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Abstract
The work involves investigation of a type of wireless power system wherein its analysis will yield the
construction of a prototype modeled as a singular technological artifact. It is through exploration of
the artifact that forms the intellectual basis for not only its prototypical forms, but suggestive of
variant forms not yet discovered. Through the process it is greatly clarified the role of the artifact, its
most suitable application given the constraints on the delivery problem, and optimization strategies to
improve it.
In order to improve maturity and contribute to a body of knowledge, this document proposes research
utilizing mid-field region, efficient inductive-transfer for the purposes of removing wired connections
and electrical contacts. While the description seems enough to state the purpose of this work, it does
not convey the compromises of having to redraw the lines of demarcation between near and far-field
in the traditional method of broadcasting.
Two striking scenarios are addressed in this thesis: Firstly, the mathematical explanation of wireless
power is due to J.C. Maxwell’s original equations, secondly, the behavior of wireless power in the
circuit is due to Joseph Larmor’s fundamental works on the dynamics of the field concept. A model of
propagation will be presented which matches observations in experiments. A modified model of the
dipole will be presented to address the phenomena observed in the theory and experiments.
Two distinct sets of experiments will test the concept of single and two coupled-modes. In a more
esoteric context of the zero and first-order magnetic field, the suggestion of a third coupled-mode is
presented.
Through the remaking of wireless power in this context, it is the intention of the author to show the
reader that those things lost to history, bound to a path of complete obscurity, are once again
innovative and useful ideas.
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1

Introduction

Before the success of Marconi’s 1902 radio transmissions to what later became the sole means of the
wireless art, various alternative methods were investigated for the transport of energy and information
over long distances without wires. The most well-known practical experiments five years earlier were
performed by Tesla [103], who had discussed wireless transmission as early as his 1892 lectures
delivered before the American Institute of Electrical Engineers in New York and the Institute of
Electrical Engineers in London [13]. His methods focused on non-radiative means, in stark contrast to
the work of Marconi [108]. Despite significant experimental successes, the work was not be taken up
by the wider scientific community.
While Marconi, supported by the work of Heaviside, would go on to establish the practical “Hertzian”
model of radio transmission, Tesla’s work would lay dormant. At the heart of Tesla’s work was the
consideration his efforts relied heavily on theories espoused by Poynting and Larmor. A centerpiece
of this understanding is the treatment of the space used as the carrier medium was extended from
Maxwell’s idea of non-radiative magnetic vortices [109], and of a disturbance contained in a structure
[23].
Wireless energy transfer is most useful in near or mid-field regions, arguably in some radiative form.
Near-field transfer is of the type exhibited in the transformer effect and usually obtained through
mutually-inductive coils and capacitive effects. Mid-field regions exhibit behavior where the falloff
is rapid, yet linear. It has been proposed that distances achievable by this scheme are generally very
short, limited to a few times the diameter of the coils [31], losses occurring due to resistive and
radiative effects.
Theoretical and practical methods of the wireless transfer of energy, distinguished by the broadcast
frequency and circuit geometry, are limited in scope and application. Far-field power transmission
involves higher frequencies where distances achieved are much greater than the radius of the coils.
This requires either the use of microwave signals or optical beaming. In general, such techniques
require both line-of-sight and complex tracking systems. The purpose of the research described in this
thesis is to investigate efficient medium-range power delivery using small-scale antennas without
tracking systems where the transmitter and receiver can lie at a distance regardless of position and
orientation.
An important consideration to reflect is that Poynting, Larmor, and Tesla agreed on two fundamental
principles: 1. The Earth acts as a conductor corridor, a charged shell capable as a transmission
medium, and, 2. By designing a suitable circuit, pathways could be created allowing electrical
15

currents to pass between distant locations. A more subtle conclusion is that the coils could be
designed in such a manner as their magnetic fields resonate, at least in part, with the Schumann
resonance [110]. Haus [93] observed and mathematically incorporated some of these possibilities into
his notion of evanescent waves which become more pronounced at higher frequencies in the neargigahertz range.
This thesis presents the construction of high-efficiency resonance transformers which facilitate stable
transmission of power and information at useful distances in two distinct forms—one with a single set
of coils exhibiting a projection field, a second with two sets of tuned circuits exhibiting energy
distribution regardless of coil orientation. In both cases, the velocity of electrons and their
acceleration on the primary coil establish the relativistic paradigm of differential time in signal
delivery. This would be in support of the remark by Tesla of velocity-inhibition and suggests these
types of wireless transmission devices are both radiative, in terms of a projection, and non-radiative
where the exchange of energy is along a series of standing planar waves existing as a power series
along the distance between the coils. The series is supported by the power transformation in family
time of magnetic fields in the distant circuits at resonance. Also, that in tandem with these planar
waves, lie regions of radiative emissions where a coil is coupled to a load.
This thesis hypothesizes that the space between the transmitting and receiving coils is regarded as
containing an electromagnetic field object suspended on a standing wave perpetuating signals less
than 100 MHz yet yielding smooth power transmission over long-range distances, where the distance
of transmission can be many times larger than the largest dimension of both coils involved in the
transfer. In this way, the field object is composed literally of a series-progression of plane waves
behaving as a virtual transmission line connected by the forces driven by the input oscillator or circuit
the antenna are attached to. Irrespective of any larger implications or derivation away from magnetic
resonance, the method still relies on the well-understood concept of inductive coupling and the
transformer effect.
There are various referred methods of wireless energy transfer as contrasting examples to facilitate the
analysis of the model illustrated in this thesis which differs from it in fundamental ways. While
similarly pursuing inductive coupling of magnetic fields between resonant coils to allow the
transmission of electrical currents at a distance, this thesis follows logic of the original Maxwell
equations to Joseph Larmor to Nikola Tesla.
Apart from the singular model of the wireless transfer of power by projection, wireless transmission
of energy through signaling [99] is accomplished by the creation of an inductive link which is
maximized at a particular resonance frequency ω0 given the physical characteristics of sets of tuned
coils. It is commonly understood that energy transfer in the transformer model discovered by Michael
16

Faraday, permits the transfer of energy between circuits in close proximity. What is not so clear is
what schemes are appropriate for longer distance transmission using the same or similar mechanisms.
Some will argue that the near-field for these schemes do not exist, rather, the energy is expressed in
the far-field exclusively, dependent on the type of antenna which typically are loops of a few turns,
receiving energy from an externally driven sinusoidal source. Energy is stored in the field by the
exchange between the inductive and capacitive components contained in the circuit, through damping
of the frequency. This insists that there is a contiguous field over the distance that cannot be simply
divided into near and far-field descriptions. Instead, it will be described as a mid-field region.
James Clerk Maxwell proposed mathematical solutions to the experimental observations of Michael
Faraday and built a framework around what was to become field theory in his A Dynamical Theory of
the Electromagnetic Field in 1865. Within thirty years, Poynting further developed the mathematical
context of the free-space field concept to include energy and its distributions in 1884, Hertz first
experimental confirmed the existence of electromagnetic waves in 1886, Larmor described the
electron and its behavior under acceleration by a current in 1895, and Tesla, using more refined
devices at higher potentials, demonstrated this work to the 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, the utility of power was fluid and was formed in many
imaginative scenarios. For the purposes of this thesis, expressions of the interfacing between humans
and technology are the most interesting. In terms of wireless power, some consisted of a direct
interfacing at the hands where energy was projected as a light so that the interface may be observed.
This imagery is similar to that appearing in wizardry mythos and not unlike the stories of individuals
purported to command the environment, casting thunderbolts as a sign of their power as early as the
Middle Ages. The imagery serves to illustrate a consistent need in human society: 1. the human form
is more than the sum of its parts, and, 2. by clever manipulation, machines could be constructed to
control the environment.
Following the First World War, from the 1920s to the 1960s, the concept of signaling was isolated
into its own category, due primarily to the development of the field of radio engineering following
Marconi. It again became more embedded in human activities in the form of wireless-powered
implants and cellular phones, spawning a plethora of devices in many more forms the author calls
archetypes. The term is used purposefully in the Jungian sense of the word.
The investigation conducted in this thesis will inquire what constitutes free-space as a transmission
medium, given the set of conditions imposed upon it. The goal is to yield a model of the
17

transportation of energy across free-space by magnetic resonance. The concept of signaling is relevant
to the thesis as a more descriptive body of theory regarding radio-wave propagation and
computational strategies, as opposed to purely electromechanical forces such as voltage and current.
The dynamics of the field is of greater interest than simple expressions of power ratios.
The model constructed in response to the investigation is structured as:
1. modular components of the model architecture, each of the components forming a part
of the whole argument,
2. in the attempt to demarcate a cross-compatibility between the circuit and field model,
3. propose methods to demonstrate the soundness of the model in a linear granularity,
4. propose an experiment to test the methods,
5. discover a measurement criterion of performance of a physical model, and,
6. discuss the results and extended components learned during the process.
The presentation will be an engineering-centric, scientific investigation where the material is
organized appropriate for the subject matter. The thesis is divided into three categories: circuits,
fields, and waves; each chapter serves to disseminate the contribution into distinct, yet interconnected,
parts. As the author is aware of the divergence between circuit and field analytics, the circuit model
will be tested in an experiment of a working prototype and the antenna at the interface will be where
the author will attempt to converge the concept. This will not only provide a concrete expression for
the theoretical musings, but to also make the concept more tangible. For such an abstract concept, a
cast of the meaning of the expression should exhibit both a form and a function. This process will
enumerate

•

a circuit with antenna emitting radiation in a geometrically-defined pattern,

•

as an ambient free-space field of a uniform structure, and,

•

a behavior depiction in terms of Maxwell, Larmor, Poynting, and Tesla.

In an attempt to be concise and descriptive as possible, the remainder of the introduction will be to
trace the specific parts of Maxwell’s original equations that are directly relevant to the arguments
pursued in the following sections. The focus in the short-term is then on past works to explain modern
problems; therefore, the old masters will then be given direct attention [1].
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1.1

Maxwell and Larmor

Maxwell’s equations have been widely discussed in the literature. In their common and most derived
form, these equations describe five electromagnetic quantities:
•

The electric field E, (in V/m),

•

The magnetic field B, (in T),

•

The magnetic field intensity H, (in A/m),

•

The density of electric charge ρ , (in C/m3 ),

•

The density of electric current J , (in A/m2 ),

which have the vector forms, in the microscopic case,

∇× E +
∇⋅ E =

∂B
= 0,
∂t

ρ
,
ε0

(1)

1 ∂E
= µ0 J,
c 2 ∂t
∇ ⋅ B = 0,
∇× B −

and with Ampère’s circuital law, in the macroscopic case,

∇×H = J +

∂D
,
∂t

(2)

where the constants are tied by the relationship, in free-space,

ε 0 µ0 c 2 = 1,

(3)

where,

•

ε 0 is the electric permittivity of the vacuum, (in F/m),
µ0 is the magnetic permeability of the vacuum, (in H/m), and,

•

c

•

is the speed of light in a vacuum, (in m/s).

Not widely discussed is the fact that there exists two distinct versions of what is currently represented
as “Maxwell’s equations”. Those by Maxwell himself and those by the Maxwellians [2]: Heaviside,
Fitzgerald, Lorentz, and Hertz.
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The modern and ubiquitous form of the Maxwell equations are the result of a vectorization of sets of
equations by the Maxwellians to facilitate a reasonable description of moving charges yet ignoring
rotations of energy in the field. Accounting for electromagnetic interactions outside the context of the
“local” field was also discarded. While the reasons for the truncation allowed a simpler representation
which suited the newborn field of radio engineering in the 19th Century, such a notion does not need
to be held in the present era. Critically, the Maxwellians banished the vector and scalar potential
functions from their version. As a result, the concept of the displacement current D , central to
understanding coupling by magnetic resonance, was neglected [3, 4]. The reason was that since
neither it nor the resulting magnetic field were associated with moving charges, contrary to the
position later argued by J.J. Thomson in his theory of corpuscles, or what Larmor called electrons,
they simply were not necessary. To this day, the displacement current is still controversial and rather
unclear [104, 105], yet a central part of electromagnetic theory.
For the purposes of this thesis and in terms of the experiment introduced later, both the Maxwellian
and Maxwell equations were not sufficient to describe the antenna at its interface. Rather, because of
the central role of accelerated electrons in its operation, the arrangement of the dynamics needed to be
understood from a different point of view, namely that offered by Joseph Larmor in a series of
publications from 1893 – 1897 [5, 6, 43]. In examining both theories—the Maxwellians on one side,
Larmor on the other—one sees the places where they share commonality and differences. The points
of view, however, are distinct and not directly compatible, therefore by their nature, divergent.
The divergence essentially revolves around Thompson’s interpretation of the description of the
electron, which Larmor had described in [5]: one side dissecting the problem from the point of view
of radiation on the basis of electric actions, the other, electric actions on the basis of a mechanical
theory of radiation—of radiant structures or field objects emitted by the exchange of energy at a
distance between two conductors. Maxwell, et. al was to take the former while Larmor took the latter.
Maxwell’s original expression of electromagnetic quantities, following A Dynamical Theory of the
Electromagnetic Field, consists of expression of two systems A and B where one has influence on the
other and the effects are compounded by coefficients of force. In terms of induction, Maxwell states
that L, M, and N depend on the distribution of the magnetic effects due to two circuits, their relative
position and subject to variation given its velocity.
Of the original 20 Maxwell equations, only six will be treated.
(A) The relation between electric displacement, true conduction, and the total current,
compounded of both as a means of reduced momentum,
20

dw
δ z = Xδ x + Yδ y,
dt
d
X = ( Cp 2 qu + Cpqv ) ,
dt
d
Y = ( Cpqu + Cq 2 v ) ,
dt

C

(4)

where the momentum of the system referred to as A is Lu + Mv and B is Mu + Nv.
(B) The relation between the lines of magnetic force and the inductive coefficients of a circuit, as
already deduced from the laws of induction and the resistive forces R and S , the equation of
the current in x in A will be,

ξ = Rx +

d
( Lx + My ) ,
dt

(5)

η = Sy +

d
( Mx + Ny ) .
dt

(6)

and that the current in y in B is,

(C) The relation between the strength of a current and its magnetic effects, according to the
electromagnetic system of measurement.
(D) The value of the electromotive force in a body, as arising from the motion of the body in the
field, the alteration of the field itself, and the variation of electric potential from one part of
the field to another.
(E) The relation between electric displacement, and the electromotive force which produces it, as
the work done in a unit of time arising from the variations of L, M and N of the conducting
circuits A and B,

1 dL 2 dM
1 dN 2
x +
xy +
y.
2 dt
dt
2 dt

(7)

(F) The relation between and electric current, and the electromotive force which produces it.
(G) The relation between the amount of free electricity at any point, and the electric
displacements in the neighborhood.
(H) The relation between the increase or diminution of free electricity and the electric currents in
the neighborhood.
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Only those indicated above with equations, e.g., (A), (B), and (E), will be discussed in greater detail
in their contributions. The others will be absorbed into the discussion only where necessary. It is
relevant now to examine the expression of the terms as quantities of intrinsic energy of the field and
show the applicability of this method, as opposed to strictly the Maxwellian equations (1) and (2), tied
to unity in (3) for a more thorough mathematical description of the field more agreeing in geometry
and by inspection, which has resulted in this particular wireless power scheme.
In order to do this, it will take the assumption where Larmor and Maxwell agree on the electric
displacement (A and E). Larmor states regarding this term from the point of view of the medium:
The problem of the ӕther has been first determinedly attacked from the side of electrical
phenomena by Clerk Maxwell in quite recent times; his great memoir on a 'Dynamical Theory
of the Electromagnetic Field' is of date 1865. It is in fact only comparatively recently that the
observation of Ørsted, and the discoveries and deductions of Ampère, Faraday, and Thomson
had accumulated sufficient material to allow the question to be profitably attacked from this
side. Even as it is, our notions of what constitute electric and magnetic phenomena are of the
vaguest as compared with our ideas of what constitutes radiation, so that Maxwell's views
involve difficulties, not to say contradictions, and in places present obstacles which are to be
surmounted, not by logical argument or any clear representation, but by the physical intuition
of a mind saturated with this aspect of the phenomena. Many of these obstacles may, I think,
be removed by beginning at the other end, by explaining electric actions on the basis of a
mechanical theory of radiation, instead of radiation on the basis of electric actions. The strong
point of Maxwell's theory is the electromotive part, which gives an account of electric
radiation and of the phenomena of electromagnetic induction in fixed conductors; and this is
in keeping with the remark just made. The nature of electric displacement, of electric and
magnetic forces on matter, of what Maxwell calls the electrostatic and the magnetic stress in
the medium, of electrochemical phenomena, are all left obscure [4, pp.445-6].

Which assumes a potential energy structure of imperfect consistency we call free-space. The term will
be restricted to charged dielectric: A theoretical representation of a specific type of phenomenon
extant between free-space conductors on a planetary surface. It is this structure the author argues is an
accurate representation given the experimental evidence.
A line of agreement between Larmor and Maxwell begins both the foundation and the angle of
approach to the problem-space for the formulations in this thesis, namely the displacement current.
Form this beginning point, the thesis will explore those tools from both sets of the arguments to
explain the physical model a wireless power scheme which exhibits magnetic resonance in the midfield region, that is, at the end of the projection field H. At present, this seems the best tool to yield
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an accurate mathematical representation. This thesis will restrict the discussion of this when it
approaches quantum field theory, deferring the model to an example of sufficiently large dielectric
medium given a transmission frequency. Simply, moving charges in the experiment are described by
the Larmor formula and Bloch waves for an irregular medium.
Rather than using the Lorentz/Larmor theory of retarded time, family time [26] is used to describe
length contraction given forces, velocities, and wave propagation, guised in Poincare’s [42] nonEuclidean approach. This is possible because the case is restricted 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-space wave of electric and magnetic
components resulting from action in parallel conductors, or resonant objects?

•

What forces counteract the propagation of the free-space wave of electric and magnetic
components resulting from action in parallel conductors, or resonant objects?

•

While it is clear such objects exchange energy across free-space, how does the nature of the
disturbance and the displacement taking place mirror what is being observed in the
experiment?

The significance of the displacement current lies in the inclusion of a strain on the medium, which
could be filled with charged matter of either a light or dark predisposition, depending on how it is
defined. Particularly, this thesis will describe the medium which can experience electric strain where a
magnetic field is impressed.
Maxwell’s derivation of strain is unrelated to the modern day derivation for displacement current in
the vacuum, which is based on consistency between Ampère's law for the magnetic field and the
continuity equation for electric charge. Maxwell imagined the displacement as a sea of molecular
vortices existing in free-space and the displacement a strain on the medium.
However, when considering polarized circuits, the ambiguity in Maxwell’s derivation clears.
The consequences of clarity are costs in the form of an exchange of forces at the boundary whose
periodicity suggests the ability to create artificial electrical structures with a polarization.
Once Maxwell's sea of molecular vortices had been abandoned, along with it the ӕther, an
interpretation of displacement current evolved that treated free-space explicitly as a separation of free-
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space from material media, unlike Maxwell's original concept.1 This is a feature associated with the
potentials, relative to free-space [7, 8] and yield the curl will describe the actual linear displacement.
If the vector

( f , g, h)

denotes the curl of the medium, or twice the absolute rotation of the portion of

the medium at the point considered, and the medium is supposed of crystalline-like quality, in that the
geometry is distributed and well-ordered along its principal axes, so that the field object Ω0 would be
of the form,

Ω0 =

1
( a 2 f 2 + b2 g 2 + c2 h2 )dυ ,
2∫

(8)

where dυ is an element of volume inclusive at the boundary. It follows that for an internal
equilibrium of the structure, it must have,
a 2 f dx + b 2 g dy + c 2 h dz = −dϕ ,

(9)

a complete differential and that over any boundary enclosing a region devoid of elasticity the value of

ϕ must be constant. Such a boundary is the surface of a conductor; ϕ is the electric potential in the
field due to charges on the conductors;

( f , g, h)

is the electric displacement in the field, circuital by

its very nature as a rotation, and ( a 2 f , b 2 g , c 2 h ) is the electric force derived from ϕ . The charge on a
conductor is the integral of

∫ ( f , g , h ) dS

over a surface S enclosing it, and cannot be altered except

by opening up a channel devoid of elasticity, in the medium, between this conductor and another
containing like properties so that electric discharge occurs only by the impression of force on the
elastic quality of the medium [6].
At the interface between two dielectric media, taken to be crystalline as above, the condition comes
out to be that the tangential electric force is continuous. When the circumstances are those of
equilibrium, and therefore an electric potential may be introduced, this condition allows discontinuity
in the value of the potential in crossing the interface, but demands that the amount of this
discontinuity shall be the same all along the interface; these are precisely the circumstances of the
observed phenomena of voltaic potential differences. The component, normal to the interface, of the

1

The final disengagement of “vacuum” from real media occurred with the international agreement to use the material-

unrelated terms electric constant and magnetic constant to replace the seemingly material-related terms permittivity of
vacuum and permeability of vacuum. These constants have defined (not measured) values that refer to free space, which is
viewed as an unattainable idealization; not as a real, observable medium, not equivalent even to a quantum vacuum.
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electric displacement is of course always continuous, from the nature of that vector as a flux. This will
be used to imply that calculation of the B field at the interface along with its projection H, given D
will describe the type of emitted field and its relative geometry.
The magnetic field, calculated as a function of its intensity, is subject to a property called relativistictime, or velocity-inhibition. In free-space, it is,

B = ∇×A =

µ0 120π Jα × r
dυ ,
4π ∫0
r3

∂D 4 3
H = ε0
⋅ πr ,
∂t 3

(10)

where the energy revealed at the boundary of the antenna and the free-space boundary is given by H,



v

α =  t −  a relativistic-time factor, also called family time [26], dυ an element of volume. In area
c


enclosed by H, εφ is free-electricity where the field is considered ambient; its motion is given by the
direction of A. The application of this hypothesis is illustrated by characteristics of stored and
distributed energy properties shown in ordinary geometries of a simple loop antenna, the restriction of
such properties to this arrangement exclusively.
Larmor states the energy given off by the acceleration of an electron can transform its energy at the
interface of an antenna to sustain a magnetic field. When accelerating or decelerating the electron
releases the force applied by acceleration, the energy radiated is given by,

P=

e2 a2
.
6πε 0 c3

(11)

Given in terms of the scalar and vector potential, addressed in §2.1.4,

E = −∇ϕ −

∂Α
.
∂t

(12)

Equation (12) illustrates the expectation that the energy in the field in due primarily to both potentials
at the interface of the antenna to free-space. Also, that the transmission path which yields the energy
must contain some inherent structure for transfer to occur. 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 would describe the energy in the field; following the
work of Maxwell, Poynting, and Larmor, N. Tesla would experimentally-verify these mathematical
works [9, 13, 14, 15, 52]. By the end of the 19th Century, the stage was set for later experimenters and
inventors to create what became known as “the wireless art” or radio.
Poynting commented [9] on Maxwell’s theory which alludes to later commentaries by Larmor [6]:
I am not sure that there has hitherto been any distinct theory of the way in which the energy
developed in various parts of the circuit has found its way thither, but there is, I believe, a
prevailing and somewhat vague opinion that is some way it has been carried along with the
conductor by current. Probably Maxwell’s use of the term ‘displacement’ to describe one of the
factors of the electric energy of the medium has tended to support this notion. It is very difficult to
keep clearly in mind that this ‘displacement’ is, as far as we are yet warranted in describing it,
merely something with direction, which has some of the properties of an actual displacement in
incompressible fluids or solids. When we learn that the ‘displacement’ in a conductor having a
current in it increases continually with time, it is almost impossible to avoid picturing something
moving along the conductor, and it then seems only natural to endow this something with energycarrying power. Of course, it may turn out that there is an actual displacement along the lines of
electromotive intensity. But it is quite as likely that the electric ‘displacement’ is only a function
of the true displacement, and it is conceivable that many theories may be formed which this is the
case, while they may all account for the observed facts. … It seems to me then that our use of the
term is somewhat unfortunate, as suggesting to our minds so much that is unverified or false,
while it is so difficult to bear in mind how little it really means.
I have therefore given several cases in considerable detail of the application of the mode of
transfer of energy in current-bearing circuits according to the law given above, as I think it is
necessary that we should realize thoroughly that if we accept Maxwell’s theory of energy residing
in the medium, we must no longer consider a current as something conveying energy along the
conductor. A current in a conductor is rather to be regarded as consisting essentially of a
convergence of electric and magnetic energy from the medium upon the conductor and its
transformation there into other forms. The current through a seat of so-called electromotive force
consists essentially of a divergence of energy from the conductor into the medium. The magnetic
lines of force are related to the circuit in the same way throughout, while the lines of electric force
are in opposite directions in the two parts of the circuit—with the so-called current in the
conductor, against it in the seat of electromotive force. It follows that the total E.M.I. round the
circuit with a steady current is zero, or the work done in carrying a unit of positive electricity
round the circuit with the current is zero. For work is required to move it against the E.M.I. in the
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seat of energy, this work sending energy out into the medium, while an equal amount of energy
comes in the rest of the circuit where it is moving with the E.M.I. This mode of regarding the
relations of the various parts of the circuit is, I am aware, very different from that usually given,
but it seems to me to give us a better account of the known facts.
It may seem at first sight that we ought to have new experimental indications of this sort of
movement of energy, if it really takes place. We should look for proofs at points where the energy
is transformed into other modifications, that is, in conductors. Now in a conductor, when the field
is in a steady state, there is no electromotive intensity, and therefore no motion and no
transformation of energy. The energy merely streams round the outside of the conductor, if in
motion at all in its neighborhood. If the field is changing, energy can pass into the conductor, as
there may be temporary E.M.I. set up within it, and there will be a transformation. But we already
know the nature of this transformation, for it constitutes the induced current. Indeed, the
fundamental equation describing the motion of energy is only a deduction from Maxwell’s
equations, which are formed so as to express the experimental facts as far as yet known. Among
these are the laws of induction in secondary circuits, and they must therefore agree with the law of
transfer. We can hardly hope, then, for any further proof of the law beyond its agreement with the
experiments already known until some method is discovered of testing what goes on in the
dielectric independently of the secondary circuit.

