs8.25 units),

d. Set B-semiaxes to 2.75 (for a wire thicknd€s 26 units),

5. Set formula E1-E2,
6. Click Mesh/Parameters...

a. Set Maximum edge size to Inf,

7. Initialize the mesh,
8. Refine the mesh,

a. Refining the mesh twice, check triangle quadlit clicking Mesh/Triangle quality,
9. The average quality should be 0.5 across ttfacufor an ideal mesh,
10. Save the file,

11. Export the mesh by clicking Mesh/Export Mesh,
a. Leave the variable names for mesh data @adges, triangles) p e t,
b. The Workspace now contains the data,

12. The array of boundary edges e is not needed,
a. type p(3,:)=0;

13. Save the compiled mat file,

a. Save filename p t
14. The antenna structure file has been created.

The meshes are used as antenna geometry to rivioifiesolution. Using a sample solution [65], run
it in the order listed in Table 2.6 to generatedhta discussed in §2.3.
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