The above, in the opinion of the author, is trying to compartmentalize that the size, shape, and space
taken by an electromotive force appearing in free-space as a field, is wholly dependent upon the
apparatus, or antenna, projecting it. Poynting’s comments infer that plane waves propagate on a
transmission line driven by the currents and its field is distributed along a surface, even is the line and
surface are virtual. The length of transmission is dependent upon the intensity at the field and the
permittivity of the waveguide. In free-space at 20C and one atmosphere, attenuation of the field past
the mid-field region, described in detail in Section 2, occurs at a ratio of the coil radius to the distance,
typically sixteen times [10]. The number is a conservative estimate. A simple experiment showing a
measurably-powered state of a loop and receiver illustrates the propagation of photons in an emission
pattern constituting a free-space field containing a periodic structure created by the presence of the
coils [11] and that the emitted field is quantized [12].
Tesla undertook experimental verification of these theories as early as 1892 [13], and presented his
results in 1900 [103]. Tesla was to focus his efforts on wireless power transmission, first through
stationary waves then by signaling, sending power to remotely light bulbs and turn motors. In a body
of research over a period of years from 1894 to 1908 at his laboratories in New York and Colorado
Springs. Tesla’s method was to project waves by magnetically coupling coils acting as an interface
between the oscillator circuit and free-space. It is Tesla’s method that is the founding principle of this
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work. However, in this thesis, it is also interesting to understand what is going on in the dielectric of
free-space by using “indirect” methods. The reason for this is that it is the author’s opinion that with
the available resources, a direct test can only be useful when there is a framework describing a
definite medium, i.e., the ӕther or dark matter.
Tesla’s macroscopic vision was to use stationary waves to broadcast between antipodes on the surface
of the planet as a means to send power, which differed from the radiative model constructed by Hertz.
In brief, the difference is subtle; Tesla espoused the transfer of energy at a distance without wires by
standing waves, Hertz espoused the transfer of energy in the same manner via radiation.
Tesla’s notion of wireless power transfer was to use the planet as both source and conductor with
towers at positions of an antipode to excite kinetic energy dispersed in the ionosphere while the wave
transmitted along the surface of the planet. Receivers were constructed with simple aerials which
would absorb these currents. In terms of propagation, Tesla’s main emphasis was the use of standing
waves, similar to those observed in waveguides to accomplish power transmission. He noted the
advantage of these waves is their omnipresence on the planet surface and long wavelength; coupled
with the use of the grounding plane, it is possible in this method to use single-wire receivers. The
planet can be considered as a resonant cavity due to the high conductivity between altitudes. In
practical terms, this means an anything with an antenna can absorb currents where the wire length is
directly proportional to the magnitude. Tesla introduced a profound concept that to this day has been
largely unexplored. If history had unfolded as Tesla had 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 a period of 1899 – 1903, some sporadic work as late as
1911, Tesla’s work went unfinished. The tower was demolished during the First World War.
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Afterwards, Tesla abandoned his standing-wave hypothesis and exclusively experimented with
radiative, or radiation-based emission, models [14]. At the time, prevailing attention was toward
Marconi’s broadcasting system and not the transmission of power. After the publication of the work
on the Yagi antenna [15] in 1926 and the development of shortwave [16], wireless power would fade
from view.
Forty years passed before interest in wireless power resurfaced. In the 1960s, short-wavelength
transmission experiments [17] and the modeling of prototypical forms showed positive results [18]. A
rethinking of inductive transfer began to surface in solving problems associated with subcutaneous
implants [19]. While many divergent types of wireless power transmission have resulted, especially
since 2004, this thesis will focus on a radiation-based emission of power in the form of plane waves
from loop antenna over distances of one meter operating at frequencies up to 5 MHz.
This thesis will explore two distinct expressions of wireless power: That of a single primary loop
transmitter/receiver system, and that of a primary/secondary loop pair transmitter/receiver system.
The former will exhibit the author’s notion of the mid-field region of the radiation model of a single
coupled-mode, while latter will exhibit Tesla’s stationary or standing waves and tunable wave cavity
of two coupled-modes.
A brief outline of what is to be presented in this thesis is the following.
Chapter 2 will describe the theoretical and mathematical model of a circular loop antenna consisting
of two primary coils. It will be shown that the circuit has a specific behavior given the nature of its
arrangement. Section 2.1 will discuss a coupled-mode with a projection and the forces that are
contiguous. Section 2.2 will discuss the behavior as also embedded in the unique circuit which drives
the coupled-mode. Section 2.3 will discuss the propagation model and the equations which are
capable of describing it. Section 2.4 will discuss several sets of experiments, relevant to a single
coupled-mode, in various forms. In light of what is described in the introduction regarding humans
and wireless power [20], biomedical implants will be one such experiment. This section will also
discuss optimization of the model.
Chapter 3 will discuss two coupled-modes in terms of an existing circuit, namely, that of Nikola Tesla
in his U.S. Patent #645,546 of 1900.
Chapter 4 will discuss a novel model of the dipole, given the theory and experimental evidence
presented in the previous chapters.
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Chapter 5 will present conclusions and suggestions for future research.
An important contribution of this thesis is, contrastingly to the use of the Maxwell-Heaviside version
of Maxwell’s equations in the literature survey, using the 1865 versions to begin the formation of the
theoretical framework from where the arguments and analytics are derived from it. Tracing through
three, selected because of their appropriateness to the subject: The relation between electric
displacement, conduction and current, between the lines of magnetic force and inductive forces, and
between electric displacement and electromotive force. It will be shown in the thesis the novel
contribution is framed in the expression of these Maxwell equations.
Contrastingly to other literature, this thesis will discuss the geometry and ambience of the magnetic
field in terms of Joseph Larmor conception of objects. Outside of some works in the early 20th
Century, it seems most have ignored what is otherwise a very powerful set of tools to quantify the
forces responsible for magnetic resonant coupling. This thesis will choose a set of equations and
force-representations that will be used to explain why the phenomenon is at it appears given
experimental evidence.
2

Power transmission and magnetic-resonant modes in an inductively-coupled circuit

The theory and those specific original Maxwell equations from Chapter 1 will now be applied to a
physical model. A circuit consists of two distinguishable parts: a transmitter and a receiver. The
transmitter is comprised of a regulated amplification and timing components connected to a loop
antenna and a capacitor. The amplifier is connected to a source of direct current (dc) power. The
receiver is comprised of a loop antenna, a capacitor, and a load such as a lamp or motor. The receiver
is placed at a distance away from the transmitter. The circuit will transmit radio-frequency electrical
energy into free-space the form of photons exchanged between two or more coupled resonators,
depending how they are chained together [106]. At certain distances and antenna orientations, work
performed by the energy transfer can be observed at a receiver by an illuminated lamp or turning
motor. A pair of circular loops of a sufficiently similar geometry set at a distance form a closed
induction circuit illustrated in Fig.2.1. These loops form a resonant circuit, a waveguide, and a virtual
transmission-line simultaneously.
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Fig.2.1: The prototype model for the transmission of power by magnetic resonance.

On examination of Fig.2.1, current flows from source to oscillator to coil loop Li , accelerating
electrons at a rate given loop curvature and ratio of loop circumference to wavelength; torque is given
as a function of the current I 0 . In this model, current at sufficient levels, that is, as a property of the
components used to construct the oscillator, there is enough torque so that photons are projected into
free-space in the form of radiation at a characteristic angular frequency ω 0 .
The description of the number of photons emitted by a given arrangement is shown by the energy, γ 0 ,
of the photons emitted by the antenna is given by,

γ 0 = ℏω0 ,

(13)

and the number of photons per second, γ t , is given by the presence of circuital power J 0 ,

γt =

J0

γ0

.

(14)

At a distance, coil loop L j absorbs the photons converting them back into electron currents via a
voltage gap. The current is then coupled to perform work powering a load. The process involves:
1. The transfer of energy between input current contained in the oscillator, accelerated
given a amplitude impressed as a magnitude on the coil wire of the transmission
antenna,
2. the transit of photons, γ 0 , across free-space, and,
3. the transfer of energy between free-space and the constitution of electrical currents in
the coil wire of the receiving antenna.
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The flow pattern in time occurs at locations where the energy is not contained in the field, ( Eθ , Hθ ) ,
where the magnetic flux Φ M → 0. At these points, the field manifests as a projection encompassing
an area H which extends at a length from the antenna, Li , to a surface in free-space, Sθ , at its
boundary. The boundary is where there is equilibrium in the force exerted by the displacement, D,
and that exerted by the medium. H denotes the mid-field region. At Sθ , the far field begins. The
parameters ε 0 , µ0 , and σ 0 are invariant with position except at Sθ [21].

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

For the conservation of electric charge, a difference in the flux at the surface normal, n, to the
antenna must imply a change in the total electric charge q contained within the volume denoted by Sθ
as

∂q
. Power in the form of photons projected toward the boundary yields the displacement of energy
∂t

from the loop in combination with its circuit. Concurring with Larmor, the boundary has elasticity and
is susceptible to strain. In addition, concurring with the original Maxwell, the boundary is the point of
dispersion. For linearization, the field is considered homogenous across the space with charges
considered evenly distributed experiencing a uniform motion. The antenna therefore creates a
disturbance as a deformation of the medium. At the boundary of the displacement, the rotational
property of Sθ or instantaneous torque, τ 0 , is given by,

τ 0 = ∇ × D,

(15)

because of Fitzgerald’s proposition of the identity of electromagnetic radiation as an exchange of
force [22],

∇ × F = ∇ (∇ ⋅ F - δ F),

(16)

32

when,

ρ = 0, and J = 0.

(17)

Equation (11) will yield a wave equation in the form of,
1 ∂ 2ψ
= ∆ψ .
c 2 ∂t 2

(18)

The field is therefore subject to uniform external forces dependent upon conditions of temperature and
pressure and has a susceptibility, which is expected. Therefore, energies and frequencies limited by a
given geometry share a common state of equilibrium. The effect of the equilibrium is analogous to
inflating a balloon. The tension at the surface holding the energy inside is given by the shearing forces
between the field at its border and the medium. Gauss’s theorem transforms the surface into a
changing flux of the electric field through the closed surface formed by the volume of open
surfaces. More precisely, any “missing” flux of the current density J is absorbed from the flux of the
vector ε 0

∂E
or at the potential vector A.
∂t

In terms of magnetic flux, an energized circular loop emits a magnetic field B of a given intensity
and geometry according to the Biot-Savart and Neumann principles. Both propose that the
contribution of each piece of the wire contained in the loop varies inversely as the square of the
distance. Over the entire length of the wire, each contribution adds up to a total field that varies
inversely as the distance from the loop. The contribution to the magnetostatic field at the origin of a
current element, δ I , at position r is,

δB =

µ0r × δ I
,
4π r 3

(19)

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

The quantity, δ I , is the current multiplied by the length of travel resulting from integrating the
current density, J , along the surface over a small element of volume (8). In particular, for a thin wire
whose length element δ s has a total current I 0 traversing it in the direction of δ s, δ I = I δ s, and
negatively otherwise. The proposition holds for mono-directional currents only. In the bi-directional
case, an oscillator creates a rotational force through π phases, the direction of the current changes
twice in a cycle throughout all of δ s. The displacement at the molecular level of the conductor is
given by Maxwell in (4).
The model of wireless power transfer, illustrated in Fig.2.1, consists of two distinct views of
operation, that of a system of coupled modes and that of projection. The first view is expressed by the
utilization of a pair of coils, one acting as a transmitter or primary coil, the other as a receiver or
secondary coil. The combination of these two, or more [106], antenna is a coupled-mode [24]. The
second view as a transmission antenna projecting a force.
Some of the pertinent questions in this case will involve realizing the geometry of the scheme, the
manner of energy storage, and its boundary conditions. To address the latter question requires a key
assumption: that the medium is not devoid of neither particles nor energy.
In the model, the magnetic field is assumed to have a simple symmetry as in the case of free-space
fields. Ampère’s law yields the value of the magnetic field throughout the space without complex
integrations, such as those used when solving for mutual inductance. Gauss’ theorem will describe the
shape of the magnetostatic field in cases with spherical symmetries, generally applied here. For the
special case of magnetic induction on the axis of a circular current loop, several assumptions are
discussed in the remainder of this section of Li and L j .
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The arrangement illustrated in Fig.2.1 is analogous to a pair of Helmholtz coils. However, each half of
the circuit is not connected to the other by wire, rather, utilize the dielectric of free-space as a means
of connection.
The first view, of a coupled-mode, is manifest as a flux-linkage between symmetrical antennas. It is
by design dependent upon the B field. Geometry of the coupling mode is shown in Fig.2.4.

Fig.2.4. Geometry of the coupling-mode magnetic field.

For a circular current loop, all radial contributions will cancel out; the resulting magnetic induction B
is oriented along the axis where B = Bz . Because of the symmetry of the triangles consisting the
interior of the loop, shown in Fig.2.4, the contribution δ Bz is r

δ Bz =

d

times (19), as,

r µ0 I
δ s.
d 4π d 2

(20)

All the elements, δ s, add up to the circumference,
B z = 2π r

r µ0 I
1 µ 0 Ir 2
=
,
d 4π d 2 2 d 3

(21)

while the field at the center of the loop is,
B=

at peak value where z =

µ0 I
2r

,

(22)

r2
.
d2

What is essential to understand next is how the medium will be treated lying between a set of loops in
a coupled-mode. To accomplish the treatment, Maxwell’s original equation (5) will be converted into
a differential equation describing a mode of propagation in a waveguide.
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A waveguide, for the purposes here, is considered as an infinite system of transmission lines and the
waves traveling along these lines move away along the vector normal from the source at a constant
frequency, as illustrated in Fig.2.2. The wavefront resembles an infinite series of parallel planes of
constant peak-to-peak amplitude normal to the phase velocity vector.
Analogous to a pair of Helmholtz coils, consider two loops shown in Fig.2.1 sharing the same
horizontal axis, or in axial alignment. Let their respective latitudes be + a and − a , magnetic
induction is along the axis of axial alignment at distance z.
B=

{

}

1
2 −3 2
2 −3 2
µ 0 Ir 2  r 2 + ( a − z )  +  r 2 + ( a + z ) 
.




2

(23)

The second derivative of (23) with respect to z at z = 0 , is
B ′′ ( 0 ) = 3 µ 0 Ir 2 ( 4 a 2 − r 2 )( r 2 + a 2 )

−7 2

.

(24)

1
The value a = r is the largest value where the magnetic induction has a single maximum value
2
along the axis. When values of a are large, B′′ is positive at the center where z = 0 indicating a
minimum value present. The configuration where the separation between the two loops is equal to
their radius, 2a = r , yields a magnetic field, which is almost uniform, near the center of the loop, as,
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 4
B= 
5

µ0 I
r

≈ .071554

µ0 I
r

.

(25)

The scalar potential of the magnetic field at the center of the loop, and where it is equidistant between
two loops are examples of a current-free region. It takes the form of a multivalued function whose
gradient is the magnetostatic induction. For a simply-connected region under coupled-modes, such a
potential is well-defined up to a uniform additive constant. Otherwise, an ambiguity arises whenever
the region contains loops which are interlocked with loops of outside current. In that case a
continuous potential can only be defined with a modulo operation for a certain number of discrete
quantities, each of which corresponds to one piece of the outside current.
The method described above fits to (19) that in static distributions, all currents must circulate in
closed loops where ∇ × J = 0. Equation (19) cannot express with dynamic distributions where local
electric charges may vary according to the inbound flux of current. A more sophisticated method is
required.
36

By the Kelvin-Stokes formula, the circulation of a vector around an oriented loop is equal to the flux
of its rotational element, or curl, through any smooth oriented surface bordered by that loop yields
Ampère’s law in integral form,

µ0 I ≡ µ0 ∫∫ J ⋅ dS ,

(26)

S

which is the same as the geometry on the plane,

∫ B ⋅ dr.

(27)

∂S

The simplest and most fundamental direct application of Ampère’s law is to first formulate under the
Biot-Savart and Neumann principles, then extend the flow of magnetic induction B analogous to a
straight wire or a waveguide keeping in mind the intensity is inversely proportional to the distance.

Fig.2.5. Projection of energy by a current impressed on the loop.

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

I 0 . The magnetic induction B at the loop is tangential; the projection of the motion is constant as
long as I ( t ) is. The magnetic circulation and Ampère’s law then gives,
2π rB = µ 0 I ,

(28)

or equivalently,
B=

µ0 I
.
2π r

(29)

Maxwell amended the static law of Ampère into the following generalization that holds in all cases
including changing charge distributions [23],
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∇× B −

1 ∂E
= µ0 J ,
c 2 ∂t

(30)

which agrees with the vectorized version of Faraday’s law,
∇× E+

∂B
= 0.
∂t

(31)

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

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

By the action of the curl, the propagation takes the form of the displacement D. The displacement has
a component, called directional current, or group velocity in terms of waves, along the magnetic flux
lines. The intensity of D linearly decreases with distance. B couples to perform work where

∂B
can
∂t

flow in a second coil. The measurement of the intensity D will be determined by the velocity of field
flow. For example, let υ be the vector field of a fluid flow. At a given point in the flow, a small
wheel with blades whose axis is oriented in the direction of ∇ × υ at any point is placed in the flow in
order to measure radial intensity. Then the angular velocity ω 1 of the wheel’s rotation from the action
of the current will maximize, where its value will be equal to

∇×υ
2

. Assuming υ has arbitrary

coordinates P ( x, y, z ) , Q ( x, y, z ) , and R ( x, y, z ) , then ∇ × υ has the coordinates,

∂R ∂Q ∂P ∂R ∂Q ∂P
− ,
− ,
− .
∂y ∂z ∂z ∂x ∂x ∂y

(32)

The arcs cast by (25) form boundaries in three-dimensions of ∇ × υ at the interface with the antenna
and feedback from the receiving object, illustrated in Fig.2.7.
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Fig.2.7. Flux linkage between two inductively-coupled coils.

The magnetic scalar potential, ϕ 0 , for B created by the loops illustrated in Fig.2.7 is proportional to
the currents, I i , j , in the loop and to the solid angle-space, Ω0 , subtended by the side of the loop
facing the observer, as,
H = −∇ ϕ0 ,

ϕ =−

µ0 I
Ω0 .
4π

(33)

An ambiguity arises in the solid angle because there is a modulo operation of 4π ; the angle is an
approximation that becomes loses precision each time the value is taken. The sign convention is such
that the side of a small loop is seen at a solid angle, which exceeds a multiple of 4π by a small
positive quantity.
The second view, of projection, is manifest as a wavefront from a single transmission antenna. The
length and intensity of the projection, H, is due to both the properties of the antenna and the power
applied by the circuit. Modification of Fig.2.4 to include projection is shown in Fig.2.8.
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Fig.2.8. Field geometry extending away from the projection.

The projection is the formation of the waveguide, carrying energy across free-space displacing it as it
exhibits motion away from the antenna in both the positive and negative directions of zˆ. For
convenience, it is divided up into amplitude zones, Aλ , where measurements are taken to obtain the
geometry of the emission by mapping its intensity. The projection of the loop is illustrated in Fig.2.9.

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

A composite of both the coupled-mode and projection is shown in Fig.2.10.
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Fig.2.10. Projection of field and its geometry between two inductively-coupled coils.

The PDE description of the system will be elliptic, where its spatial solutions take a hyperbolic form
consisting of sinh and cosh functions. Quantization of the field components and manifesting them in
an experiment will be the aims of the following sections in this document.
2.1

A single coupled-mode with projection

The relationship between the loops and the amount of energy transported between them is described
by how they are coupled. Coupling will only refer to the relationship between loops and not to freespace. Energy across free-space and its impedance is not by the phenomenon of coupling, rather, it is
the consequence of coupling between the object which allows the transit of energy. Magnetic loops of
a relatively small size and number of turns exhibit a magnetic field density sufficient to be an
excellent model for experimentation.
A mode describes the energy in patterns of electric, magnetic, and force generated by the loops. The
magnetic field intensity H, is related to the magnetization, M, of the surrounding space on the
antenna by susceptibility, χυ . For the dipole moment in the conductor,

M = χυ H.

(34)

The boundary condition will be the surface Sθ . Analogous to the case of the thin current sheet the
assumption is taken that the thickness of the loop structure is negligible. Therefore, Ampère’s law will
yield the instantaneous power density on an “approximately-closed” contour,

J H = H Aλ ri3 + H i ℓ 2i ,

(35)
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If the medium is assumed homogenous and isotropic and the surface impedance of the boundary
linearly approaches zero, it is considered a primitive waveguide. Any discontinuity in a waveguide
facilitates a coupling between some or all desirable modes [24] in varying magnitudes.
Two electrical objects, consisting of inductive and capacitive components of relative value to each
other, form a closed induction circuit. The linking is due to attractive resonators in a waveguide of
characteristic impedance is imbued, purely by intuition, as sharing properties with transmission-line
resonator with small losses [24, 25, 26]. A single coupled-mode can be identified by placing a
receiving loop at an amplitude zone Aλ .

Li is a circular loop with a voltage gap no greater than the size of its radius. Because of its low
radiation resistance and high reactance, impendence matching is difficult to a sinusoidal oscillator.
Therefore, Li is connected in parallel to a capacitor powered by a switching amplifier. Comparably,
the loop antenna L j can also be connected in parallel to a capacitor whose value is no greater than
that of Li .
Wave impedance is the ratio of the transverse components of the electric E0 and magnetic H0 fields.
For a transverse-electric-magnetic (TEM) plane wave traveling through a nearly-homogeneous
medium at a given temperature and pressure, wave impedance is everywhere equal to the intrinsic
impedance of the medium. The wave impedance, in terms of fields is

Z=

E
H

, Z0 =

E0− ( x )

H 0− ( x )

.

(36)

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

Z0 =

jω0 µ0
,
σ 0 + jω0ε 0

(37)

In (37), j is an imaginary unit, and ω0 is the angular frequency. In the case of a dielectric where the
conductivity is zero, the equation reduces to,

Z0 =

ε0
.
µ0

(38)

Calculated at 20C and one atmosphere,
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Z0 = 376.73Ω

(39)

= 119.92πΩ,

isolated from the conductivity of free-space for the value considered in the present definition of the
unit of the Ampère. For any waveguide in the form of a hollow metal tube of conductivity σ 0 , such as
circular guide, the wave impedance of a traveling wave is dependent on the resonance frequency f 0 ,
but is assumed uniform throughout the guide. For transverse electric (TE) modes of propagation the
wave impedance is

Ze =

Z0
f 
1−  c 
 f0 

2

,

(40)

where f c is the cut-off frequency of the mode. For transverse magnetic (TM) modes of propagation
this value is
2

f 
Zm = Z0 1 −  c  .
 f0 

(41)

Above the cut-off ( f 0 > f c ) , the impedance is real (resistive) and the wave carries energy. Below cutoff the impedance is imaginary (reactive) and the wave is evanescent, the latter shown to be an
effective scheme [31]. These expressions neglect the effect of resistive loss in the walls of the
waveguide, or at the surface boundary Sθ . The presence of a dielectric resulting from atmospheric
phenomena chaotically shifts in impedance through π modifying f c .
To keep selectivity as narrow as possible only the emission of a single frequency is discussed. The
choice comes at a cost: impedance is not a function of the properties the circuit, rather, combined with
that of free-space. The radiation pattern exhibits a topological surface from an energized oscillator.
The field is quantifiable at certain lengths from the antenna but has fractal dispersion geometry,
similar to task of calculating the length of a shoreline, so what constitutes the observable boundary is
relative to the technical sophistication of the laboratory of the experimenter. Generally, the observable
free-space electromagnetic field has its boundary at an edge where the energy stored at the horizon
vanishes, as Φ M → 0. Depending on the geometry of the coils and the intensity of energy stored, the
boundary shifts.
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Some applications where the waveguide or transmission-line containing more than one type of
dielectric medium occurs, such as complex microstrip [27], in terms of the boundary conditions, the
wave impedance will in general vary over the cross-section of the line, as a waveguide transient [28].
A similar notion, investigated by Aharonov-Bohm [29], suggests such a scheme at lower temperatures
reveals interesting conclusions about the nature of Sθ . The dipole, as the supporting phenomenon of a
coupled-mode in both its real and imaginary valued term, interacts with the space surrounding the
loop causing the displacement D.
Referring to Fig.2.1, consider a system of resonators consisting of a pair of magnetic dipole loop
antenna Li , L j separated by a distance, which contain a single coupled-mode [24]. Li , L j are set on a
work-plane as to contain a periodic structure. To perform an analysis, a software package called
Comsol Multiphysics is used to simulate the electromagnetic characteristics of the scheme. The workplane consists of two circular loops of a material with conductivity σ m and radius ri . These loops are
aligned in such a way so that the center of their radii shares a common axis or an axial alignment. The
FEM layout is illustrated in Fig.2.11.

Fig.2.11. FEM model workspace layout.

The investigation is interested in considering small antenna sizes with a high efficiency. In the model,
the loop size is the most critical property. If coil loop is wound at a specific ratio of circumference to
wavelength, it is equivalent to an antenna connected to an electrically-short transmission line. To
maximize the emission of radiation, the magnetic loop should be at a ratio of its circumference to its
quarter wavelength. Such a magnetic loop will be shown to have the ideal ratio, ℜ0 , in terms of
maximum transmission efficiency, is when this ratio falls on an exponential scale,
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2π ri
,
0.25λ
ℜ0 = 10 x ,
ℜ=

(42)

x = −1, −2, −3...n.
This allows the model to allow loops with a radius of 3 centimeters that are set apart at a distance of 6
centimeters. The loop surface lies on the x, y plane while z between the loops forms the axial line.
In consideration of the efficiency of energy transfer, the receiving antenna collects electromagnetic
photons, the amount given the area its surface occupies and the influence, in the form of feedback, it
imposes on the space surrounding it [30]. With the introduction of a voltage gap, electrical energy is
extracted in the form of power and work is performed by this method.
In consideration of the surrounding medium of free-space, the arrangement of the antenna in space is
a periodic locally-approximated waveguide with implicit time-dependence e
dependences are e

− j β1 z

and e

− j β2 z

jωt

; uncoupled spatial

. In a coupled-mode, the spatial equations [24] are,
d
 2π z 
ai = − j β i ai − j 2κ ij cos 
aj,
dz
 l 
d
 2π z 
a j = − j β j a j − j 2κ ji cos 
 ai ,
dz
 l 

(43)

given their coupling with a weak time dependence,
dai
= jωi ai + jκ ij a j ,
dt
da j
= jω j a j + jκ ji ai ,
dt

(44)

relative to the coupled state of the resonators,

κ ij = κ ji =

M ij
Li L j

,

(45)

as a weakly-coupled system, where κ ij < 0.01. This is in contrast to a “strongly-coupled” scheme
[31]. The attention on weak-coupling is referring to the weak time dependence (44) for a system
taking an assumption low coupling coefficient κ ij affects efficiency ηij weakly and properties of the
circuit affect ηij strongly.
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2.1.1

The coupling coefficient

In consideration of the geometry of the scheme presented in the previous sections, the variables to be
solved are: the coupling coefficient κ ij , the mutual inductance M ij , the quality factors Qi and Q j
expressed by coils Li and L j , by the contributions of their fields E0 and H 0 .
To understand the effectiveness of the scheme and the work done at a distance, the energy-storage
ability of the system is determined by the coupling coefficient in transfer mode. The intensity of flow
of the energy across the distance is determined by κ ij between coils Li and L j at a distance d . When
a current I 0 is applied to coil Li , the power transfer flows from coils Li to L j , and L j to Li .
The coupling coefficient in (45) is solved for a series of coils of characteristic size and geometry. The
linkage between the series of magnetic resonant coils is defined at each coupling where M ij is the
mutual inductance, Li and L j are the self-inductances of the coils. The inductance can be calculated
since its size and geometry are already specified, by the approximation of the inductance of a circular
loop [32, 33]:
 8rj

 8r

− 2 + Y ,
Li ≈ µ 0 µ r ni2 ri  ln i − 2 + Y  , L j ≈ µ 0 µ r n 2j r j  ln
 aj

 ai




(46)

Where ri , rj is the loop radius, ai , a j the wire radius, ni , n j the number of turns, and Y the flow
constant of the skin-effect of the emitted radiation, given the resonance frequency, which is the
approximated to be the same at the surface of both coils. The resonance frequency of the system,
f0 =

1
( fi + f j ) ,
2

(47)

is comprised of the resonance frequency fi , f j ,... f n of each of the coils,

fi , j =

1
,
2π Li , j Cij

(48)

and the frequency error between each half of the circuit,
f e = fi − f j .

(49)
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A consideration of the design is not only to keep the antenna small but also to keep the resonance
frequency f 0 low enough as to not to be deleterious to human tissue. Studies have shown that a
frequency spectrum between 100 kHz and 4 MHz is suitable [34]. The theoretical specification of the
antenna is calculated where,
n = 3,
r = 30 mm,
a = 0.4 mm,

ε 0 = 8.85 ⋅ 10 −12 F ⋅ m −1 ,

(50)

µ 0 = 4π ⋅ 10 H ⋅ m ,
µ r = 0.99994,
−7

-1

Y = 0.

The material properties of the coil is for an insulated copper wire wound in concentric loops so the
total loop surface is comprised of a number of turns. Equal to a Litz winding, each turn insulated from
the other reduces the contribution of the skin effect Y .
The winding has legs as to allow the loop to be mounted into a circuit board and projected along a
plane linear to the earth. The additional inductance of the legs is taken into consideration. A C#.NET
program called Circuit calculator, built specifically for performing and visualizing the relationships
of the values of wireless power by magnetic resonance, calculates the theoretical specification of the
model. Given (48), a capacitance of 100nF is chosen; the calculation sequence is shown in Fig.2.12.
The table of values for the model loops Li , j and resonance frequencies f i , j is listed in Table 2.1.
Table 2.1. Loop coils theoretical specification.
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In terms of the prototype, a frequency of approximately 400 kHz is expected to be the resonance
frequency for the physical loop antenna. Mutual inductance is next to be solved.

Fig.2.12. Calculator values for (a) system resonance frequency, and (b) inductance of the transmission loop.

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

M ij =

µ0
4π

∫∫
Ci C j

si ⋅ s j
d

.

(51)

The infinitesimal positions si and s j in (51) are derived under the assumption that the magnetic field
is evenly distributed, more concentrated toward the center of the loop than in other places, and in a
mostly linear distribution. In this form, the loop wire is considered to be contained of coaxial circular
filaments [32].
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Fig.2.13. Coil properties describing (51).

Mutual inductance is exclusively the property of coupling between coils Li and L j . The magnetic
flux intercepted by one coil is analogous to a unit of current flowing in the other [36], the mutual
inductance of the i th and j th elements and the integration over the surface Sθ show the mutual
inductance is also,

∫ ∫ B ⋅ n dS
Mij =

Sj

,

I Li

(52)

where B is the flux intercepted by the receiver coil, I Li is the current passing through the first coil,
n = ( nx , n y , nz ) is the unit surface normal vector, and dS is an infinitesimal area element of the local

appearance of Sθ as S j . It is possible to transform the surface integral in (52) into a simpler line
integral by using the magnetic vector potential,

B = ∇ × A,

(53)

together with Stokes theorem, which states that a surface integral of the curl of a field equals the
closed line integral over the rim of the surface,

∫ ∫ ( ∇ × A) ⋅ n dS ∫ A ⋅ t dl
M ij =

Lj

I Li

=

Sθ

I Li

,

(54)
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where t = ( t x , t y , t z ) is the unit tangent vector of the curve Sθ and dl is an infinitesimal line element.
The mutual inductance, then, depends upon the parameters

ri d
, , and its proportionality to the radii,
rj rj

as,
M ij = µ0 ri rj


2  α 2 
 1 −
 K (α ) − E (α )  ,
α 
2 


(55)

where K (α ) and E (α ) are elliptic integrals and α is obtained by,

α=

4ri rj

(r + r )
i

2

j

.

(56)

ri
( µH ) ,
rj

(57)

+ d2

Using [32] to find the value where,
M ij = α ri rj = α rj

Where α is determined as depending on the variable,

 ri
1 −
rj
u2 = 
 ri
1 +
 rj

2

 d2
 + 2
 rj ,
2
 d2
 + 2
 rj

(58)

from (53). A calculation was performed in Circuit calculator for the mutual inductance M ij based on
(57) and (58) from the specifications listed in Table 2.1,

u 2 = 0.5,
M ij = 0.0042558 µH,

(59)

where the result is used to calculate the discrete value of

κ ij = 0.002346.

(60)
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The coupling strength between resonators is described by the coupling coefficient. Besides what has
already been described as methods for calculating the coupling strength, another method [37] is to
consider the bandwidth of the transmission, as

bandwidth =

2 ( fi − f j )
fi − f j

(61)

,

Where f i and f j are the split resonance frequencies of the resonators, which are most effective using
a narrow bandwidth. In the sense of the arrangement illustrated in Fig.2.35, there is shown a
separation of the resonators into their electric and magnetic components. To maintain cohesion in the
beam of energy exchanged between Li and L j , insights into the why the coupling is so significant to
magnetic resonant power transmission are important to ascertain. A novel approach [38] called the
perturbation method, strives to glean insights about those components which most affect the overall
coupling. The following equation, modified,

∫ µH
κij = L

+
0

⋅ H 0*dν − ∫ ε E0 ⋅ H 0− dν
Li
2

i

∫ ε E0 dν

,

(62)

Lj

implies that the motivation to understanding the coupling coefficient is where E0− makes the strongest
contribution toward the intensity of H 0+ and what circuital components would support the transfer. It
also suggests that increasing the amount of magnetic field at the loop would result in additional
improvements. In its most basic sense, answering these subtle questions takes time and experience
and they are addressed as motivations in this thesis; they will irrevocably remain a most important
topic of future research. However, the author can identify that it is the contribution of potential
magnetic vector decomposition on the interface, which is of greatest importance to grasp if
understanding of the scheme is to advance.
The description of the interface is that of the loop is in situ with free-space. The transmission loop and
the “amount of magnetic lines” crossing the receiving loop is a typical description of a radiated
magnetic field and its effect on distant objects. An example is shown in Fig.2.14.
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Fig.2.14. Magnetic coupling of low-κ modes of distant resonators in space and time.

As noted in [39], the distance does not affect modal coupling, rather, spatial extensions in the z
direction relate more closely to the transport of electrical power due mutual inductance, expressed in
the E and H fields. In such effects, broadcast power is subject to attenuation over the impedance of
free-space if the potential is assumed to contribute minimally to the fields. Nevertheless, it is
important to keep in mind that the boundary does not describe and is independent of the sinusoid as
well as its wave function. Therefore, the presence of the antenna and the presence of physical freespace constitute the entirety of the signal. If one considers the argument that the waveform is unique
from its conductor—in the manner of induction described by Faraday as well as the original equations
of Maxwell—the disturbance and the displacement open the door to questions of what in free-space is
allowing the equilibrium of the forces of the currents driving radiation and its influence between
antenna at distances greater than those described for the skin-effect.
To model the relative position and motion of the energy in terms of the exchange of photons, the path
and intensity is described by the density of magnetic lines, illustrated in Fig.2.14.
The antenna, by the nature of its size, geometry, and symmetry couples the magnetic component of
the energy on the coil-wire surface to an interface [30]. Under closer examination and consistent with
the circuit architecture, the presence of the impressed wave is wholly due to the properties of the
inductor Li , L j with the potential of free-space A given its impedance Z 0 . The magnetic loop, at a
ratio to its quarter wavelength, contains the effects of a full ac cycle impressed on it by the incident
wave in terms of transmission or reception.
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Fig.2.15. Theoretical coupling coefficient over a distance given (45).

The data in Fig.2.15 is derived from the calculation of coupling, shown in (45) in context of antenna
as a function of transmitted power, in the manner of free-space interpretation of (48, 52, 54). The
result is the value of κij attenuated by free-space. As is shown, the solution of this type of description
suggests that a different analytical tool is required to show the mechanisms responsible for energy
transmission. As the purpose of the arrangement is to transport energy efficiently, the numerical
solution of the circuit power is intended to measure the quantity of energy stored between the
resonators and the dissipated power at the receiver available to a load. Therefore, coupled-modes in
space describe the distribution of an energized field while 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 coupled objects describes a power distribution system.
While the pursuit of a wired analog is desirable to some applications [10], for the purposes here, it is
more effective to consider the coupling in terms of energy transport by the virtual waveguide. It is
argued by the author that this particular methodology will yield greater insights not only about the
model under investigation, but also about the environment where the model is operating.
Energy transfer is an observable result in the context of forces moving charges. In the driven case, one
can quantify forces due to amplification. In more subtle cases, the distribution of forces on charges is
described by the Lorentz-Fitzgerald transformation [40, 41] used in special relativity and the source of
Minkowski light cones and other innovative spatial geometries with moving forces [42, 43].
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The Larmor force transfers energy between the field and the charges. The power F ⋅ v of the force
equation is qE ⋅ v, thus the power received by the electric charges per unit of volume is E ⋅ J. Charge
carriers convert power at the receiver from the local electromagnetic field into other forms of energy,
including the kinetic energy of particles. Conversely, E ⋅ J can be negative, in which case there is a
transfer of energy from the charge carriers to the field. One process is as a time reversal of the
other. In this, it is preferred to retain the family-time solution of Maxwell's equations to the motion of
the sources and changes in the field that are reticent.
The geometry of a circular loop is such that the radiation takes the pattern of a hyperbolic function, a
transmitter of a primary loop in an exchange of energy with a primary loop of a receiver in a
theoretical context is shown in Fig.2.7.
In terms of the total magnetic intensity, H , comprised of the projection H, and the flux density as

B0 = µ0 H 0 emitted between antenna. Solving ∇ × υij for all desired measurement points of H 0 will
indicate the amount of energy the field stored at the given point. To calculate this value reliably, it
will require a fitted solution to Poynting’s Theorem.
It is desirable to express the energy as a property of the electric field and current density and compare
this with the value of ∇ × υij for an arbitrarily-given H 0 . The quantity E ⋅ J is expressed in terms of
the electromagnetic fields by taking the dot product of the current density into −E on both sides of the
Ampère-Maxwell equation,

−E ⋅ ( ∇ × H ) + µ 0 H

∂H
∂E
+ ε 0E ⋅
= − E ⋅ J.
∂t
∂t

(63)

The identity,

E ⋅ ( ∇× H ) = H ⋅ ( ∇× E) − ( ∇ ⋅ E) × H,

(64)

∂H 0
+ ( ∇ ⋅ E ) × H.
∂t

(65)

and Faraday’s law yield,
−E ⋅ ( ∇ × H ) = H 0 ⋅

The point where this occurs is at a potential value for equilibrium of the energy exchange between H 0
and the current density at an arbitrary point,
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(∇ ⋅ E ) × H +

∂ ε 0E2 + H 2
= −E ⋅ J ,
∂t
2

(66)

yields Poynting’s theorem around that point.

S = E × H,

(67)

showing the density of power is emitted is a relative property of the antenna at the interface [107]. At
any point in the volume, given the possible locations shown in Fig.2.7, the time-averaged energy
stored is,
1
ε 0 ( E2 + c 2 H 2 ) .
2

(68)

Equation (68), a derivation of the Poynting theorem, will show that a variation of energy in a given
volume comes from power that is either delivered directly by sources or radiated across the surface—
as flux flowing along a cavity or in this particular model, a virtual waveguide. The implication is that
a perfect electrically-short loop antenna at a favorable ratio would have efficiency of radiation at
maximum, indicating a related amount of power transfer and energy storage in the volume.
The physical model is for the case of circular loops in §2.3.1. These cavities, while homogenous in
free space, maintain a total internal reflection [84]. To sustain the state of equilibrium of the field, an
opposing force is allowing the suspension. This implies a force-driving element, appearing in the
circuit as the acceleration value of electrons flowing in the conductor of the antenna.
The observable behavior in the physical model will be discussed firstly from the point-of-view of the
magnetic potential Α as B = ∇ × A, then to the transition to circuital mathematical properties.
2.1.3

Efficiency, quality, and loss

To understand the behavior of coupled-mode characteristics, described in §2.1.1, these are used in
real-world problems. The worthiness of the model is in terms of its overall efficiency, that is, by a
comparison between the energy stored at the input to the energy dissipated including those in losses.
The efficiency of the model is measured by the equation [44],

ηij =

κ ij 2Qi Q j
,
1 + κ ij 2Qi Q j

(69)

55

Where ηij is dependent on the coupling coefficient κ ij , but also by the qualities Qi and Q j of the
coils Li and L j . The quality of a coil [45] is obtained,

Qi =

ω0 Li
Ri

, Qj =

ω0 Lj
Rj

,

(70)

as a property of the energy stored in the angular frequency ω0 the inductance L, and the free-space
projection H 0 with the dissipation by the resistance R of the i th and j th coils. The quality factor is
then determined by,
1
1
=
Qi Ri

Li
1
+
Ci R pi

Li
1
1
=
+
Ci QRi QLi

(71)

comprised of the inductance L, resistance R, and capacitance C , and of the i th and j th coil in the
oscillator and receiver circuits. The scheme is defined so that the system is performing work, the
unloaded quality QLi is neglected. The quality factors then become,

Qi =

1
Ri

Cj
Li
, Qj = Rj
,
Ci
Lj

(72)

for both cases of a series and parallel configuration in an ideal circuit arrangement. The coils are
arranged within their respective circuits as to maximize the amount of energy stored between the
inductances and the capacitances. The maximum energy stored in Li , j and Ci , j is,
u Li = Li I 02 , u C i = C iV 02 ,
u L j = L j I R2 , u C j = C jV R2 ,

(73)

which is discussed in greater detail in §2.3.1. The loop can be treated as a standard oscillator in
coupled mode defining (43)(44) as

ai ( t ) =

Li
I0 ( t ) .
2

(74)

It is well-understood that quality factor has a direct consequence upon the efficiency of an electrical
transmission circuit.
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The remaining component relevant to the properties of coupled-modes is the losses in the system
resulting from the materials used in the construction of the loops. Losses in the system are observed as
dissipation of the energy stored. For the losses due to ohmic resistance [58],

Ri, j =

µ0ω0 n n ℓ i , j
,
∑∑
2σ m i =1 j =1 4π ri , j
i

j

(75)

Where σ m is the conductivity of the material, n the number of turns, ℓ the wire length of the coil,
and ri , j the wire radius of the i th and j th coils. The calculation of the quality factor and the losses for
the system are shown in Table 2.2.
Table 2.2. Energy, quality, and loss specification.

Column Lm in Table 2.2 is provided for the object impressed on free-space as a function of the
inductance and resistivity of the medium. Averaged, the potential efficiency is very high for the
coupled-mode, although it will be shown in experiments that it is transformed solely on the properties
of the material consisting the antenna. In local space, the efficiency is observed to be very high but it
refers to the ability of the loop to transform the acceleration of electrons into photons, not including
any of those quantum considerations here. Efficiency of the transmission over distance is the linear
decay of power over 1 . This is discussed in terms of radiated power of the antenna in §2.3.2.
r
Energy storage in Table 2.2 is shown per cycle.
With these baseline criteria for the expected properties of the antenna as a function of the materials
and geometry of the wire established, the next chapter will address the circuit model that can sustain
the oscillations. The criteria is the means by which differentiating models will be judged to be used in
commonplace application, such as that in §2.4. The system under consideration is designed with
compactness in mind and each component chosen for an expected level of performance. The
purposeful choice of using the type of oscillator described herein is not by accident; it is chosen for its
simplicity and size.
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2.1.4

The magnetic potential

The magnetic vector decomposition is useful to describe the nature of the field object between the
resonators as a result of the forces that shapes the object. The field model is centered around the
assumption that the geometry can be understood from topological arguments of the forces in the
region.
The model uses the magnetic vector potential A = ( Ax , Ay , Az ) to construct a finite solution by casting
a projection At as the dot product of the tangent vector and the magnetic potential, as,

At = Atx ⋅ tx + Aty ⋅ t y + Atz ⋅ tz .

(76)

(76) is the response of the potential to the disturbance of the wave. Its magnitude is relative to the
energy stored in the field object. While not appearing inside the field, it occurs at the limit of the field
at its boundary and is symmetrical along the space between coupled-mode objects. The field has
dispersion dependent on the geometry of the antenna; the transmitter and receiver placed at
separations in all three Cartesian directions. The unity of the potential in context with the field object
is observable under measurement of an unpowered antenna and is extant at the nulls to the left and
right minor lobes. Modal magnetic resonance coupling is more effective at describing magnitudes of
magnetic flux density in terms of the potential, one such is description is in terms of displacement
currents.
The antenna loop carries a complex current,

I ( t ) = I cos ωt ,

(77)

which is confined to the loop near its surface—the surface of the conductor consisting of Litz wire.
The vector potential from the loop is expressed as,
A (r ) =

µ0I
4π

e − jkr ′
∫ ℓ r ′ dl ′,

(78)

where I = I cos ω t . To simplify the appearance of the harmonic current in the following equations, it
is expressed as

I = uγ .

(79)
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By inspection of (78), the evaluation of the potential depends of the location where dl ′ is being
observed, as anticipated. Expansion of the exponential form,

e− jkr′ = e− jkr e jk ( r −r ) ≈ e− jkr 1 − jk ( r′ − r )  ,
′

(80)

similar to the approximation of the electric dipole [21]. Equation (78) is written as,

A( r ) =

µ0 I − jkr 

dl ′
e (1 + jkr ) ∫
− jk ∫ dl ′ uγ .
ℓ ρ′
ℓ
4π



(81)

For the purposes here, the second integral in (81) is zero since all it indicates is to continue moving
the observation around the circle to the starting point of integration. Therefore, evaluation of the first
integral in (81) yields, by vector identity [46],

∫

ℓ

bdl ′ = ∫

∆s

( u n × ∇ b ) ⋅ ds ,

(82)

to convert to a surface integral. The scalar b is equal to the inverse of the amplitude 1 ′ , the unit
r
vector un = u z , since the loop is wholly in the x − y plane and projecting along z. This results the
vector to be decomposed into,

∫

ℓ

dl ′
1

= ∫  u z × ∇  ⋅ u γ ds ,
∆
s
′
r
r′ 


u
= −∫  uz × ∇ r′ 2
∆s 
( r′)



 ⋅ u γ ds ,



(83)

where the surface integral yields the factor π a 2 . Because it is expected by geometric inspection the
shape to be homogenous and elliptical, the result requiring representation in spherical coordinates.
Taking the vector relation,

u z × ur = sin θ uγ ,

(84)

dl ′ π a 2
∫ ℓ r ′ = r 2 sin θ .

(85)

gives,

Using (84) in (81) and evaluating reveals the interaction of the vector potential with the field object.
This is,
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A (r ) ≈ j

µ0 ( I π a 2 ) κ e − jkr
sin θ uγ .
4π
r

(86)

Equation (86) suggests there are observable effects at the boundary between the field object and the
potential. The result was simulated and is shown in Fig.2.16.

Fig.2.16. (a) The vector potential in the magnetic field, (b) the potential component on the loop interface.

The simulation shows that the electromagnetic potential in enmeshed in the field, as predicted, but
also is in motion at the boundary between the field and free-space following the x − y plane of the
loops. What is interesting is that motion is closely connected to the interfacing of the loop and the
medium and that it occurs in differential degrees of magnitude. What is most interesting is that if the
potential can influence the line integral at the interface. If it can significantly move it away from zero,
it would show a second coupled mode inside the scheme.
Two questions asked are: is the potential, A, a component of the entirely contained within the
magnetic intensity H , else a coupling to B ? Is it a property of the medium inferring a transfer of
force between B and A ? The use of the Maxwell displacement current D is the form of the
displacement because of the forces between antenna and a field object [47], as,

B = ∇×A =

µ0
4π

∫

µ
j×r
dυ + 0
3
r
4π

∫

( ∂D ∂t ) × r
r3

dυ.

(87)

The sequence of solutions to find the potential, in terms of a circuit, is difficult when trying to
decompose the potential vector on the interface to quantify the dependence of the potential on
coupling; this is especially difficult when there is no definition, outside of the impedance, of freespace. We have free-space in the sense of that on a planet, we have free-space in the sense of the
“vacuum” of outer space, and we have the contention that there is dark matter filling the apparently
empty space. Can there be a unification [25, 48] by using the Minkowski cones and time dilation of
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Einstein’s special theory? Are electromagnetic forces and the charges that populate them strictly
dependent on the quantum effects, i.e., the duality of the electron [49] and its esoteric properties? Can
wave-particle duality be expressed in such energized structures? The author contends this provides
sufficient material to support the notion of free-space waveguides, constructed by the scheme, and
energy can be transmitted across them. It could very well indicate evidence of properties only visible
in the quantum universe, are also available to the macro world [50]. The model would then be
described topologically as a waveguide field [51], WG → F, and the primary contributor to the
closure of currents in an open circuit across free-space.
The substantive claim presented in this thesis is of an independence of the magnetic field from its
electric counterpart in terms of force and attraction—described in terms of the magnetic potential at
the interface of the antenna. It is most observable under particular conditions in the antenna where the
radius of the antenna is expressed as a ratio, ℜ, of the loop circumference to its wavelength as an
exponential function, shown in (42), whose B field takes the form of (21) and (22), upon application
of a true conduction current the field lines extend from the center of the loop form a hyperbolic plane
along the z 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 emitted by a magnetic loop is obtainable by discrete
trigonometric functions, given its projection [30]. The effective area, where forces deform the
isotropy into a discernible shape, transforms into a composite of sufficient flux density providing the
appearance of a closed surface. The equilibrium of the area is dependent upon the magnetic energy
contained within and where the boundary is discerned. Although in fact the boundary is indeterminate
at extreme positions along the curvature of field propagation, where the received power approaches
zero is such a boundary. Description of this boundary is given by the infinitesimal of the magnetic
field. The surrounding free-space is considered as a periodic locally-approximated waveguide [107]
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with implicit time-dependence e jωt that, uncoupled, have the spatial dependences e − j β1 z and e− j β2 z ,
respectively where β1 ≈ β 2 are propagation constants. For the geometry shown in Fig.2.8 with a

(

period Λ, the coupling coefficient takes the form 2κ TR cos 2π z

Λ

). The spatial equations (43) given

their weak time dependence of amplitudes aT and aR (44), and coupled state (45), when equivalent to
the relationship of the stored energy at resonance via conductance G and resistance R attenuating the
transmission, contributing simultaneously to a complex impedance Z 0 and admittance Y0 , construes
that the forces exchange energy in constructive and destructive interference patterns as a global
oscillatory force representing the waveguide [26, 107, 111].
It is proposed that if a special circuit could accelerate electrons in an antenna, the emitted radiation
could be controlled and directed by manipulating the presence of the magnetic component. An
increase of B will yield a greater mutual inductance (54). With the addition of metallic accretion
discs, that is, “accretion” meaning discs forming a uniform conductive surface, lying in the x - y
plane and projecting along z so that a corona effect occurs in the gap between the disc and the inner
loop surface. Such discs are aligned with their centers at the same point as the loop center, illustrated
in Fig.2.18.

Fig.2.18. Schematic drawing of two circular loops with center discs.

Under normal atmospheric pressures and temperatures, a magnetic field has a potential flux density
which is evenly distributed, is concentrated toward the center of a loop rather than in other places, and
can be modified to induce currents at a distance [107]. An energized circular loop antenna emits a
magnetic field of a given intensity which is a product of the current dependent upon a spherical
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surface and the geometry expressed by the antenna. The radius ri of the loop i is given as a ratio, ℜi ,
of loop circumference to resonance wavelength, λi , expressed as an exponential power function v,

ℜi =

2π ri
,
(0.1)0.25λi

ℜ i = 10 v ,

(88)

v = −1, −2, −3...n.
With respect to the loop described by (124), the magnetic field in the x - y plane takes the following
form,
Bxy =

µ0 I 0
µ I
⋅ 2π ri = 0 0 .
2
4π ri
2 ri

(89)

where I 0 , is the current applied to the loop. Contrastingly, the field at a distance d along the z -axis
from the center of the loop i is,

Bz = 2π ri

ri µ 0 I 0
1
=
2
d 4π d
2

µ 0 I 0 ri 2

(d

2
B

+ ri

2

)

3
2

,

(90)

in which dB , is the ordinal field distance. When a current, I 0 , is applied to the loop, the magnetic
z

field lines extend from the center of the loop and form a curvature as a hyperbolic plane along the z
and − z directions, as illustrated in Fig.2.17.
The presence of the field in free-space emitted by a magnetic loop is obtainable by discrete
trigonometric functions, given its projection. The effective area, where forces deform the isotropy into
a discernible shape, transforms into a composite of sufficient flux density providing the appearance of
a closed surface.
The equilibrium of the area is dependent upon the magnetic energy contained within the area and
where the boundary is discerned. Although the boundary is indeterminate at extreme positions along
the curvature of field propagation, where the received power approaches zero is such a boundary.
Description of the momentum of energy propagation is given by the infinitesimal of the magnetic
field.
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Fig.2.19. Geometry of a projection and infinitesimal field in the circular loop.

Fig.2.19 illustrates the geometry of the energy pattern emitted from a circular loop by its intensity in
motion across free-space, displacing the space given its magnitude, H·δ B z , in both the positive and
negative directions of z. The phenomenon of projection, H, is manifest as a wavefront from a
transmission antenna where an acceleration force has been applied to electrons on its conductive
interior. The length and intensity of the projection is due simultaneously to the geometry of the
antenna and the power applied to it.
In Fig.2.19, the length of transmission along the z-axis is a component consisting of the projection
field length d H and the ordinal field distance dB , given its radial size, rB , and the infinitesimal field
z

r

δ B. The length of u is given by the persistence of amplitudes to the limit of their ambience, manifest

as B given in both directions of propagation in z. By calculating the angle θ and integrating around
the loop, one can determine the amount of energy present in B.
The magnetic flux density is dependent upon the current applied to the loop antenna. An increase of
E or B will quasi-linearly increase the flux density of the field, given thermodynamic laws. The

assumption is that an increased B will yield an equal increased amount of E in the model.
The model under consideration is a weakly-coupled, low κ , system at resonance behaving
analogously to a locally-approximated transmission-line resonator [31, 111]. Under such conditions,
the complex current and voltage operating on the loops take the form,
π z 
I ( z ) = I 0 cos 
,
 l 
πz 
V ( z ) = − jZ 0 I 0 sin 
,
 l 

(91)
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where I 0 is the current in the short-circuit and l is the length of the attractive transmission path. The
simple impedance, Z 0 , is that of free-space, ~377Ω. The average stored magnetic energy Wm

in the

loop at resonance ω0 is,
l

Wm

ω0

=

1
1
2
L I z dz = L I 0
4 ∫0
4

l

2

∫ cos
0

2

πz 

 dz
 l 

(92)

1
2
= Ll I 0 .
8

The average stored electrical energy does not need to be calculated separately since the system is at
resonance. i.e., We

ω0

= Wm

ω0

as,

Wtotal

ω0

= We + Wm

ω0

= 2Wm

ω0

=

1
2
Ll I 0 .
4

(93)

The surrounding free-space is considered as a periodic locally-approximated waveguide [24, 107]
with implicit time-dependence e jωt that, uncoupled, has the spatial dependences e− j β z and e− j β z ,
1

2

respectively, where β1 ≈ β 2 are the propagation constants. For the geometry shown in Fig. 3 with a

(

)

period Λ, the coupling coefficients κT (transmitter) and κ R (receiver) take the form 2κTR cos 2π z Λ .
Therefore, the spatial equations are,
d
 2π z 
aT = − j β T aT − j 2κ T cos 
 aR ,
dz
 l 
d
 2π z 
a R = − j β R a R − j 2κ R cos 
 aT ,
dz
 l 

(94)

given a weak time dependence of the amplitudes aT and aR to resonance frequencies ωT and ω R ,
d
aT = jωT aT + jκ T a R ,
dt
d
a R = jω R a R + jκ R aT ,
dt

(95)

relative to the coupled state of the resonating elements Li and L j ,
κT ≈ κ R =

M ij
Li L j

.

(96)
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The mutual inductance of the i th and j th elements and the integration over the spherical surface S j
from Fig.2.19 is therefore,

∫ ∫ B ⋅ n dS
M ij =

Sj

I Li

(97)

,

proportional to the current I 0 of the opposing resonator Li , yielding the property that energy can be
applied to the system to a maximum point that the waveguide can sustain. The dissipated power,
while a property of the load present, is also a property of the power sustained in the magnetic field, as,

2
2
1
1
R I (z) + G V (z)
2
2
l
1
1
2
πz 
= R I 0 ∫ cos 2 
 dz + G V0
2
2
 l 
0

pd =

π z 
∫0 cos  l  dz ,
l

2

(98)

2

shown in (134) to be equivalent to the relationship of the stored energy at resonance via conductance
G and resistance R attenuating the transmission, contributing to both a complex impedance Z 0 and

admittance Y0 . This is suggestive of an oscillatory force acting in a waveguide.
Once the electrons within the conductive material are accelerated, they subsequently radiate energy in
a quantized form upon deceleration [5]. The energy emitted in the form of radiation from the charge
q with acceleration a is given by,

pe =

q2a2
,
6πε 0 c 3

(99)

where c is the speed of light. The emission of energy, in a dipolar form is,
pγ = µ 0 sin 2 θ ,

(100)

where θ is the angle between the direction of acceleration and the emission. The radiation is
polarized such that the emission field is parallel to the acceleration force on the electron.
It is proposed here that if a circuit could accelerate electrons in an antenna, the emitted radiation could
be controlled and directed by manipulating the presence of the magnetic component. An increase of
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B would then yield a greater value of M ij with the addition of metallic accretion discs, that is,

“accretion” meaning discs forming a uniform conductive surface, lying in the x - y plane so that a
thermodynamic event occurs in the gap between the disc and the inner loop surface connecting the
two as a coupled potential. Such discs can be aligned with their centers at the same point as the loop
center.
The magnitude of projection at a distance from the loop is given by the quantities of cosh a and
sinh a, as shown in Fig.2.17, between the limit at the transient zone, at point ‘b’, and the center. Point

‘a’ is where the influence of the magnetic field is at a maximum, such that a second loop absorbs a
maximum quantity of transmitted power yielded by the first loop. The power densities in the darker
grey zones, labeled ± a 2 and ± b 2 , based on their orientation on the x and z -axis, are equal unless
there is an azimuthal field present. The power density in these zones is dependent upon the current I 0
applied to the loop.
If a loop is set at a distance with a second loop of the same number of turns, loop radius, and wire
diameter (to a reasonable degree of equal approximation) the field “lines” extend the hyperbolic plane
from ( x0 , y0 , z0 ) to ( x1 , y1 , z1 ) with less curvature θ than that observed in the case of a singular loop.
The limit between the distance, given by ( x1 − x0 , y1 − y0 , z1 − z0 ) , and the fall-off of the field, given by
1

r2

, is asserted here as being due to the curvature of the propagation and the substantive waveguide

and is not necessarily dependent upon the size of the loop.
The addition of a conductive media lying along the x - y plane, perpendicular to z , will contort the
zones. If a flat metallic sheet is placed in the plane of a length and height greater than the diameter of
the loops, then energy is absorbed on its surface.
Contrastingly, the introduction of a metal disc at the center of the receiving loop will increase the
magnitude of B. The propensity of the discs to enhance the magnetic field has a greater influence on
the receiver as opposed to the transmitter.
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Fig.2.20. (a) Magnetic flux of loop antenna, (b) disc adds flux strength.

The magnetic loop, at a ratio to its quarter wavelength, contains the effects of a full alternating-current
(AC) cycle impressed on it by an incident wave [30]. The rate of exchange of energized particles is
then represented by the density of “magnetic lines”, illustrated on the left side of Fig.2.21. The right
side of Fig.2.21 meanwhile shows the same loop system with an accretion disc added at the center of
the transmission loop. The more attraction between the loops, so the more efficiently the energy is
transferred.
The lines in Fig.2.21a and Fig. 2.21b show the magnetic flux density while the slices at the ends show
magnetic field intensity at the loop at norm B. For the purposes of the paper, the number or “density”
of field lines precludes a higher magnetic flux in the region while a shade from dark to light denotes
greater intensity.
The strength of the magnetic field generated by the loop may be increased by adding turns n of
conducting wire, instead of a single turn and increasing the length of the legs m shown in Fig.2.18.
In terms of the experiments which have been performed and are reported on in this paper , the loop
was constructed where n = 3 and m = 4 cm. In terms of calculating the magnitude, it is perhaps more
appropriate to consider the magnetic field in terms of H where B = µ H.

Fig.2.21. Propagating energy in B.
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A single disc is placed inside the receiving loop so that it lies on the x - y plane while its center lies
along the z-axis, as shown in Fig.2.56, where the magnitude of B is directed through its center. With
the addition of the disc, distortions are present by imbalances in the field, where additional
transformed energy, Jφ , appears in the azimuthal field, shown in Fig.2.23 as,
⌢
J φ = f ( r ,θ )φ .

(101)

A disc, approximated as a consecutive sequence of wire-turns in the form of a spiral where the width
w between the winding arms approaches twice the wire radius, as, w → 2a, has a surface radius of 12

mm. It is expected the disc will increase the magnitude of H relative to its size with the addition of
the new vector u. The azimuthal magnetic field is expressed as a second order phenomenon. An
increase in energy in the field is observed by an increased conversion of electric current into H.

Fig.2.22. Density of azimuthal B field.

Distance does not directly affect modal coupling [6], rather, spatial extensions in the z-direction relate
more closely to the transport of electrical power, expressed in terms of the E and B fields, attenuated
along its length. Therefore, broadcast power is subject to an attenuation rate dependent upon a value
of impedance. The appearance of an azimuthal component when the disc is placed inside the loop is
likely due to shearing effects, or imbalances in the equilibrium state of the magnetic field consisting
the waveguide as it transforms from isotropy toward anisotropy in the x - y plane.
Experimental work on this aspect of the theory is presented in §2.4.2.

2.2

The circuit model

As it is primarily intended that the system transmit waves, under such conditions the oscillator is
considered to be the driving-force of the system. Without oscillations, waves would not propagate.
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For comparative purposes, if the antenna was charged with a non-oscillating current such as that
provided by a direct current (dc) power supply, the receiver would not see the signal and magnetic
energy statically emitted into space, given the area, dA, of the conductor. There would be no explicitly
defined coupled-mode and the signal would not couple to a distant load. As far as the field object is
concerned, it is randomly generated with no cohesion in the ambience.
The task of this section is to describe the construction of a circuit, which illustrates the diagrammatic
representation of the source, the oscillator, and the loops illustrated in Fig.2.1. The circuit model will
also attempt to satisfy the mathematical descriptions of the previous sections while introduce a
reconciliation of the circuit verses field model discontinuities [52] only in the confines of an
agreement of the supposition of resonant circuit-as-antenna correlation.
To satisfy these aims, a circuit which consists of a transmitter and a receiver is required consisting of
a compact oscillator driving a magnetic-resonant loop antenna. The coupling of the source and
oscillator objects are wholly responsible for the character of the manifest field between the antennas,
as described in §2.1.
The most immediate and obvious question is what kind of oscillator to use: compact, powerful, and
the ability to impress the expected currents on the loop. Efficiency is important here as the
transmission scheme has a criterion of “worthiness”; it is taken into consideration when choosing the
oscillator type.
In the early days of radio, numerous types of oscillators for signaling were based upon the spark-gap
transmitter first used by Hertz [53, 54]. As the transmission of radio waves evolved from telegraphy
into voice, increasingly the oscillator needed to be free from noise for broadcasting. As the spark-gap
started to fall out of favor, sinusoidal oscillators able to contain modulation were proposed in the form
of the regenerative circuit by Armstrong [55]. The universality of the scheme showed that any radiofrequency oscillator was a topology containing feedback; this topology could be modified to provide a
controllable reduction in feedback loop coupling on the antenna circuit. If the method of coupling was
to split the characteristic impedance of the circuit through an amplification stage, it functions as a
combination of an oscillator and mixer, which converts the modulation directly to the baseband.
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Fig.2.23. The regenerative oscillator.

On examination of Fig.2.23, the driving force of the vacuum tube U1 is carried across a pair of
inductances, a coupling coil, L2, and tickler coil, L3, along with tuning capacitor, C1. The capacitors
C2 serves to suppress leakage from the grid of U1, capacitor C3 for frequency bypass. The application
of dc power to the triode amplifies the signal incoming to terminals J1 and J2 treating the beat
frequency of the antenna scheme and power impressed on it as if the entire package was a
combination of source and oscillator amplifying the resonant frequency of the antenna. If the circuit is
modified to split the antenna into two equal phases and the driving amplitude powering each 180°
phase-shift, a circuit with twice as much applied power could be constructed. Such a circuit is the
push-pull oscillator.
The push-pull oscillator is a type of electronic circuit that can drive both a positive and a negative
current phase-shift into a load. Appearing in the early 1920s, later described in detail by Hoag [56],
the model is a highly-efficient oscillator which contains a complementary pair of power-drivers, one
dissipating or sinking current from the load to the negative power supply, and the other supplying or
sourcing current to the load from a positive power supply over a center-tapped coil during a complete
duty cycle. Because of the high-efficiency and the simplicity of the model, it is ideal for wireless
power transmission shown in Fig.2.1. Since the scheme is based on induction, the oscillator will have
to be modified to also phase-shift the antenna inductance through the cycle.
An inductively-coupled push-pull oscillator is shown in Fig.2.24. When voltage is first applied by the
dc source, V1, the fluctuation of the voltage makes the grid of U1 positive and the grid of U2
negative. Because the current is lagging behind the voltage, it is expressed as changes in the plate
current. The lag of the current is an important feature, which is directly captured in this type of
oscillator, the dipole is created on the plate. The resonance between the inductance and capacitance in
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the plate circuit causes voltage changes on the plate, which fed through the plate to grid capacitance
or by magnetic coupling between the two tank circuits, reverses the polarity of the grids, switching
them exactly opposite. As this continues, the tank circuit impresses the voltage changes of the grids
and current on the plates, so that oscillations of increasing magnitude rise. The magnitude rises to the
limit imposed by the magnitude of the source voltage and the energy is spread evenly across the
circuit given its symmetry. Eventually, the rise reaches a magnitude where the dipole breaks and
energy is released.

2.2.1

The push-pull oscillator

The push-pull oscillator is a balanced oscillator. This type of circuit is able to deliver larger outputs
with less distortion than single-triode amplifiers. The output is a sinusoid relating the opposing forces
of absorption and dissipation in the tank circuit created by the coupling of coils and capacitors across
the amplifiers.

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

Because the oscillator in Fig.2.24 is suitable to drive the scheme, it is necessary to recast the circuit
since the antiquity and power needs of the vacuum-tube triodes make recreating the circuit in its exact
form impractical. What is more realistic is to replace U1 and U2 with something like a semiconductor
triode, which has the ability to impress a high level of amplitude with fast switching speeds. Such an
item that is very advantageous for this purpose is the n-MOSFET transistor.
Since this is a field-effect transistor, dependent upon high-speed, electric field switch-transitions, the
n-MOSFET has coupled-modes. The mode relevant here is the triode mode or linear region, also
known as the ohmic mode [57]. The architecture of an n-channel MOSFET shown in Fig.2.25. A
metal-oxide-semiconductor field-effect transistor has three terminals: the source, the gate, and the
drain. In an n-MOSFET, both the source and the drain are n-type and the substrate between them is p72

type, shown in Fig.2.25. A thin layer of silicon dioxide insulates the gate and the p-type substrate.
Due to this insulation, there is no gate current to either the source or the drain.

Fig.2.25. The n-channel MOSFET structure.

The n-MOSFET can be equated with a voltage-controlled switch. When a sufficient voltage VGS is
applied between the gate and the source, the positive potential at the gate will induce enough electrons
from the p-type substrate to form an electronic channel creating an inversion layer between the source
and the drain, and a current I DS is formed. The behavior of a n-MOSFET can be described by the
function I DS = f (VGS ,VDS ) with a threshold voltage VT . These properties can be taken advantage of
in the wireless power scheme by placing the n-MOSFET in the circuit in such a way as to split
oscillations into two groups: those of the transmission antenna and those between the pair, illustrated
in Fig.2.26, and the steps through each phase, illustrated in Fig.2.27.

Fig.2.26. Schematic representation of accelerating elections split across a tank circuit.

Fig.2.26 is intended to show how a single MOSFET in the application applies an acceleration force, as
a property of the potential (voltage) and inductance where the oscillation is sustained in the antenna.
The ability to phase-shift between each part of the cycle synchronizes with the shifting phases of the
potential will close the circuit periodically and allows energy to transfer. Free-space wave projection
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is possible when the synchronization is with any one of the rest-state potentials embedded in the
phase. Although the specification of these potentials is outside the scope of this thesis, suffice to say
the synchronization satisfies the presence of the antenna as analogous to coupled-modes, merely by
inspection. It is at the shifting between phases where interaction with the interface takes place.

Fig.2.27. Phase-shift amplifier on coils.

A deeper analysis of phase-shifting on circuits is also out of the scope of this thesis. What is
reasonable is that a power n-MOSFET is a suitable component to replace U1 and U2 of Fig.2.24. The
arrangement of Fig.2.24 is altered to Fig.2.28:
•

Coil L2 becomes the antenna, and is connected across the drain of Q1 and Q2 to split in half
the antenna circuit including the feed from the power supply, polarity opposite,

•

plate terminals U1 and U2 are tied together and connect to 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 circuit is illustrated in Fig.2.28.
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Fig.2.28. The transmission element with a coupled-mode.

This model contains only a simple description of the dipole but it is suspected such a description
could go deeper, briefly examined in the Appendix. Regardless, the circuit will create and destroy its
dipole in a cycle releasing its energy. Since destruction of the dipole is occurring by the current
returning to the source in the form of feedback power from the antenna, excess energy will bleed off
as heat. The component that emits the heat due to internal losses and feedback of energy coupling at
the interface is the capacitor C1.
At higher source levels, heating of Q1 occurs; heat-sinks for both Q1 and Q2 and a metalized
capacitor will keep the circuit from burning out. The 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 program, National Instruments MultiSim, is shown in
Fig.2.29a.

Fig.2.29. (a) The receiving element with a coupled-mode, (b) an example receiver.
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Using a suitably constructed receiver, illustrated in Fig.2.29b, a simulation of the circuit is conducted.
The driving function of the circuit in the simulation will be a pulse. Hertz proposes that a “ringer” is
required to start the oscillator [53]. A pulse current I pulse will be used in substitution of V1, shown in
Fig.2.30. This is similar to the use of the spark-gap. One of the amplifiers must be shorted while
power is applied in order to ring the resonator strongly enough for oscillations to be sustained. A
momentary short is placed between the gate and the drain of Q1. The oscillator is self-sufficient
requiring only phase offset amplifiers to sustain the oscillations through the cycles thereafter. This is
an ideal representation of a kick-start because when the pulse current is adding energy, it forms a
closed circuit. Simply stated, the oscillator requires priming. To simulate a momentary burst of energy
to the oscillator, the settings of the pulse current are listed in Table 2.3.
Table 2.3. Simulation circuit properties.

The broadcasting model these settings are applied to is shown in Fig.2.30.

Fig.2.30. The broadcasting model for simulation.
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The frequency counter reads 422 kHz; the signal at the oscilloscope, 2 volts per division on the yscale, with a time base of 200 µ S per division on the x-scale is shown in Fig.2.31.

Fig.2.31. Simulated signal seen by the receiver.

The simulation refers to both the transmitter and receiver elements of the theoretical model first
illustrated in Fig.2.1. As the simulation is taken in context to inductively-coupled elements based on
circuital laws, the components consisting the broadcast model have the properties:
•

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

•
•

Q1, Q2, C3, and C4 constitute the oscillator driven by voltage source V1,
The system transmits energy given the theoretical predictions. Variation of the coupling
coefficient κ ij shows the various circuit responses, using the same x and 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 connection to the amplifiers in the circuit, as shown in
Fig.2.30. Since it is only a one-half turn on the loop, it is expected the inductance of L3 is much
smaller than the inductance of the loop represented between components L1 and L2.

2.2.3

Equations of the circuit model

It is expected that a sinusoid to be emitted from the transmission antenna with both a positive and
negative group velocity outward along z from the loop surface lying in the x, y plane. Group velocity
is defined as a group of amplitudes used to distinguish emanated waves in both positive and negative
directions of z, projected by the antenna. If only one side is considered, then the efficiency is divided
by the missing group waves, at a complex velocity since it cannot be assumed that each photon in the
energy is moving at a constant velocity throughout the projection. This assumption is because the
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velocity is due to the magnitude of force of acceleration on the electron in the conductor. The
assumption is compatible with the consideration of the wave envelope, however, with a stochastic
distribution of energies.
Alignment of loop centers, or axial alignment, will yield the highest magnitude of energy transmitted.
Performance in the circuit seems ideal when node C is placed at the point one-half of the length of
AB. It would be interesting for future research if this wire placement differs in performance on the
length. The cyclic quality, Q ( t ) , is relevant to describing the internal quality of the oscillator at any
particular time t0 when,

Q( t ) =

ω0 Le
Re

t0 .

(102)

Equation (102) infers a complex set of amplitudes present across the field object. The effective quality
factor Qe along with the effective damping factor ζ e satisfies the traveling wave solution. These
properties are based on the states of the oscillator for each instance of the antenna elements as,
x

∑ Q , Q , Q ,..., Q ,
m =1

i

j

m

(103)

x

∑ζ , ζ
n =1

k

i

j

, ζ k ,..., ζ n ,

for each of the antenna elements i, j, k ,..., n. The states describe behavior of the system when there are
small changes in Re , given (72), shown in Table 2.4.
Table 2.4. Oscillator state by Q and ζ .

Depending on the values of the effective damping ζ e and the effective quality factor Qe in both the
antenna and the oscillator, the emitted waveform will be one of the three types. The meaning
represented in the different states of oscillation is due to the displacement of a wave in space given its
periodic motion. In order to satisfy periodicity, the oscillator must be elastic—in the sense of
returning precisely to its original configuration after deformation: this requires a known position of
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equilibrium and a counter force which restores equilibrium. The oscillator must be able to produce a
sustained single frequency on a source object with a tolerance small enough that an object designed to
absorb the oscillations will do so if it has approximately the same parameters. The antenna will
comprise the vibrator while the oscillator will provide synchronous amplitude.
In the traveling wave case for radiative energy emitted from the coupled antenna, the solution is given
by the wave equation, transformed from (5) using (9),

∂ 2u ∂ 2u 1 ∂ 2 u
+
=
,
∂x2 ∂y2 v2 ∂t 2

(104)

where v is the phase velocity. As the wave propagates in both the + z and − z directions—positive
and negative group velocity—the description of the transverse motion

2π v

λ

= 2π f = ω , where

v = f λ allows the description to be,

y ( x, t ) = Asin

2π

λ

( x − vt )

dy
2π
= ω A cos ( x − vt )
λ
dt
2
2π
d y
a y ( x, t ) = 2 = −ω 2 y = −ω 2 A sin ( x − vt ) .
dt
λ

vy ( x, t ) =

(105)

The following equivalent parametric forms of the wave solution of (105) are,
y ( x, t ) = A sin ( kx − ω t ) ,
y ( x, t ) = A sin

2π

λ

( x − vt ) ,

x t
y ( x, t ) = A sin 2π  −
λ T

(106)


.


The determination of the velocity, v, and its inhibition, v , is dependent upon the properties of the
medium in tandem with the coupled inductance which forms 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.

Because, in the wireless power case, the traveling wave emitted by the antenna is a function of the
amplitude generated in the oscillator, is confined to one plane in space and varies sinusoidally in both
space and time and expressed in combinations of,
y = A sin ( kx − ωt ) ,

y = A cos ( kx − ωt ) ,

(107)

and of the complex form,

y = Aei( kx−ωt) .

(108)

eiθ = cos θ + i sin θ .

(109)

As an Euler identity, the form takes,

Alterations to the circuit would affect strong changes to its state. The transmission circuit is a series
circuit and the addition of Re would make Qe smaller. The receiving circuit is arranged in parallel so
that changes in Re will make Qe larger.

Fig.2.32. Simplified circuit diagram.

Based wholly on these theoretical results, a circuit is constructed based on the schematic used in the
simulation wherein to test the hypothesis. The transmission circuit including the antenna discussed in
§2.3.1, is shown in Fig.2.33. Measured with a frequency counter, the broadcasting frequency is
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f 0 = 428 kHz. It is expected that if the dipole would be preserved after each cycle, that efficiency
would increase as well as the potential at the boundary.

Fig.2.33. The constructed oscillator.

The next section addresses the details of the propagation model proposed in this section.

2.3

The propagation model

The transportation of energy across free-space occurs in a pair of tuned circuits, symmetric and set a
distance apart, when one of the circuits is electrically stimulated. By amplification, the resonance
frequency can be used to accelerate electrons in a coil.
In practice, this means an electric current will be induced in any distant circuit where the magnetic
flux intersects with an appropriate conductor in the path of the oscillations. The placement of the
resonant objects in the scheme will be in the path based on the projections of their antenna, coupled to
their resonant circuits.
The quarter-wavelength magnetic loop antenna is a useful device to transmit significant quantities of
electrical current at reasonable efficiency. For simplicity and brevity, this is a fundamental artifact of
the scheme presented in this thesis. The complete range of behavior available is exclusively due to the
interface between a set of electrical charges and an ambient structure of free-space at normal
temperatures and pressures, for the purposes here of atmospheric air with characteristic impedance.
The mathematical components needed to describe the problem at hand are currents in the conductive
media and currents in the dielectric. If the medium inside the waveguide is homogenous and isotropic
and if the surface impedance at the boundary is zero, the method of separating variables obtains a set
of normal, uncoupled modes of propagation. Any irregularity or discontinuity in the waveguide
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provides a coupling between some, or all, modes of propagation [24], transported on a transmission
element whose radius is smaller than the dielectric space, whose waveguide is sufficiently infinite, to
impose ideal planetary electrical characteristics.
A necessarily narrowband antenna with steep nulls is required to allow the power to transmit in the
signal while rejecting spurious noise and other transient phenomena the magnetic fields could be
subject to, including solar radiation. The quarter-wavelength magnetic loop antenna has very sharp
nulls at right angles to the plane of the loop.
These nulls can be very useful for suppressing radio interference. A rotation of the loop will reduce
noise. Because the nulls are sharp, small changes in antenna orientation can make a large change in
signal or noise received from the direction of the nulls allowing the interference to bleed into the field.
The nulls are sharpest on the smallest loops at a perimeter approximately 0.05λ which linearly
increases to 0.1λ at the periphery [30].
The propagation model, for reasons stated in the previous sections, and in detail in §2.1, is concerned
primarily with small antenna sizes with a high efficiency. In the proposed model, the loop size is the
most critical property. If coil loop is wound at a specific ratio of circumference to wavelength, it is
equivalent to conductor connected to an electrically-short transmission line with coupled modes [30,
107]. To maximize the emission of radiation, the magnetic loop should be at a ratio of its
circumference to its quarter wavelength. Such a magnetic loop will be shown to have the ideal ratio,
in terms of maximum transmission efficiency, is when this ratio falls on an exponential scale, shown
in (42). Consider a circuit consisting of a single loop of insulated wire wound in such a way as to
create a circular loop of a few turns. This loop and its capacitor become one-half of a resonant circuit
forming a transmitter Tx . The length of this wire loop, ℓ t , is then duplicated to construct a similar
loop of identical characteristics, ℓ r , along with a capacitor forming the second half of a resonant
circuit forming a receiver Rx .
A current is applied to this circuit, induces an electrical field in the self-inductance of loop ℓ t ,
creating a magnetic field which is coupled at the interface. By placing a load in parallel to the voltage
gap in loop, magnetic energy is drawn into the gap and then converted into electrical current.
Inclusive in the loop is a voltage gap of width w no greater than the loop radius, so that w < r . The
coil ℓ t is positioned in such a way that the x − y axes form the loop surface and the z-axis the
trajectory out from the loop in the directions of the group velocity of the radiation—positively for
right-handed, negatively for left-handed. This relationship is illustrated in Fig.2.34.
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The chosen frequency computes (39) to be between 412 and 526 kHz.

Fig.2.34. Radiation emissions of a magnetic loop antenna.

The antenna loop is excited by the acceleration of electrons on its curvature, driven by the current I 0
from the amplifiers in the circuit. The positive group velocity emits radiation in the form H 0+ , the
negative group velocity emits radiation in the form H 0− , and γ θ , the quantized energy due
exclusively to photons, illustrated in Fig.2.35.

Fig.2.35. Wave propagation for the modal coupling scheme of wireless power transfer.

An assumption of symmetry will reveal the model of magnetic waves, or currents, in the form of
photons of a given angular frequency ω0 flow positively at a given coordinate ( γ θ , H 0+ ) from coils

ℓ t → ℓ r and negatively at ( −γ θ , H 0− ) from coils ℓ t ← ℓ r with an efficiency η . There is a distinction
in the solutions later that and not energy exchange between loops since currents are used for
electromagnetic descriptions at each half of the circuit.
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From the circuit point of view, antennas appear as a resistance Rr called radiation resistance. It is not
related to any resistance in the antenna itself, rather, a resistance coupled from space to the antenna
terminals. Active radiation raises the ambient temperature of Rr . This temperature is equivalent
across the circuit because the temperature of the distant antenna (respectively from the transmitter)
can only see its symmetric analogue due to the nature of inductive coupling in that the photons extant
in the magnetic field only react with like or other resonant objects [31, 58]. Under such conditions Rr
is quantified by the region of space inside the loop as a function of the virtual transmission line
linking the antenna to the distant region, shown in Fig.2.36.

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

The loop will operate using a single-band transmission with regard to the antenna impedance,
directivity, and gain. The antenna analysis is essentially equivalent to that for a curved dipole and
projected magnetic field given (19). The computation of the antenna will target electrically small loop
antennas in the normal and axial mode of operation. Radial mode is an advanced topic. Multiple
modes are exhibited in §2.4.
Following the discussion of the circuit properties in §2.2, and the schematic shown in Fig.2.28, the
transmission antenna coil must be designed to conform to the shifting phase of the amplifiers.
Following Larmor’s theorem, discussed in §1.1 and §2.1.2, it is ideal if an electrical force can be
applied to a conductor in such a way as to accelerate electrons between one half of the conductor and
the other, similar to a wire treated as a dipole. The movement is treated as the phase.
Phase is defined as representing movement along the arc of the antenna through divisions 2π through
the circle’s circumference where the radius r is the magnitude of the electric field, Eφ and υ, a
component of velocity of the shifting phase representing 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 transition phase.

The acceleration forces move through π on the loop, shifting direction between components L1 (A)
and L3 (C), and L2 (B) and L3 (C) which are negative and positive voltages respectively.
Theoretically, the force contained in the current accelerates the electrons through one phase of π then
switches direction through the other phase of π . At each switch in direction, the electrons in the
conductor decelerate and release their energy in the form of photons along the direction of the
magnetic field.
The material of the coil should sustain the angular velocity of the currents, ω0 , oscillating through
integer multiples of π . Copper is sufficient, artificial materials could substantially improve the
reactance. An insulated length of wire, ℓ, given by A, B, is wound into a loop of a chosen
specification. It has a break cut into its insulation at the midpoint in the loop, where C = 1 ℓ, and a
2
third wire follows the loop forming an extra number of turns, n = 0.5, and an extra standing length, or
leg, illustrated in Fig.2.38.

Fig.2.38. The transmitter coil.
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The transmission antenna in now a three terminal coil, antenna (A, B, C) corresponds to (L1, L3, L2)
respectively, with (L1, L3, L2) behaving as an oscillator when connected directly to an amplifier.
Terminals A (L1) and B (L2) are connected across a capacitor to the corresponding drains of two nMOSFETs whose sources are connected to the negative terminal of the power supply. Terminal C
(L3) is connected to the positive terminal of the power supply.
A generalizable computation, the method of moments, will be fitted to solve the problem of the
circular loop antenna as a function of the scattering of the field emitted by the transmitter. This
general solution is solved using the software package Matlab and files from [59]. Properties of the
loop antenna can then we put into the program Circuit calculator to arrive at the theoretical values.
The computational structures will be these scripts; their purpose is listed in Table 2.6.
Table 2.6. Computational elements from mesh to field solutions.

Each of the element files were compiled against the mesh files created in each progressive step. The
antenna was solved for and its properties computed. These theoretical results and comparison to the
measured results will be discussed. The physical characteristics of the antenna will be discussed in the
next section.
The antenna is the sole artifact of wireless power transmission and relies on no other analogue. If
wireless energy transfer is to become more useful, it is necessary to establish a set of generalizations
regarding specific conditions of operation.

2.3.1

The receiving antenna

A receiving antenna may be viewed as any metal object that scatters an incident electromagnetic field
from a transmitting antenna, which propagates a single-band signal. Because of scattering, an electric
current appears on the antenna’s surface. That current in turn creates a corresponding electric field. If
a capacitor is attached to the free ends of the loop, as shown in Fig.2.39b, a voltage difference appears
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at the terminals. The terminal voltage constitutes the received signal; power is extracted through the
voltage and fed to an incandescent lamp, shown in Fig.2.29. Analytically speaking, it is ideal if the
scheme could be addressed as surface current distribution over the antenna as a three-dimensional
oval surface using its edges as propagation of the magnetic field expected in a Boltzmann distribution.
The description here will be for a two-dimensional flat surface antenna.

Fig.2.39. (a) Schematic of the receiving loop antenna. (b) Loop antenna connected to a capacitor at the voltage
gap. The white arrows are surface currents.

Considering solely the viewpoint of energy transfer, an antenna in the receiving mode collects
electromagnetic energy over a certain area, shown in Fig.2.39a, extracts the captured power while
both absorbing and reflecting the energy back into free space, behaving like a signal repeater. The
specifications of the coils, as illustrated in Fig.2.1, are shown in Table 2.7.
Table 2.7. Transmission and receiving coils physical specification.

The method of moments is solved for the antenna surface using Rao-Wilton-Glisson (RWG) edge
elements. A short discussion of the detail of the RWG algorithm is required to understand how the
edge elements are used to approximate the field solution [65]. The surface of an insulated metal loop
antenna divided into separate triangles as shown in (Fig.2.40a). Each pair of triangles, having a
common edge, constitutes a corresponding edge element, see (Fig.2.40b). One of the triangles has a
plus sign and the other a minus sign indicating the direction of the current. A vector basis function,
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 l  +
+
 2 A+  ρ ( r ) , r in T


 l 
f ( r ) =  −  ρ − ( r ) , r in T −
 2 A 
0,
otherwise,



(110)

is assigned to each edge element where l is the edge length and A± is the area of triangle T ± . Vector

ρ + connects the free vertex of the plus triangle to the observation point r, shown in (Fig.2.40b).
Vector ρ − connects the observation point to the free vertex of the minus triangle [60].
The vectorized surface electric current on the antenna surface, shown in Fig.2.40a, is a sum of the
contributions over all edge elements with unknown coefficients. These coefficients are found from the
moment equation (110). The surface current density on a surface Sθ of a perfectly conducting
structure is given by an expansion into RWG basis functions over m edge elements. The moment
equations are a system of linear equations with the impedance Z. The basis function of the edge
element corresponds to a small but finite electric dipole of length d = r c − − r c + shown in Fig.2.40b
and [21]. Index c denotes the center of triangle T ± for the division of a loop antenna structure into
elementary electric dipoles, shown in Fig.2.40d.
The approximation here is similar approach to describe the currents according to Maxwell’s equations
[61] in terms of those specified at in §1.1. The current density, J , and the antenna impedance Z is
represented on surface Sθ . If Sθ is open, J is regarded as the vector sum of surface currents on
opposite sides of Sθ . As,
 lm
 +
 2 Am

M
 l
J = ∑ I m f m , fm =  −
m =1
 2 Am
0,



 +
+
 ρ m ( r ) , r in T

 −
−
 ρ m ( r ) , r in T

otherwise,

(111)

Where Z expresses the vector voltage from expansion coefficients I m forming the impedance
moment Z ⋅ I = V. The antenna voltage is expressed by [60],
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ρ c+
ρ c− 
Vm = lm  Em+ ⋅ m + Em− ⋅ m  , Em± = Einc ( rmc± ) , m = 1,..., M ,
2
2 


(112)

where Einc is the electric field on an incident electromagnetic signal over the length, lm , of the
antenna. The voltage excitation vector is analogous to the circuit voltage. The surface electric current
on the antenna surface is a sum of the contributions (111) over all edge elements.

Fig.2.40. Modified schematic of RWG edge element and the dipole interpretation for curvature θ .

Simply state: The impedance Z describes the interaction between neighboring elementary dipoles
given over the length of the conductor. If edge elements m and n are dipoles, the element Zmn
describes the contribution of dipole n, through the radiated field, to the electric current of dipole m.
The size of Z is equal to the number of edge elements. This contribution is calculated using the
electrical field integral equation [62, 63].
The antenna was constructed and simulated using Matlab while theoretical equations were computed
using the Circuit calculator. Using Matlab with the PDE toolbox, the surface mesh is designed by
creating a model of the loop and creating RWG triangles. Visually, one can create the meshes based
on a 2-D model approximation of a loop surface, shown in Fig.2.41a for 180 nodes and 288 triangles
and Fig.2.41b for 648 nodes and 1152 triangles. A systematic description is contained in Table 6.2.

a)

b)
Fig.2.41. Two loop meshes: (a) 288 triangles and (b) 1152 triangles.
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During the process of creating the mesh, checking the triangle quality will provide an average
characteristic before continuing with the RWG analysis. The triangle quality of both meshes shown in
Fig.2.42a while the expected current density, shown in Fig.2.42b, is confined to the inner edge of the
loop. The RWG edge elements are more advantageous than the simple finite dipoles. In particular,
they support a uniform axial electric current along a thin metal strip, approximating for curvature [64].
For help calculating in Matlab for the desired antenna characteristics from the constructed meshes,
code from [65] will be used to perform the computations.

Fig.2.42. (a) Triangle quality of the loop mesh, (b) current density on the loop.

The .mat files containing the compiled mesh of the antenna structure are used as input to the edge
generator rwg1.m and to the rest of the code sequence listed in Table 2.6. The PDE tool is used
created compiled mesh “magneticLoopMesh.mat” with 288 triangles.
Using the input characteristic antenna data:
•

412 kHz ≤ f 0 ≤ 526 kHz,

•

observation point: 50 centimeters on the z axis,

•

radiation sphere radius: 100 centimeters,

•

feeding edge [-1, 0, 0], dipole,

resulted the sequence for output data is listed in Table 2.8.
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Table 2.8. Matlab computed input characteristic antenna data.

The computation of the model suggests that the structure of the radiation is exclusively a property of
the geometry of the coil. A specific pattern of radiation emission is observable by showing intensity of
projection field H, out from the dipole at the center of the loop, shown in Fig.2.43.

Fig.2.43. Directional power density of field on its approaching wavefront, white shows higher power.

By examination of Fig.2.43, the field emanating from the loop antenna, the whiter toward the center
of the loop is the plane of projection, relative to the loop around the sphere. The power signature is
due to the dipole releasing energy and the forces upon the electrons in the conductor. This is given in
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more detail in Chapter 4. The height of displacement along the y-axis is the beam width. It is
interesting to now describe the computations which determined the emitted power and radiation
resistance of the field given the distance between the antenna based on [30].
2.3.2

Radiated power

In terms of the circuit model of the physical antenna, energy and power are computed using the C#
program Circuit calculator. The voltage and current are related via the impedance of the loop. In the
case of electrically-small loops, impedance is the series combination at the angular frequency, ω0 , of
the reactance of the external inductance, Le , and radiation resistance Rr , and ohmic resistance, Ro ,
of the conductor,

Z 0 = Ro + Rr + jω0 ( Le + Li ) ,

(113)

and terms operating on the loop have the forms,
π z 
I ( z ) = I 0 cos   ,
 ℓ 
π z 
V ( z ) = − jZ 0 I 0 sin   ,
 ℓ 

(114)

where I 0 is the current in the short-circuit at z = 0 and ℓ is the length of the attractive transmission
path. The average stored magnetic energy in the loop in its single mode at resonance is,
l
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ω0
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L I z dz
4 ∫0
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 dz
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1
2
= Lℓ I 0 .
8
The average stored electrical energy does not need to be calculated separately since the system is at
resonance, We

ω0

= Wm

ω0

, so,

Wtotal

ω0

= We + Wm
= 2Wm

ω0

ω0

1
2
= Lℓ I 0 .
4

(116)
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One interpretation that can be drawn from the mathematics is energy can be applied to the system to
the point as the waveguide can sustain.
A discussion of the calculation of the potential of free-space is well outside the scope of this thesis,
however, suffice it to say, it is expected this number to be very large given the radius of the coils. This
is a very important feature, which can be explored by this method, and it is suggested to be conducted
in future research.
The dissipated power, while a property of the load present, is also a property of the power sustained in
the magnetic field. A resonant object will allow power to be seen at the receiver as,
2
2
1
1
R I ( z) + G V ( z)
2
2
l
1
2
πz 
= R I 0 ∫ cos 2   dz
2
 ℓ 
0

pd =

1
+ G V0
2

l

2

∫ cos

2

0
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πz 
  dz.
 ℓ 

Its impedance yields the stored energy at resonance within the transmitted wave. For a non-isotropic
radiator if the emitted power is Prad W at a distance d from the source, the magnitude of the wave’s
Poynting vector (power per unit area) is,

Pt =

Prad
.
4π d 2

(118)

The radiated power Prad is replaced by PG
is the power delivered to the transmitter
t t , where Pt
antenna by the amplifying switches in the circuit and Gt is the transmitter antenna gain. The electric
field intensity, the result of active coupling, at the antenna interface is,
Eθ = Z 0 Pt ,

(119)

where Z 0 is the impedance of free-space (39). At a relatively large distance from a non-isotropic
radiator, the electric field intensity, or the simple magnitude of the disturbance, is,

I Eθ = 120π ⋅

30 PG
PG
t t
t t
=
V/m.
2
4π d
d

(120)

If the electric field intensity and power at the receiving antenna are Erec and Prec , respectively, the
maximum power able to perform work intercepted by the receiver is,
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Pr =

λ2
⋅ Prec .
4π

(121)

For a non-isotropic antenna of receiver power gain, G r , and given (117), the received power is,
2

2
E λ G
λ2
λ 2 Erec
Pr =
⋅ Prec Gr =
⋅
⋅ Gr =  rec  ⋅ r .
4π
4π Z 0
 2π  120

(122)

The average radiated power can be considered lost as far as the source oscillator is considered;
therefore, the antenna behaves similar to a resistor as dissipating power from the source. The radiation
resistance Rr is defined as an average quantity,

Rr =

I 02 1
,
2 P

(123)

where I 0 is the input current to the transmitter coil, see Fig.2.1 and Fig.2.35. This is implying that the
Ampère unit here is representative of a force. Modifying (123), assuming a uniform current restricted

to a Boltzmann distribution,

Rr = 20π 2 ( ka ) ,
4

where ka = 2π a

λ

(124)

Solving for radiation resistance of the antenna,

Rr =

I 02
= 10 β 4 A2 I 02 ,
2

(125)

where I 0 is the peak amplitude applied to the antenna terminals. The ratio of separation between the
coils and the geometric mean of the transmitter and receiver coil radii rij = ri rj will be the measure
of this maximum gradient along the length away from the coil along the z-axis, illustrated in Fig.2.44.
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Fig.2.44. Projection of magnetic currents with highest potential coupling points Hθ .

In the space containing the energy, the intensity of the magnetic field can be known in advance given
the distance between the coils and the radius of the primary coil. In a multiple-turn Litz-wound coil of

n turns with radius ri , the magnetic field strength along z from the center of the coil along the axis
can be written as [66],

H ( z, ri ) =

µ0 I ⋅ n ⋅ ri 2
2 ( ri 2 + z 2 )

3

.

(126)

Differentiating with respect to ri shows that for ri = z 2, Hθ will be maximized [67].
The ratio implies a geometry of the emitted fields, to explore this, it is relevant to discuss mapping the
field to determine where energy is stored in greatest quantities and in what forms. The ambience of
the field emission, or flux, is described as a direct consequence of the circuit’s electrical properties. It
will be shown that for an antenna of a given loop ratio, the flux as well as the intensity are calculated
to be maximum in terms of the exchange of energy between the transmitter and the receiver. As
discussed in §2.1.2, the amount of power transmitted is closely related to the coupling between the
loop coils. The potential coupling, where ψ Hθ = ψ Hϕ , 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 pattern is a function of the antenna geometry, as
illustrated in Fig.2.45.
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Fig.2.45. Average power-over-space antenna radiation pattern looking into the coil.

The result of the computational pattern agrees with what 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 experiments, given in the simulation resulting from the theoretical
framework, where this beam pattern is confirmed and shown in what magnitude given a distance
away from its source. There will be two areas of illustration and discussion:
1. At distances where distance is less than the radius of the coils, d < r , and,
2. at distances where the distance is greater than or equal to the radius of the coils, d ≥ r.
It is an interesting topic of future research to do a very detailed map of the energy distributed in the
field between two resonant loops.

2.4

The circuit experiments

Three distinct sets of experiments were performed with the circuit and antenna model described
throughout §2. These groups of experiments are:
1. Using a single transmitting and receiving coil,
2. using a single transmitting and receiving coil, using a 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 properties are manipulated to shape an understanding of
the behavior of the arrangement, given the theoretical implications in the model.

2.4.1

Measured power at a distance with a single loop transmitter and receiver

The first experiment was to test the theoretical framework, the simulation, and circuit model, setup
shown in the form of Fig.2.1. Some assumptions are the use of off-the-shelf rubber-insulated copper
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wire of fairly high quality to apply as much of an optimization as possible. If optimization is kept in
mind during experimentation, it is but a linear increase of power transmission with more deliberately
made materials, such a niobium-tin, a topic of future research. A schematic of the circuit is shown in
Fig.2.46.

Fig.2.46. Schematic diagram of the circuit for a single coupled-mode.

Using the coil specification listed in Table 2.7, with single transmitting and receiving Litz wire
antennas including legs, shown in Fig.2.38 and Fig.2.39, of number— i = 3 and j = 2 —of two
centimeters of the total inductances Li , L j , at a transmission distance varied between contact and six
centimeters, experiments were conducted to test the properties of the coils and energy transfer given
the theoretical framework. The calculated specification is listed in Table 2.9.
Table 2.9. Experimental coils calculated electrical specification I.

Capacitance Ci , C j is set to as equal as possible, 100 nF. With an input at the oscillator of 4.5 volts
and 1500 mA from an external DC supply, power measurements were taking by measuring the
voltage and current present at the receiver at steps between close-proximity of the coils and distances
to six centimeters.
The results of power measurements at a distance are shown in Fig.2.47.
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Fig.2.47. The power over distance showing the projection field H, where Ci ≈ C j .

In analyzing the data, it is apparent there is an area, as described in the theory, what is a projection
where the energy is nearly constant across the increasing distance. At the end of the projection, which
contains a peak value, transmission power over distance falls off linearly, as, 1

r2

.

The pattern is present when the capacitor value used with the transmitter coil is nearly equal, Ci ≈ C j .
It is hypothesized that the driving force of the projection is feedback power from the receiver to the
transmitter across the space. It is expected that the projection would be less intense the more each half
of the circuit drifts away from resonance with the other.
A second set of experiments were conducted to test the power over a distance of 100 centimeters. The
results of power measurements at a longer distance are shown in Fig.2.48.

Fig.2.48. The power over a longer distance.
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The behavior illustrated in Fig.2.48 is, while after the projection there is a falloff of 1

r2

, near to the

point of distance of ten centimeters, falloff transitions to a rate of 1

and is continuous until the noise
r
floor of the environment. A suggestion for future research is to obtain a more exacting set of data
could be obtained by using a spectrum analyzer with an attenuator to prevent overloading at distances
less than six centimeters.
A third set of experiments were conducted using a thicker wire to see if performance could be
improved. It is expected that a higher amount of power would be observed at each measurement point
from the previous set of experiments. The coil properties are listed in Table 2.10.
Table 2.10. Experimental coils calculated electrical specification II.

It was observed during experiments that the coupling coefficient increases with a thicker wire, while
the mutual inductance between the coils stays the same. Two conditions were applied to the
experiment: one where the capacitor at the transmitter and receiver are equal, and one where the
capacitors are not equal.
The results of power measurements of a thicker wire at a distance are shown in Fig.2.49.

Fig.2.49. The power over distance using a thicker antenna wire.

It is confirmed that the assumption of more power transmitted per quotient of distance increases. It is
also noted that the power seems, for lack of a more precise word, “smoother” using the thicker piece
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of wire. There is a property of conductor thickness given electron acceleration at the antenna which is
an interesting point to study in future research. It is expected a similar behavior, expect a greater level
of power delivery in the same manner as Fig.2.49 will manifest over the length of 100 centimeters as
in the previous set of experiments.
A fourth set of experiments were conducted changing the value of the capacitor between the
transmitter and the receiver, component C1 of Fig.2.28 and C4 Fig.2.29 respectively. In the previous
set of experiments, the value of capacitors was set to be as equal as possible, given the limitations of
the components and the laboratory measurement equipment with differences no greater than 10 pF. In
this set of experiments, the value of the capacitance at the receiver was reduced incrementally to zero,
or no capacitor present. The result of measurements over the distance is shown in Fig.2.50.
Between the cases when Ci ≈ C j and Ci > C j , a contrastingly different behavior is observed. It is
hypothesized that the reason for the projection field is primarily a feedback of power from the
receiver to the transmitter which appears as a maximum in close proximity to the transmitting
antenna, or what this thesis calls the projection field H. From data in the experiments, it is expected
that the projection would be more intense the closer each half of the circuit is at resonance with the
other.
According the data from all experiments, the amount of received power is due more strongly to the
inductive component than the capacitive component. This is concluded since the lamp is lit even if no
capacitor is used at the receiver.

Fig.2.50. The power intensity over distance showing linear falloff, where Ci > C j .
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A fifth set of experiments were conducted when Ci ≈ C j using a non-uniform Litz loop winding. At
the measurement points given in the previous experiments, energy is still transmitted, although with a
far less intensity, calculated to be at about 22% of either set of experiments using the different wire
thicknesses. The projection field, H, is also present. It is noted that the energy reception is tied more
directly to the total wire length of the receiving antenna than that of the geometry of the loop.
In this case when Ci ≈ C j , the energy contained in the projection, H, as well as the area of the
transmission where falloff is at a rate of 1

r2

, called the mid-field region, is due to the incident E1

and reflected E1′ waves, as,

E1e j (ωt −k0 z ) , E1′e j (ωt + k0 z ) ,

(127)

are given as oscillator properties, where k0 is the vacuum wave number. The calculated value is
shown in Table 2.5. There are points in the field where there is constructive and destructive
interference in the beam inferring a polarization in the plane-waves. These fields are transverse and
only the tangential components exist at the boundary plane of z = 0. Equation (127) represents the
electric field present of the incident and reflected waves constructively interfering. The determination
of the strength of the electric field at the coil winding is dependent upon the current at the Litz
winding,

sin2 (β ) sin2 (n∂)
,
β 2 sin2 (∂)

(128)

π sin θ
π d sin θ
,∂=
.
λ
θ

(129)

I Eθ = I0 sin
where,

β Eθ =

The quantity I Eθ is the electric field intensity on the wire, d is the diameter, and θ is the index of
refraction. The profile of the antenna and the pattern of the transmission energy are illustrated in
Fig.2.51.
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Fig.2.51. Radiation pattern observed at the receiver.

The plot to the left of Fig.2.51 shows the radiation pattern observed from the receiver. The plot to the
right of Fig.2.51 shows a higher resolution bandwidth. Following the theoretical discussion of the
expected beaming pattern in §2.3.3,
The radiation pattern of Fig.2.51 is observed where r , proportional to the field intensity, is
approaching maximum at a distance from the transmitter. The pattern has its main-lobe maximum in
the z direction (θ = 0 ) with minor lobes to the left and the right in other directions. Between the lobes
are nulls in the directions of zero or minimum radiation.
To specify the radiation pattern with respect to the field intensity and polarization requires three
features: the θ component of the electric field Eθ (θ ,φ ) (V m −1 ) , the φ component of the electric
field Eφ (θ ,φ ) (V m −1 ) , and the phases of these fields as functions of the angles θ and φ or δθ (θ , φ )
and δφ (θ ,φ ) . Dividing a field component by its maximum value will reveal a normalized field
pattern, a dimensionless number with a maximum value of unity. The normalized field pattern for the

θ component of the electric field is,
Eθ (θ ,φ ) N =

Eθ (θ ,φ )

Eθ (θ ,φ )max

.

(130)

At distances relative to the size of the antenna and small compared to the wavelength, the field pattern
is expressed in terms of power per unit area, or the Poynting vector S (θ , φ ) . Normalizing the power
with respect to its maximum value, as in the electric field example, yields a normalized power pattern
as a function of angle, which is a dimensionless number, with a maximum value of unity. The
normalized power pattern is,
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Pn (θ ,φ ) =

S (θ ,φ )

S (θ ,φ )max

,

(131)

where S (θ ,φ ) , the Poynting vector equals,

Eθ2 (θ ,φ ) + Eφ2 (θ ,φ )
Z0

W m−2 ,

(132)

expressed in rectangular coordinates on a decibel scale,

dB = 10log10 Pn (θ ,φ ) ,

(133)

shown in Fig.2.51. The efficiency of the transmitted power in the primary mode is given by the ratio
of its total beam area, Ω A , consisting of the main-lobe area, ΩM , plus the minor-lobe area Ωm . The
ratio of the main beam area is the beam efficiency,

ηM =

ΩM
,
ΩA

(134)

while the ratio of the minor-lobe area to the total beam area is the stray factor,

ξM =

Ωm
,
ΩA

(135)

with a total efficiency of,
η M + ξ M = 1.

(136)

In experiments, this value is shown to be 0.768. The calculated values of the radiated power
characteristics for the antenna are listed in Table 2.11. These were calculated in the Circuit calculator
software.
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Table 2.11. Calculated antenna characteristics based on [30].

The operational circuit including the antenna powering a lamp a distance is shown in Fig.2.52. The
field shows a continuous flow of energy from transmitter to receiver is taking place on spatial and
temporal vectors. Conception of the energy in the field was a combination of the current at the surface
of the antenna and the density of propagated energy across free-space. Directional finding [68] is
possible in the scheme but was not explored in depth. Information transfer, although not directly
examined is also possible by means of the same circuitry, given the sinusoidal nature of the power
transmission. Additions to the amplifier circuit would however be required where a modulation signal
is introduced to the carrier. Modifications to the receiver would however also be required. For
simplicity, the wave is understood as a characteristic of its potential power, given the circuital
characteristics already discussed.

Fig.2.52. Prototypical wireless-power oscillator demonstrating the theoretical model.

The radiation and pattern as a function of the field emission is observable directly as a function of
geometry, and match the simulated pattern shown in Fig.2.45. Organic material does not destructively
interfere with the transmission. A suggestion for future research is to use metal plates to create eddy
currents induced by a changing magnetic field to leverage the signal to a human connection, such as
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the coupling of the nervous system to an external computer via magnetic coupling including
modulation as an information carrier.
What has been discussed in this section is for a single loop power scenario exclusively—primary coil
to primary coil coupling of a single mode. Introduction of methods to enhance the magnetic field
culminating at the center of the loop are treated in the next section.

2.4.2

Measured power at a distance with an enhanced magnetic field at the potential

This section proposes a method to enhance the magnetic fields in an inductive-coupled, resonant-link
model which realizes an improvement in power received at a distance.
The theoretical description of the improvement utilizes a single mode of propagation [24], an isotropic
waveguide transformed anisotropically by the motion of a magnetic field between a transmitting and
receiving element resulting from an acceleration force present in the electric field at the source.
Isotropy in this case implies that changes to the magnetic field are present equally in both the x - y
and z plane. The working definition of radiation emitted in a locally-approximated isotropic
waveguide is an exchange of discretized energy whose velocity is attenuated by a characteristic
resistive quality of its displacement in the media. Such resistance is also due to the magnetic field
density and coupling errors expressed by drift of the resonant-link between the elements. The
exchange of electromagnetic forces increases anisotropy and forms the waveguide into a shape with a
particular curvature, yielding a state of equilibrium where currents are observed flowing from the
transmitter to perform a quantity of work at the receiver.
A goal is to examine a technique of increasing the real-valued flux density and bind the curvature of
propagating charges across a circuit consisting of two loops operating at a constant resonant
frequency. It is proffered that if the flexion of curvature is reduced in the waveguide by the
introduction of conducting discs, then the received power is increased over longer distances. The
result sheds light on the details of the theoretical framework underpinning the hypothesis that wireless
energy transfer in coupled-modes is dependent upon the state and order of the magnetic field.
Theoretical and experimental setup is shown in Fig.2.18.
Four sets of experiments were performed: a straight forward power transmission without discs,
transmission with one disc in the transmitting loop, transmission with one disc in the receiving loop,
and finally with one disc in both the transmitting and receiving loops simultaneously.
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The experiment consisted of a circuit of two loops driven to a frequency of 450 kHz at a power level
of 4.5 volts and 1.1 amperes was used to test the theoretical framework.
In order to show the prediction of an increase in received energy due to the addition of a metal disc, a
position is determined so that movements away demonstrate the reduction in electrical potential and
power linearly as 1 2 , affecting the matrix by introducing a vector u.
r

The relative difference between two loops set at a distance of a radius length, 3 cm, at a potential of
4.0 volts yields power measured using a spectrum analyzer of 11.26dBm at a calculated value of
460Ω, although it is anticipated that it could be a much higher load impedance [30], given its
resonance frequency ω0 .
By moving the receiver away from the transmitter, so the less likely it is to intersect with the
hyperbolic field, as was discussed in the theoretical framework, given the curvature of the field
established by the coupling. It is shown here that the addition of the disc increases H, or, reduces the
curvature of the hyperbolic function where more “field lines” will intersect with it.
During the experiment, the electric field was measured by a probe and exhibited as a function of the
loop antenna lying in the x - y plane and calculated in Joules; the magnetic field was measured by a
Hall probe and exhibited as a function of its projection along the z-axis and calculated in Teslas with
the dominant azimuthal magnetic field—neglecting contributions of minor azimuthal fields—in
Teslas at a pressure of one atmosphere and a temperature of 20° C.
Table 2.12. Calculated quantities in the projected magnetic field.

Table 2.13. Calculated quantities in the projected magnetic field.

106

Examination of the results contained in Tables 2.12 and 2.13 show that an increase in magnetic field
yields an increase in quantized energy density. Lensing was not considered in the experiment, only
how energy transformation was more efficient using the discs. A hypothesis for the increased
efficiency is that a conversion of energy projected from the loop is taking place at a length closer to
the receiver when it contains a disc. The incident waves, whose magnitude is nearer to where the
power is being measured, are more efficiently converted into electric current.
Given the geometric patterns of Fig.2.17 and Fig.2.19 of B at the point where δ B makes a stronger
contribution, field momentum is hyperbolic in its distribution (on a circularly perfect antenna surface)
and the concentration of energy is confined to the area inside the loop along its transmission axes.
Hence, it is more illustrative given the experimental setup, to calculate field decay over a distance
following H as converging to a point at the center of the receiver.
In Table 2.14, the impedance is calculated given the power measured and that available to the
spectrum analyzer—a range between 50 and 600Ω.
Table 2.14. Experimental quantities of the magnetic loop antenna.

The results listed in Table 2.14 show the equivalent numbers in terms of the equipment measuring the
fields. The observation point was considered to be at the center of the loop, where the coordinate
(0, 0, 0) was found. Any movements in the point of observation involved trajectories along the z-axis,
although deflections in the x - y plane were also possible.

In the projection H, the magnetic field experiences minimum decay; outside the projection area, the
power transfer falls at a rate of 1

r2

until a distance of 2 r , shown in Fig.2.53, then at a rate of 1 r

until power transfer falls into the noise floor shown in Fig.2.54.
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Fig.2.53. Intensity over distance, d = 2r.

Fig.2.54. Intensity over distance, d ≫ r.

Beam divergence was not studied in the experiment, only the energy present in the attractive force
between magnetic-resonant fields.
It was determined during the experiments that the results agreed quite well with the theoretical
calculations, demonstrating the validity of the theoretical framework. Nevertheless, improvements in
the method are possible given the dynamic flow of the electric and magnetic quantities, as well as the
appearance of multiple azimuthal fields. It is suggested by the experimental evidence that although the
theoretical framework is sound, it is too simple in its present form to capture the complexity of the
energy exchange in the fields. A recommendation for future research is to address in more detail the
deeper aspects of why the energy exchange in the transition between mid-field region and far-field
region changes its rate of decay.
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By considering the geometry of a magnetic field as a radiation-object, it extends basic concepts to
include a definition of energy exchange between resonant antenna. An extension is the concept of
coupled-modes is successfully applied to energy-exchange object. This extension brought into the
model those properties of modal-modes as a hypothetical explanation of highly-efficient wireless
energy transmission by magnetic resonance which has not been addressed adequately in the literature.
It has been shown that the description in [24] is suitable to describe coupled-modes.
Also, to take into account motions of intensity along the x - y plane, it is suggested by the
experimental evidence that although the theoretical framework is sound, it is too simplistic a model in
its present form to capture the full complexity of the energy transformation in the fields.
Therefore, a recommendation for future research is to address in more detail the deeper aspects of
energy exchange and transformation in the polarization between the loop antennas manifesting
wireless power transfer.
In this section an investigation of coupled modes, energy exchange, and energy transformation
between two distant circular loop antennas was undertaken. We have introduced a novel concept of
enhancement of the resonantly-coupled magnetic field by the addition of accretion discs thereby
increasing the potential of the antennas at the interface of free-space. By the considering the geometry
of a magnetic field as quasi-structured radiation following from a quantity of force, it has extended the
basic concepts of antenna engineering by introducing a definition of energy exchange between
resonant loops as a function of projection and oscillation to maximum entropic states.
Although it is well-investigated loop antenna for wireless power transfer over short distances, what
was discussed in this experiment was the addition of accretion discs to increase the magnetic energy
density. What was also discovered was that such discs help to direct the magnetic energy along the
resonant trajectory toward the other resonant element. What was somewhat of a surprise was that the
discs and their presence in the field seemed to suggest that a possible explanation for the addition of
magnetic energy was an attractive force between the resonators in their particular coupled-mode.
A hypothesis to explain the observation is that the conductive material in the disc is responsible for
the energy shifts. This would be possible if the discs create a first order magnetic field [24, 26];
although not directly observed, the magnetic field experiences little falloff in the projection area H,
then continues falloff at a rate of 1

r2

, where the field expresses an infinitesimal B, then assumes a

falloff of 1 . This is observed by increasing the distance between the resonant elements and
r
109

measuring the energy. Beam divergence was not taken into account in this experiment, only the
attractive force between magnetic fields, as presented in §2.4.1. A detailed examination of beaming,
divergence and if such apertures can be manipulated is a relevant topic of future research.
If further experiments could reinforce the determination that the field is transforming accordingly, it
would suggest that in extending the presence of the magnetic field from the mid-field region to the
far-field implies a usage of both Einstein’s special relativity, which does not include an ӕther but
moving frames and accelerating electrodynamics [6] which includes an ӕther. Although on the
surface it would seem there is a contradiction in the representation of velocities, the author offers that
perhaps there are more powerful contributions of the notion of time dilation to electrodynamics than
meets the eye.

2.4.3

The circuit experiment with subtended angles in human proximity

One aspect of the utilization of wireless power, as shown in the introduction, was the form attached to
the human body. This section will describe an application of the oscillator and model, illustrated in
detail in §2, for powering subcutaneous implants and components, wirelessly connecting the human
nervous system to a machine.
Power delivery for biomedical implants is a major consideration in their design for both measurement
and stimulation. When performed by a wireless technique, transmission efficiency is critically
important not only because of the costs associated with any losses but also because of the nature of
those losses, e.g. excessive heat can be uncomfortable for the individual involved. In this section a
method and means of wireless power transmission suitable for biomedical implants is both discussed
and experimentally evaluated. The procedure initiated is comparable in size and simplicity to those
methods already employed; however, some of Tesla’s fundamental ideas have been incorporated in
order to obtain a significant improvement in efficiency. This section contains a theoretical basis for
the approach taken although the emphasis is on practical experimental analysis.
Implantable biomedical devices have, particularly in recent years, received much attention with regard
to their application for a variety of uses involving both stimulation and monitoring. In direct contrast
to wearable monitoring healthcare systems [69], one of the key issues for implanted devices is the
satisfactory provision of power on an ongoing basis. For short term experimentation it is quite
possible for sufficient transcutaneous power to be provided, a good example of this being in the 3
month implantation testing of the Utah Array [70]. For long-term implantation however power needs
can vary considerably [71, 72].
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Implants such as the Utah Array have in fact been used for a variety of applications, including an
alternative sensory input and neural control of prostheses as well as a new means of communication
[73]. Transcutaneous power delivery for any long-term employment will however always carry with it
the chance of infection for the recipient as well as the possibility of mechanical leveraging. Clearly an
onboard/on chip power pick up device that avoids transcutaneous power supply is an attractive
alternative which will most likely result in more widespread use of the technology [74].
Some devices, which require several milliamps of stimulating current, such as those used in the deep
brain stimulating electrodes for the treatment of Parkinson Disease, need full battery implantation
[75]. This technique then suffers from the requirement of periodic battery replacement. On the other
hand, it is possible to consider energy harvesting within the body. This approach is however still in its
infancy and its practical usefulness is yet to be fully realized [76].
Wireless power delivery offers the advantages that it reduces the risks (particularly due to infection)
associated with either battery replacement surgery or a transcutaneous supply. Inductive coupling can
be employed for such power transfer, but the efficiency of transfer is a (very sensitive) function of
coil dimensions and the distance between them. Resultant efficiencies for biomedical implants are, as
a result, generally very low [77], particularly so in a practical, working environment. The most
attractive scheme is arguably therefore coupling between magnetically resonant objects [78].
While the idea of wireless power has been explored extensively in the literature with several
competing power delivery techniques being considered, the most directly relevant are those in which
power is not directed, but rather is absorbed [79, 80]. In essence, the required load or draw-down
current is determined by the operational constraints and not by the beaming method employed. This
feature allows magnetic currents to exist in a passive mode, i.e., the energy does not persist in the
environment continuously but rather is tapped into on-demand. As a consequence of this, less energy
is consumed to drive the circuits. What is made apparent here is the small size and relatively few
components required in the method described as compared to the relatively large and efficient amount
of power transmitted.
The transmission frequency selected for the system is 450 kHz, due primarily to the fact that that no
adverse biological effects have thus far been reported at this frequency [34]. Nevertheless, in the
scheme of magnetic resonance for power transmission, it has already been determined that the
transmission does not interact with off-resonant objects [31]. Using an on-board miniature solid-state
high-power amplifier, we demonstrate here a prototype capable of delivering reliable operating
characteristics suitable for practical implants requiring a steady power supply of anything from 4.5 to
12 volts dc.
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Contrary to the purposes of other implementations [81, 82, 83, 84, 85], of specific interest here is to
question whether a scheme could be accomplished using small coils of a few turns driven by a simple
amplification circuit. The goal of this exercise is therefore to establish a driving circuit with a
minimum amount of components, thereby reducing device complexity.
As a physical demonstration of the operating characteristics of the method described, a set
requirement is to maintain a sufficiently high-powered signal reliably powering a lamp and motor.
The reasoning being that if the technique can function well in terms of such external requirements, it
will certainly perform adequately in the case of an implant specification. In this regard, it has not been
the goal to deliver power at the sort of distances reported on in such as [82, 83] where efficiencies of
40% are perhaps the upper target. Rather here to attempt to compare directly with transmission over
relatively short distances (a few centimeters), as reported on in such as [86], with a high efficiency of
transmission (over 75%) being the target.
An overriding aim is to overcome power supply issues, eminently apparent in the study of biomedical
implants, by realizing a wireless scheme which is sufficiently powerful such that an implant can
reliably receive its power remotely. Hence, direction of power transmission as well as the size of
technology involved has been important in this study.
The concept of wireless power transfer, first described by Joseph Larmor and Poynting, and
experimentally verified by Tesla, has been illustrated in the literature as a viable method to transport
electrical current between distant points [24, 78, 86, 87, 88, 89]. The extension of this method herein
maintains a significant amount of useful power transmitted at intensities of less than 15 volts in
which, across a volume of air, magnetic waves are exchanged between two or more coupled
resonators.
Consider a circuit consisting of a single loop of insulated wire wound in such a way as to create a
circular loop of a few turns. This loop, connected in parallel to a capacitor, becomes one-half of a
resonant circuit. This is designated as the transmitter t. The length of the wire loop in t is then
replicated to construct a similar loop placed on an independent circuit board positioned a distance
away and which is connected in parallel with a capacitor of the same reactive value and a load. In its
entirety this becomes the second half of a resonant circuit, designated the receiver r.
Each half of the resonant circuit is placed a distance from the other. The transmitter is connected to a
power source such that the LC circuit is excited. Because of the symmetry between each half of the
circuit, magnetic waves flow from transmitter to receiver at resonance frequency f 0 with efficiency
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η . When energized, this circuit engages an electrical field in the loop in t, creating a magnetic field,
which is coupled to the loop in r. By placing the load in parallel to the loop in r, magnetic energy is
converted into electrical current. The arrangement is illustrated in Fig.2.1.
A number of receivers can be fed from one common transmitter, thereby opening up the potential to
power mobile robotic platforms by this means. A theoretical configuration of the circuit in a robotic
implementation is a single fixed-position transmitter t delivering energy to distant receivers r and s.
Such a circuit has been constructed and tested for the intensity of the induced current at different
distances away from the transmitter. The receivers are grouped into two categories:
1. ac mode: lighting an incandescent lamp, and,
2. dc mode: turning a motor.
Either of the receiver r or s is a lamp or a motor; these become synonymous platforms in where they
are required. The experimentally-tested range of this method is illustrated in Fig.2.55 and Fig.2.56.

Fig.2.55. Experimentally-tested orientation of multiple receivers r and s with reference to each position at the
transmitter t when there is no angle of rotation away from axial alignment art = 0. The standing height of all
coils are equal.
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Fig.2.56. Experimentally tested orientation of multiple receivers r and s, through with an angle of rotation θ
away from axial alignment, with reference to each position at the transmitter t. The standing height of all coils is
equal.

When using two or more receivers, Q will be additive to the solution for each receiver from the
perspective of the entire efficiency calculation. If interaction between the receivers is considered,
modifying (69) then gives [78]
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If it is desirable to consider the interaction of the magnetic fields each of the elements: transmitter,
receiver one, receiver two, or more operating on each other. If the consideration is given that the
operation is limited to between a transmitter and receiver one, receiver two exclusively, i.e., not
interested in the coupling between each receiver but noticing the increase in κ . The total is then
given [45] by,
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where the loaded qualities, Qi , Q j are a property of the capacitances Ci , C j , resistances Ri , R j , and
inductances Li , L j of the circuits containing the coils are defined in (72). Overall however, although
the separation distance examined here was relatively short, albeit appropriate for biomedical implants.
Given the radii of the coils, a high amount of power is delivered at high efficiency.
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Coupled-power modes
The physical properties of the circuit constructed for experimental purposes are shown in Table 2.7.
The experiment was tasked to answer three questions:
1. What are suitable geometric positions for the coils in order to deliver power to sufficiently
drive a ten-gram motor at six volts, with an operating torque of 3400 gram-centimeters?
2. What are suitable geometric positions in order to deliver power to sufficiently drive a twelvewatt incandescent lamp?
3. What is the consequence in terms of power availability and draw down of adding multiple
receivers?
The quantities of measurement required are:
•

Intensity by voltage present in the receiver, in the case of dc mode, from a minimum to
maximum position,

•

intensity by photometric intensity of a lamp, in the case of ac mode, from a minimum to
maximum position.

The goal is to calculate the physical properties of the system and see if practically measured
efficiency agrees with the theoretical quantities. To accomplish this we employed two sets of
receivers: one pair of lamps and one pair of motors.
Each receiver was operationally tested in one of two modes:
•

ac mode, receiver r contains a capacitor and a lamp;

•

dc mode, receiver s contains a capacitor, a full-wave rectifier bridge and a dc motor.

Each mode can be used separately or combined.
The receiver circuits in each mode were constructed differently although each used a coil loop wound
with the same physical characteristics as the transmitter coil. Each had a capacitor of the same value
placed in parallel.
For one of the ac modes, a bias resistor was added in parallel to increase the Q value. For all dc
modes, converting the radio-frequency signal to direct current was straightforward. Using 1N34
germanium diodes as a bridge rectifier resulted in minimum voltage drop.
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The behavior of the received current was contrastingly different between each mode. In ac mode,
there is a measure of feedback reflected across the circuit, which in this case, would initially suggest
an improvement of performance, as illustrated in Fig.2.58.
However, this comes at a cost. The distance from the transmitter was reduced to 7 centimeters in ac
mode while it was held at ten centimeters in dc mode. Using the modes illustrated in the next section
describe the operational freedom of the mobile receiver.

ac mode
It can be seen, from Fig.2.57, that when using one ac mode, signal performance of a receiver r was
maximum when its distance dtr from t was two centimeters and its axial difference art

was no

greater than three centimeters to the left or to the right of t, as was illustrated in Fig.2.55. Meanwhile
the maximum distance for the receiver when the lamp was absorbing enough power to ignite its
filament, was observed at six centimeters.

Fig.2.57. The ac power intensity seen by a receiving antenna with axial alignment where Ci ≈ C j .

When using two ac modes (meaning the use of two receivers in ac mode – essentially two lamps
operating simultaneously), the signal performance of one receive r, while comparable to one AC
mode, consumed power relevant to its proximity with t, as expected, but attenuated by a distant
receiver s. In experiments the maximum distance when the lamps were absorbing enough power to
ignite their filaments, was observed at six centimeters. However, by lining up r and s with minimum
axial displacement, the currents constructively interfered creating a solenoid structure. This method
extended the range of useful induced current to ten centimeters.
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When using one ac mode and rotating at an angle θ as illustrated in Fig.2.56, the signal performance
of a receiver r was observed when θ was between 40 and 90 degrees offset from t. In this range, the
power falls off and remains steady at θ = 90. The peak seen at two centimeters is due to feedback of
energy when the circuit is near optimal tuning between the coils.
At a distance dtr , θ = 60, the lamp was at peak brightness within 1.5 centimeters, movement along
the axial length reduced the signal to its minimum at three centimeters. However, movement along
the trajectory of θ reduced the signal to a minimum at two centimeters. Exactly the same behavior
was observed for receiver s. Tentative results suggest that the field is consistent across its manifold,
i.e., consisting of a finite spatial geometry symmetric along its axial length.
When using two ac modes and rotating at an angle θ , signal performance of the receiver r, while
comparable to one ac mode, it was found that for segments of its rotation through θ energy was
exchanged between the two receivers.
When introducing a third and fourth ac mode, e.g., adding a third and fourth receiver, the geometric
positioning of the intensity of the magnetic field object remained constant and, relevant to the position
of the other receivers, more energy was absorbed at the peak, as already described.

dc mode
When experimenting with one dc mode, using a germanium rectifier bridge, the signal performance of
a receiver r was maximum when the distance dtr was at its minimum proximity to t and the axial
difference art was no greater than 1/3 of the radius to the left or to the right of t, as illustrated in
Fig.2.58.

Fig.2.58. The dc power intensity seen by the receiving antenna with axial alignment.
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In the experiment, motor performance was observed at the receiver with sufficient torque to drive the
wheel of a robot when the receiving coil was closest to t, with the power induced falling off steadily
up to a distance of four centimeters, where it was just sufficient to do the same. When the motor was
not loaded, it exhibited a similar performance up to a distance of nine centimeters.
The next experiment involved using two dc modes (meaning the use of two receivers in dc mode –
essentially two motors operating simultaneously) in a germanium rectifier bridge. Results were found
to be comparable to one dc mode in terms of power consumption relevant to its proximity with t, as
expected, but the effects of the distant receiver attenuated the power delivered at s.
The maximum distance, when there was found to be enough power to drive a loaded motor, was
observed at 9 centimeters. By lining up r and s with minimum axial displacement, the currents were
made to constructively interfere, creating a solenoid structure. In this way, sufficient induced power to
drive a motor could be extended to a distance 12 centimeters.
When using one dc mode and rotating at an angle θ , as illustrated in Fig.2.56, signal performance of
a receiver r was observed when θ was between 40 and 90 degrees offset from t. In this range, the
luminescence fell off, remaining steady at θ = 90.
When using two dc modes and rotating at an angle θ , signal performance of the receiver r, while
comparable to one dc mode, exhibited segments in its rotation through θ where energy was
exchanged between the two receivers.
When using one ac and one dc mode, signal performance of the receivers was found to be comparable
in each characteristic performance based on experimental observations. Energy is exchanged so that it
is distributed by the position of the receiver relevant to its multiple based on the total energy available
in the circuit. By increasing power to the source, higher intensity currents are available to each
receiver.
While demonstrating the transmitter generates magnetic waves which can pass through walls and does
not interact with off-resonant objects such as humans or animals, there are reasons where it is
undesirable to exchange energy with a circuit which shares characteristic properties of the resonant
circuit. In such cases, shielding of a resonant object is possible by enclosing the machine in thin
metallic foil. It was observed magnetic waves present in the system cannot penetrate such a substance.
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2.4.4

Optimization of the circuit

On examination of (72), and discussed in §2.2, it can be seen that it is possible to affect the quality
factor of the coil by adding resistance into the receiver circuit. This is achievable particularly when
using high-wattage resistors at low quantities of resistance.
For example, by adding a 500 Ω resistor in parallel with the load this raises the quality factor of the
circuit thereby causing the lamp to give off a brighter luminescence. In doing so it also improves the
efficiency of the circuit. It has to be said however that the addition of resistance into a dc circuit was
not tested here. Adding series resistance is supported by work in [82].
By increasing the length of wire after the rectifier circuit, the useful range of the dc signal was
extended out to twelve centimeters. At higher voltages, i.e., those at nine volts and greater, the heat
given off was found to be minimal in the circuits tested. What heat there was found to be concentrated
around the capacitor in parallel with the loop and was linearly related to the input current.
The maximum power was transmitted in this experiment by driving the amplifier circuit at twelve
volts. At this level, there was found to be significant heating of the transmitter’s capacitor. Changing
the input voltage altered the output voltage, i.e. there was no apparent storage of magnetic energy in
the magnetic field.
Any increase or decrease in power supplied does not alter the locations where the coils achieve a
maximum or minimum in their resonance coupling, rather it increases or decreases respectively the
available power at those locations.
The maximum energy transmitted in experiments was 36 kJ over the period of one hour. The apparent
limiting factor in this scheme was the number of amplifiers we employed. It would be of interest to
apply further amplifiers, thereby increasing the power in the system, in order to understand how much
current can be practically transported in the geometric space.
Perhaps the most significant results obtained from experiments were those relating to the efficiency of
power transfer. Here the aim was to use small, simple and efficient means, at directly comparable
distances to those reported in [44, 78, 86]. The main goal of the research program being to ultimately
deliver power for biomedical implants – as described in those works.
In this case, with two coils, both of radius three centimeters, set six centimeters apart, a measured
power transfer efficiency of 76.82% was achieved. This compares directly and extremely favorably
with the 82% reported in [78] and the 80% reported in [44]. It is worth adding that it compares even
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more favorably with the 45% reported in [86] although it is worth stressing that the goal in that
section was not merely high efficiency.
As an interesting aside, it is also apparent that the same method of power delivery, as tested in
experiments, can also be employed in the case of multiple receivers. With the addition of additional
receivers, the transfer efficiency remained at a minimum of 82%, whilst dividing the power – this
based on the position of the receivers relative to the transmitter. Clearly, this can mean that the
method introduced here could be useful to power several measurement and/or stimulating points
within one body, without significant power degradation, from one single external transmission source.
Power issues faced by [90] deal with system consisting of modes—active and sleep—and are
concerned with power consumption of a circuitry at random intervals, such as when a vibration
triggers the piezoelectric response to generate voltages and currents. Regarding [91], the notion of
beacon-delimited, ultra-low body network is comparable to the research here in that they share two
common themes:
1. sending power for medical implants or body monitoring apparatus,
2. sending information at an appreciable data rate, however, the current research only
acknowledges the apparatus has the ability to transmit data given the waveform is a
steady-state sinusoid.
Because of the importance of the subject area, a body of research both theoretical and experimental
has appeared, particularly in the last decade, on this topic. As a result we have attempted to make it
clear how the work compares favorably with that of others in terms of the results obtained. It is
important however to also give an indication of how these improvements in results have been
achieved through original differences in fundamental design.
It must be realized that the basic ideas underlying the differences have been sparked by returning to
some of the fundamental work of Tesla, Larmor, and Poynting, stemming from the original Maxwell
equations. As such it is made clear in this section that the geometry of the magnetically coupled coils
we employed was not ‘standard’ but rather exhibited differences 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, not wound in any particular orientation. This same
approach was in fact used in [78], but not so in [44, 86]. Secondly, the radius of the receiver and
transmitter coils in experiments was the same (three centimeters), others meanwhile used one radius
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for the transmitter and another for the receiver [44, 79, 80, 92]. On top of this there were very few
turns on both coils, where n = 3, and no use of a secondary coil. This is in direct contrast to [78, 86].
Also diverging with previous work, the prototype used an analog oscillator, integrated with the loops,
i.e. the inductor and capacitor formed a resonant circuit. It also used plain, circular loops, whereas
[44, 72, 77] all used flat coils whilst in [78] the scheme used a staggered arrangement. In this way, the
loops consume the entire ac cycle. The prototype also broadcast a lower resonant frequency, i.e.
longest wavelength, than that in previous research.
Overall, the key to the approach was simplicity. The model used, by quite some way, the fewest
number of components (13 in total for the oscillator) and yet generated a clean sinusoidal waveform at
440 kHz. On top of this, the receiver contained only three components. By contrast, in [44] the
authors employed a noisy digital driver, which also required supplemental circuitry.
The operational circuit including the antenna powering multiple lamps a distance in approximated
rotations away from axial alignment, is shown in Fig.2.59.

Fig.2.59. Operational oscillator powering multiple lamps.

Experimental results show that significant improvements in terms of power transfer efficiency are
achieved by directly connecting the LC circuit to an amplifier circuit instead of excitation being
achieved from an external sinusoidal source.
The measured results were found to be in very good agreement with the theoretical models. The next
step clearly will need to involve tests involving actual biological tissue. Although, by analyzing
results from previous comparable studies [78, 44], it is not anticipated that there will be any issues of
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significance, nevertheless such a study is a necessity before actual practical application of the
procedure can go ahead in situ.
In tests it was found that the efficiency of the energy transfer system can be improved by increasing
the quality factor, Q , of the coils. The power transfer system achieves at least four times more
efficiency and power density in watts per centimeter, given its small size, compared to prior
inductive-link schemes.
Reasons behind the improved results, as reported in this thesis, in comparison with previous work are
not particularly due to the antenna type or quality factor of the coils, as one might expect. The nature
of the loop antenna has been thoroughly investigated in the literature; rather, it is a property of the
oscillator driving the system under resonance. In the design, we have used a magnetic loop, which has
the advantage when its circumference is at a ratio of the driving frequency quarter-wavelength. The
oscillator frequency has then been set so the loop can be small and the radiation non-toxic in human
presence. It is the manner of how the driving frequency is realized, how clean the oscillator in
synchronizing currents in phase, that determines the quality of the energy exhibited in the receiver.
As reported in the theoretical section, efficiency results of 77% in power transfer over a range of six
centimeters between transmitter and receiver coils are extremely encouraging. For biomedical
implants, this then starts to look at the possibility of remote wireless power provision, in which case
the opportunity for multiple recipients also becomes relevant.
The discussion in this chapter centered around a single coupled-mode with several experiments to
prove the theory. Given the utility of the concept, it is interesting to supplement the discussion with an
addition of a second coupled-mode given an alternative circuit arrangement.

3

Two coupled-modes without projection

The last chapter discussed the theoretical implications and framework of a single coupled-mode
magnetic resonant transmission including experimental evidence confirming the theory. This chapter
will extend the work from the last, adding a second coupled-mode to the arrangement. In this form, it
is conceptually convenient to discuss it in terms of a circuit which has already been created. The
concept of two coupled-modes will be discussed and illustrated in terms of a recreated model of
Tesla’s circuit illustrated in his 1900 patent A System of Transmission of Electrical Energy, notably,
the arrangement of four tuned circuits exhibited as two concentric spirals.
Three contributions are proposed in this chapter:
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1. An analysis of the two coupled-mode model of wireless power transmission and
constructing a circuit;
2. comparing the performance of the circuit with the those described one in the literature,
[10]; and,
3. introducing an innovation wherein modification of the circuit links its model with the
field model, in stronger support of the model, particularly the concept of the contiguous
(virtual homogenous) waveguide of free-space described in in §2.
Tesla presented a model of wireless power transmission that he claimed in U.S. Patent #645,546 could
be used to send wireless signals to anywhere on the planet. A schematic of his setup is shown in
Fig.3.1.

Fig.3.1. Tesla's wireless power model.

The Tesla circuit comprises four tuned circuits: a transmission and receiving pair of circular coils each
containing a thick-wire primary of a few turns and a thin-wire secondary of many turns. Illustrated in
Fig.3.1, (C) represents the primary coil (A) the secondary coil, (B) one free end of the secondary coil,
and (D) the other free end of the secondary coil of the transmitter. For the receiver, these identical
components are labeled with primes so as to distinguish the transmission side from the receiver side
of the complete circuit.
The circuit windings, sensitively dependent upon the position of the coils relative to each other,
perform ideally when the distance between the primary and secondary winding is no greater than the
thickness of the primary, similarly to the transformer effect at close proximity. This ensures maximum
current displacement in the outer winding of the secondary. When a constant current is maintained on
the secondary, it is possible to enhance the characteristic of this coil. An innovative enhancement will
be discussed later in this chapter which introduces a connection of a third coil with passive
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components such as capacitors and resistors between (B) and (D), and between (B′) and (D′) used to
manipulate the order of the magnetic field, compounding the power series, projecting away from the
secondary coil. Applying a sinusoidal current (G) to the ends of the primary coil at the transmitter, the
input current is observed at the ends of the primary coil at the receiver. The current can be utilized via
a load represented as lamps (L) and motors (M) and observed on a spectrum analyzer when
transmitting at low power levels or using attenuators.
The windings, so constructed and oriented as described, each form one-half of a tuned circuit. By
placing each half of the circuit at a distance greater than the radius of its secondary coils, the total
circuit expresses cavity effects occurring along the trajectory of energy transfer. It is assumed the
observed behavior and the emission of plane waves is uniformly present, though perhaps in different
quantities, with circuits of different sizes but having the same relative geometry. It is a fairly trivial
exercise to artificially create resonance cavities, magnetically-coupled wherein energy and
information are transmitted bi-directionally. These cavities, while homogenous in free-space, maintain
a total internal reflection implying each individually or multiply-connected cavity is a holomorphic
manifold [11]. In plain terms, it demonstrates that at the extreme limit of mid-field transfer, the
transmitter and receiver can be placed at separations in all three Cartesian directions and can be
designed in such a manner as to be a planetary transmitter, which is not unlike Tesla’s original
description.
Considering the radius of the secondary coil and the length of the conductor consisting the spiral, a
peak-transmission frequency is established when both halves of the circuit are built to exacting
specifications yet wound in the opposite directions, which, for the purposes herein, is 27.50 MHz ±
5%. By applying an external sinusoidal steady-state signal to the primary coil (C) at (G), the identical
signal is observed at the primary coil (C′) at (L) and (M) without drift or distortion. By inspection, it is
clear the circuit has a complex symmetry; applying external sinusoids to either half—at the
transmitter or receiver—the signal is observed at the other half. Experiments have shown that in
general that the higher degree of symmetry in the circuit, the greater the resonance and the better the
performance.
The two pairs of self-resonant coils allow the transportation of quantities of energy at significant
distances comparable to the sizes of the windings involved. Rather than the use of large coils relative
to the distance of transmission which rely on fixed coil qualities, small coils are used with a tuning
apparatus which controls the tuned state of the resonator cavity through ordered magnetic fields.
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3.1

The theoretical model

The efficiency, η , is a measure of performance of a circuit to catalog the success of this particular
experimental design. It is expressed as a fractional quantity, as,

η=

Useful power output
.
Total power input

(139)

Another measure of performance is the energy stored in the magnetic field H 0 utilized for magneticresonant coupling. The circuit consists of an oscillator driving a loop of wire LT coupled to a
capacitor CT and a resistor RT at the circuit’s resonance frequency ω0 representing the transmitter; a
second loop of wire LR of equal radius coupled to a capacitor CR and a resistor RR connected to a
light-bulb representing the receiver. LT and LR are placed at a distance apart from each other. The
projection H is not seen in this model, as the energy is absorbed into the secondary coil.
In terms of the properties of the radio-frequency waves transmitted by the circuit, the efficiency

η is

first given in terms of the degree of coupling between each half of the circuit as:

η=

kTR 2 QT QR
1 + kTR 2 QT QR

(140)

where kTR is the coupling coefficient, QT , QR are the quality factor of the coils LT and LR driven at
resonance frequency ω0 .
The criterion of efficiency in the scheme is parameterized by the coupling coefficient between the
secondary coils in each half of the circuit and their quality factor yielding the energy stored. By
creating a generic model of the means of transmission, we can glean insights about the efficiency η of
the scheme and how to improve it. Each part of the Tesla resonator is discussed in the following
sections; it is advantageous to discern the system in terms of its geometry and construct the field
model around it.

The transmitter coils
There are two sets of coils for each half of the circuit, they subsist of a pair of coupled circuits in the
form of a spiral. The arrangement of the transmitter coils is shown in Fig.3.2. There is a primary coil
of a few turns and a secondary coil of many turns. A tight coupling kab between the primary’s
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inductance La and the secondary’s inductance Lb , suggests the capability to have a high mutual
inductance M ab , which greatly aids more power to be transmitted.

Fig.3.2. Transmitter coil package.

The receiver coils
Because of the symmetry a tight coupling kcd between the secondary’s inductance Lc and the
primary’s inductance Ld is also observed yielding, again, a high mutual inductance M cd . The
arrangement of the receiver coils is shown in Fig.3.3. Note the sole difference is the direction of the
winding: it is opposite to that of the transmitter.

Fig.3.3. Receiver coil package.

The physical properties of the coils are shown in Table 3.1.
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Table 3.1. Resonant coils physical specification.

The coupling coefficient
The coupling coefficient k bc , mutual inductance M bc between distant coils Lb and Lc , and the quality
factors of all the coils are the significant physical properties in this arrangement. The mutual
relationship and the coupling between each of the coils is illustrated in Fig.5. To understand the
effectiveness of the scheme and the work done at a distance, the energy-storage ability of the system
is determined by coupling coefficients in transfer mode. The flow of the energy E0 in joules across
the distance is determined by k bc between coils Lb and Lc ; k ab and kcd are relatively constant as the
distance between coils La and Lb , and coils Lc and Ld do not move with respect to each other. If the
resonance frequency ω0 is kept constant, the inductances of coil La and coil Ld are small while the
distances between coils La and Ld , coils La and Lc , and coils Lb and Ld are relatively large. Thus,
k ad , k ac , and kbd are relatively small and hence can be neglected. When current I 0 is applied to coil
La , the power transfer flows from coils La to Lb , Lb to Lc , and Lc to Ld .

Fig.3.4. Schematic diagram of the circuit for two coupled-modes.

Referring to the scheme illustrated in Fig.3.4, the coupling coefficients between the significant
magnetically-coupled coils are defined as,
k ab =

M ab
La Lb

, kcd =

M cd
Lc Ld

, and kbc =

M bc
Lb Lc

,

(141)
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where M ab , M cd , and M bc are the mutual inductances, La , Lb and Lc , Ld and Lb , Lc are the selfinductances of the coils. Since we cannot calculate the coupling coefficient directly, it is necessary to
calculate the inductances and the mutual inductance of the distant coils. For the coils La and Ld , we
will use the approximation for the inductance of a circular loop,
 8r

 8r

La ≈ µ0 µ r na2 ra  ln a − 2 + Y  , Ld ≈ µ0 µ r nd2 rd  ln d − 2 + Y  ,
 Ra

 Rd


(142)

where ra , rd is the loop radius and Ra , Rd is the wire radius, na , nd is the number of turns, and Y
is the flow constant of the skin-effect of the emitted radiation. For the coils Lb and Lc , we will use
the approximation for the inductance of an air-core flat spiral coil [30],
Lb ≈ µ0 µr

rb2 nb2
rc2 nc2
, Lc ≈ µ0 µr
,
8rb − 11( Rb + wb )
8rc − 11( Rc + wc )

(143)

where rb , rc is the loop radius and Rb , Rc is the wire radius, nb , nc is the number of turns, and wb ,
wc is the width between each turn of the windings. Table 3.2 shows the calculated values for the

coils.
Table 3.2. Resonant coils calculated electrical specification.

Determination of mutual inductance in the model
The mutual inductance M bc is calculated by,

∫ ∫ B ⋅ n dS
M bc =

Lc

I Lb

,

(144)

where Lc is the area of the receiver secondary coil, B is the magnetic field, I Lb is the current passing
through the transmitter secondary coil and n is the vector normal to the energy across free-space. In
examining mutual inductance and the distance, the space between is filled with a radiated field object
resulting from the exchange of energy and feedback between the coils, whose size and shape is
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dependent upon coil geometry. As such, we can expect the space to be a medium occupied by a
charged field exhibiting an energy flow.
An accurate calculation of mutual inductance depends on the assumption of energy distribution
occupying the free-space between the distant coils. It is assumed a Boltzmann distribution of the
magnetic currents along the waveform limited at its boundary or other non-local positions, given
Maxwell’s notion of the potential. The model still however assumes a smooth boundary. Using these
assumptions, the calculated coupling coefficients and inductances are also shown in Table 3.2.
The explicit innovation here is that the conical coil allows the magnetization to be manipulated. The
polarization of the fields across the space is such that it magnifies a magnetic monopole in the region
which allows the stronger transmission of H φ . By manipulating this magnetization, the field can be
tuned with the introduction of passive components.

Fig.3.5. The coherent field object resulting from functions in Fig.2.17.

Visually, it is expected the space to be occupied by a hyperbolic-shaped field object in three
dimensions saturated with charge and flow, illustrated in Fig.3.5.

On quality and loss
The quality factors of the coils loaded by a parallel circuit containing a capacitance, Ci , and a light
bulb are calculated. The arrangement to be calculated is shown in Fig.2. Under such geometry, the
quality factor is calculated the same manner for each of the four coils. In the scheme, the components
of the circuit are in parallel with reference to each other between the transmitter and receiver
secondary coils. The overall loaded qualities, Qi , are defined via the relation,
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Qi = Ro

Ci
Ci
+ Rr
,
Li
Li

(145)

where the quality Qi represents the quality factor of the resonant circuit either due to ohmic resistance
Ro and radiation resistance Rr . The losses are divided into the losses due to ohmic resistance,

Ro =

µ 0 ω0 ℓ 2
,
2σ 4π R

(146)

where σ is the conductivity of the material, ℓ the wire length of the coil and R is the wire radius,
and the losses due to radiation resistance

Rr =

µ0
ε0

2
 π 2  ω r 4
2  wh  
n
+



 ,
3 
12  c  3π  c  

(147)

where n is the number of turns of the coil and c is the speed of light. By examination of (145),
increasing either the capacitance or circuit resistance will increase the quality factor of the coils.
Given (140) a small increase of the quality factor of the coils will increase the amount of energy
transported improving the effective efficiency. The power transfer efficiency of the four-coil system
calculated from the quality factors and coupling coefficients from above is,

ηTotal =

3.2

(k

2
ab

Qa Qb )( kbc2 Qb Qc )( kcd2 Qc Qd )

2
2
2
2
2



(1 + kab Qa Qb )(1 + kcd Qc Qd ) + kbc Qb Qc  1 + kbc Qb Qc + kcd Qc Qd 

.

(148)

The propagation of magnetic currents

In consideration of the work of Poynting, it is interesting in plotting the magnetic field intensity and
the magnetic flux density of the magnetic currents emanating between the coils Lb and Lc . It is
insightful to map these magnetic fields between coils Lb and Lc when a source of 1 ampere is applied.
Using a computational software package Comsol Multiphysics, we are able to plot the magnetic flux
density and magnetic intensity between the distance coils. The plot is shown in Fig.3.6.
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Fig.3.6. Magnetic field intensity and flux density between two secondary spiral coils.

In order to calculate the magnetic field strength at a distance from the coils, it is necessary to truncate
the computational domain, because the finite element calculation requires a finite-sized mesh. The
sphere, S , which serves as the computational boundary of the domain, has a radius of 80 centimeters.
The plot displays a calculation of magnetic field strength (the ovals on top and bottom) and the
magnetic flux density (the lines passing through and around the coils). The colors from light to dark
show the increasing intensity of the magnetic field emitted by the coils; the peak strength (darkest
color in the center) lies 1.5 times the radius of the coils. The minimum strength lies at 15 times the
radius of the coils. The magnetic flux density (the field lines) extends the field intensity
approximately 8 times the radius of the coils or halfway between the maximum and minimum field
strength. As shown in Fig.3.6, the magnetic field intensity is strong in the free space between the coils
which suggest this geometry, given the strength of the fields to perform work at a reasonable
efficiency, is suitable for transmitting electrical currents of sufficient magnitude.
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Fig.3.7. Magnetic field intensity and flux density at greater distance.

It is also interesting to know if the model holds at distances away from the near-field region. Fig.3.7 is
a plot of the same secondary coils Lb and Lc emitting a magnetic field at a distance of 75 centimeters,
the boundary of the computation domain has a radius of 120 centimeters. The intensity remains
uniform across the distance. The limit at the boundary is obtained by the assumption of how the fields
are computed and the assumptions about free-space. Depending on the assumptions constructing the
method, the limit for medium-range transfer can be extended.
One method to extend the range of energy transport is to increase the density of a component of the
magnetic field, Hφ . This typically involves increasing the inductance of the coils as to satisfy the
relationship of the stored energy W to inductance and the fields, as,

W=

1 2
1
LI , W = ∫ B ⋅ H dv,
2
2

(149)

or increasing the quality factor of the coils themselves. Adding a third conical coil of a radius re at a
distance of 10 centimeters along the z − axis of the secondary coil and connecting at terminal (B), the
free end of the secondary coil, increases the value of Lb linearly. The value of H is also increased, it
is given the length of wire ℓ e contained on the curvature, θ e , of the conic. We averaged the value of

H by setting the conic angle θ e = π

6

along a length where re ≤ rb and therein yielded a significant

increase of magnetic potential Aµ . An increase of Hφ is observed by applying the force upon the
dipole residing at the center of the secondary coil. We hypothesize the motion of the magnetic field
from the conical coil constructively interferes with the magnetic field lying on the spiral coil given the
two coils are sharing the same electrical field E and electric potential ϕ . By adding capacitive and
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resistive components across both coils Lb and Lc quality and coupling-coefficient values are directly
accessed. The third coil arrangement is shown in Fig.3.8.

Fig.3.8. Receiver package and third coil. Component breadboard shown.

The possibility of calculating coupling effects, notably the coupling coefficient between the distant
spiral coils differs from normal models in that the spiral lies inside of the loop coil containing the
generator and therefore is assumed highly efficient following the well-understood transformer effect.

3.3

The circuit experiment

A reconstruction of the Tesla resonator, illustrated in Fig.3.1, was built with the physical
specifications shown in Table 3.1. The inductances were measured on a Hewlett-Packard hp4192A
into 50 Ω, shown in Table 3.3. The first test was to plot the results of applying a steady-state
sinusoidal source at the peak resonance frequency of 27.50 MHz and chart the measured differential
power between input and output. The efficiency, η , as a function of the distance between the coils is
shown in Fig.3.9.
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Fig.3.9. The efficiency of the Tesla resonator over a distance.

To understand how this model performed against a comparative wireless power system, results were
contrasted with [10]. Although containing a different orientation and geometry, due to similar sources
of prior art sufficient shared fundamentals exist. Fig.3.10 shows a contrast of the two schemes.

Fig.3.10. Comparison of the Tesla resonator with Kurs.

The reconstructed Tesla resonator, in its original form without modification, performs better with
secondary coils of more winds yielding more magnetic field properties. Considering magnetic
resonance coupling schemes studied in this chapter insist a higher magnitude of magnetic flux density
as directly translating into greater efficiency over mid-field distances, the observation of a linear
relationship in force to energy density of the magnetic field is not surprising. What is interesting is
that energy transmission can be achieved where the model does not rely on axial alignment.
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Table 3.3. Resonant coils measured electrical specification.

The second test was to add passive components to verify if, as according to (145), the quality factor of
the scheme could be improved. By doing so, the efficiency shown in (148) is improved. Capacitors
added in parallel to the transmission coil, while resistors added in parallel to the receiver coil would
show an improved efficiency in the transmission. Such direct connections between the circuit and the
field are aided by the addition of the third coil inductively coupled to the transmission field. Values of
added or subtracted capacitance and resistance affected admittance and circuit impedance by altering
the phase of the energy at the distant secondary coil. A series of five tests were conducted adding
capacitance and resistance as value-based parameters to coils Lb and Lc coupled through Le .
As illustrated in Fig.3.11, the coupling coefficient kbc can be affected by not only reducing the losses,
but also affecting the quality factor by adding values of capacitance and resistance. Tuning the
resonant frequency to the peak magnetic flux density of the circuit would further improve
performance.

Fig.3.11. The efficiency of the Tesla resonator with enhanced quality factor.

This implies the cavity is contiguous and has a property inherent to it, suspended inside free-space.
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Discussion of the experiment
Following the theoretical framework of two coupled-modes, the experimental reconstruction of
Tesla’s signaling apparatus from his 1900 patent A System of Transmission of Electrical Energy,
illustrated in Fig.3.1, is also examined in terms contrasted with other attempts claiming a Tesla
wireless power system. In [10] the author concerned himself with Tesla’s 1914 patent Apparatus for

Transmitting Electrical Energy focusing primarily on the transmission of electrical currents given
large coil loops of a few turns. Here, we have attempted to demonstrate an alternative approach using
coils significantly smaller yet achieving better results for efficiency. One striking difference is that the
geometry and orientation of the Tesla resonator examined in this chapter does not rely on an axial
alignment of the coils; rather, the transmitter-receiver pair can be placed liberally at a distance relative
to each other without any significant additional losses. According to [10], the limit of this type of
transfer is 8 times the diameter of the coils, the electrical intensity between the coils diminishing at a
rate 1

r2

. Experimental results have indicated a greater link in the magnetic field density appears at

the secondary coils in this resonator-coupled model. The extreme distance measured in the experiment
was four meters.
The last step was to discern if the reconstructed resonator could be modified to increase energy
transmission and intensity of the magnetic fields in the magnetic-resonant model. What became
immediately apparent was by adding passive component circuitry, the field object behaved as a cavity
not unlike a transmission-line resonator. The sharing of those basic characteristics in our model gives
a wireless transmission-line resonator. More research on this formalism is suggested.
It has been observed that the resonator’s performance is sensitively dependent upon its impedance, as
expected. The signal generator used during experiments outputs into 50 Ω, impendence at the receiver
was measured to be 58 Ω. Tuning the resonator, we were able to more closely match the impedance of
the circuit allowing more of the power seen at the source to be dissipated in the load. From this
approach, by adding and subtracting impedance, efficiencies over longer distances are dramatically
improved. Although, not directly addressed in the experiments in this chapter, the appearance of
standing waves in the resonator suggests a possible explanation of voltage magnification lending
credence to Tesla’s description of velocity-inhibition.
The idea of velocity-inhibition is related to the Larmor concept of acceleration, used here in this
thesis, and described in §1.1. What is further interesting is that Tesla described a method of antipodes
[110], or positions on the planet where it would be ideal to place transmitters for world wireless
transmission. A drawing of this idea is shown in Fig.3.12.
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Fig.3.12. Tesla antenna and antipodes.

The addition of a third coil on the z − axis allowed the manipulation of the variables manifesting the
magnetic fields at the secondary spiral coils yielding an improvement in performance. The presence of
the coil Le in the field along the trajectory couples, through a higher-order magnetic field [26], to the
transmission circuit of Lb and Lc , shown when there is and not a connection at (B) and (B′). Based
upon this observation, it is of great interest in future experiments to investigate what access there is to
the magnetic potential A µ .

3.4

Observations of behaviors present in the circuit

The method here describes medium-range wireless power transmission by means of low-frequency
radiating waves, as opposed to either near-field inductive direct coupling or far-field microwave
transmission. We have proposed a type of wireless power transmission based on the notion of a
transmission-line resonator without any physical containment other than the fields themselves. It
suggests that the existence of a pair of tuned circuits, as illustrated in Fig.3.1 and schematically
demonstrated in Fig.2.1, exhibits such possibilities when measuring unpowered outputs at both the
receiver as well as the transmitter—a cavity presence is visible whether external power is applied or
not.
The observations lead to an implication of a resonator cavity with characteristic peaks in the
frequency spectrum which go unchanged regardless of the distance between transmitter and receiver.
It is this uniqueness that makes the circuit worthy of deeper study. Power efficiencies recorded are felt
to be respectable for research at this stage, being significantly higher than those previously reported
for mid-field regions, without the need for the extremely large directed antenna.
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A detailed and quantitative analysis of the effect of external, non-resonant objects on the transmission
circuit is compatible here as it is with the method discussed in the other parts of the thesis.
It is worth noting that the power transfer is not affected if humans or various everyday objects, both
large and small, are placed between the receiver and transmitter. This includes cases where objects
completely obstruct the line of sight or lie within a few centimeters of the coils. While the
transmission frequency is somewhat outside that deemed safe for human exposure [18], coupling is
only possible if a receiver contains a coil symmetric to the transmitter, but oppositely wound. It is
suspected the radio-frequency fields react weakly with off-resonant objects.
During the course of conducting experiments, voltage magnifications were observed when applying
resistances to the receiving circuit. Magnifications as much as 50 times were observed which manifest
themselves as current spikes reflecting back across the resonator. Although noted, they were not
directly analyzed during the investigation for this chapter. Nevertheless, it is apparent that Tesla’s
resonator has properties which appear either unrealized or under-investigated as such, although they
were partially sketched out in Tesla’s original works [1, 2, 3, 25, 26]. It is therefore suggested that a
detailed body of research be conducted on this topic. Tuning techniques and strategies, field-order
coupling are also considered very fruitful paths.
Whilst the results presented in this chapter are of interest in themselves, they also throw up a number
of intriguing questions which need to be researched. For example, in terms of performance over
distance, how important are the shape and directional settings of the windings and the amount of
power drawn by the load with regard to the transmission efficiency? What remains consistent is that
an improvement of quality leads directly to an improvement of performance not only at the distances
shown in the figures, but also at greater distances, as expected.
Given the appearance of more complex wave patterns in the transmission, it is hypothesized the
magnetic fields of the first-order are, at least in part, with the Schumann resonance [110]. This is
supported by experiments conducted with the third coil present in both the transmission and receiving
coils, introducing a third coupled-mode.
Compared to the single coupled-mode model from the previous chapter, this model shares many of
the characteristics of the former. Coupling between close-proximity coils, where the distance is much
smaller than the radius, resembles the commonly-understood transformer model. Coupling between
distant coils, such as the coupling between each secondary coil, resembles the theoretical framework
of the previous chapter in several ways. First, intersection of “flux lines” is deemphasized and the
notion of the virtual homogenous waveguide is strengthened. Contrarily, it is also conceptually correct
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to consider the intersection of “flux lines” as the linking force constituting the structure of the
waveguide. Second, although the oscillator in this case is not tightly integrated into the primary coil
antenna and the circuit responds more to ringing than acceleration, it is distinctly apparent that the
projection field, H, from the previous chapter is present because of the fact that the third coil
experiences a magnitude of energy along the z -axis. Third, the enhanced magnetic field magnitude,
again experienced by the third coil, is supported by the work of §2.4.2. The theory is further extended
in this chapter by the concept of the ordered magnetic field—zero and first order—following from the
theoretical discussions in [21, 26]. Personally speaking, I believe the demonstration of physical
evidence of the first order magnetic field is a very powerful claim and deserves serious consideration
in future research.
This chapter discussed two coupled-modes by illustrating a reconstruction of a Tesla system of
wireless power, contrasted to the single coupled-mode of the previous chapter. The utility of the
schemes illustrated in both chapters present many possibilities 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 the dipole. The dipole concept and quantum magnetic
potential are fundamental concepts describing the motion and forces of separation of electric charges
on an antenna. During Hertz’ research, it was discovered some peculiar effects occur in certain
antennas [16, 30, 76, 93] such as the circular loop, even at those wavelengths utilized. While a
comprehensive explanation is out of scope, it is interesting nevertheless to examine the motions of
separation of two charges in the viewpoint of de Broglie waves [49] as well as their description by
Bohm [96] to form a unified model between quantum and classical descriptions of the model in this
thesis.
It is orthodoxy in electrical engineering and a basic tenet of physics, that work is done in electrical
systems by the separation of charges and energy is released when those same charges come back
together, or an oscillation takes place along a line of trajectory. Conservation laws dictate that the
work done to separate charges is equal to the energy that is observed. While this understanding is
convenient to finding solutions in “common” problems and has shown itself to be a rather useful tool
as such, in itself, it portends the electron representing the charge, given Lorentz, is independent of the
space where it is located. If we are to accept the notion that charges exist because of matter, the
separation of charges in the conductor project energy onto the interface where they lie. The interface
has an interesting feature in that the lag of current from voltage allows the dipole to sustain long
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enough for the energy to release when it is destroyed. The potential energy in the duration of time of
the existence of the dipole is a window to see how the charges project themselves as waves
simultaneously [94].
What is to be considered here is that the separation of charges by an electrical force results the electric
dipole and the magnetic dipole to exist simultaneously at right angles to each other and that magnetic
charge is a result of the potential energy of the magnetic moment. It is hypothesized that the
coexisting charges, forces, and distribution of energies lie within a manifold, which describes a
contiguous set of particles and energies lying in Minkowski space that produce radiant energies. This
has been discussed previously as a field object.
A magnetic dipole is the limit of either a closed loop of electric current or a pair of poles as the
dimensions of the source are reduced to zero while keeping the magnetic moment constant. It is a
magnetic analogue of the electric dipole. The magnetic monopole, the magnetic analogue to the
electric charge, has not been proved [98]. The magnetic field around any magnetic source looks
increasingly like the field of a magnetic dipole as the distance from the source increases. A new
analogy is proposed combining the particle and wave attributes of the separation of charges [16, 49,
96]. The attention on this detail is due to a quandary of the electron having a magnetic dipole moment;
that the electron’s magnetic moment is not due to a current loop, but is instead an intrinsic property
of the electron [95, 96]; the electron has not been observed to have an electric dipole moment [97].
If it is logical to accept the concept of the dipole as well as the manner in which it is manifest in
antenna, one can also assume that space-time and its curvature, in the Minkowski sense, is not
uniform in the presence of charges relative to their polarized opposites do not exist analogous to
points on a grid. While this assumption is not wholly surprising, the crux is how often are particles of
opposite electrical magnitude localized enough so that the force performing the work does not have to
“reach” so far as to construct the dipole infeasible. An unhelpful answer would obviously be derived
from probability and statistics but does not yield a proper explanation since the abstractions are
completely arbitrary. As such, a possible explanation is proffered: that the charges exist as a property
of free-space as they exist as a property of the material consisting the charges, i.e., the quantum world
is littered with such charges everywhere.

4.1

Waveform assumptions

Because of the assumption that the transverse wave is a disturbance, the disturbance contained around
the charge is analogous when work is conducted on them, analogous 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 charges of equal magnitude yet opposite charge and
polarization based on the phase wherein a force is applied to separate them into gauge groups. The
charges are still random in the statistical sense, yet drawn into suspension by simple forces of
attraction and repulsion, constrained to perform work.
The magnetic field of a dipole is calculated at the limit of a current loop split into two phases; a pair
of charges as the source shrinks to a point while keeping the magnetic moment, m, constant [98]. For
the current loop, this limit is most easily derived for the vector potential. Outside of the source region,
this potential is,
A (r ) =

µ0 m × r
,
4π r 3

(150)

and the magnetic flux density is,

B (r ) = ∇ × A =

µ0  3r ( m ⋅ r ) m 
− 3 .

4π 
r5
r 
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The scalar potential from the monopole limit is,

ϕ (r ) =

m ⋅r
,
4π r 3

(152)

and the magnetic field strength at a point charge is,

H ( r ) = −∇ϕ =

1  3r ( m ⋅ r ) m  B
− 3= .

4π 
r5
r  µ0

(153)

The magnetic field is assumed symmetric under rotations about the axis of the magnetic moment m.

4.2

Attraction in the dipole moment

Fig.4.2 shows a point-charge emitting a field into free-space, illustrating the axial and lateral emission
of energy: electrical for an electric point-charge, magnetic for a magnetic point-charge.
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Fig.4.2. A common description of a point-charge dipole.

While the pattern of the field emission is uniform over the axes of propagation, the depiction implies
the point-charge is not moving. Since the Hertz antenna is a dipole through the separation of charges,
the generalization implied allows a further suggestion of the energetic state of a point-charge. Since it
is due to the conservation of energy and Gauss’ law that the length of propagation varies
proportionally to the magnitude of the emission and that the length cannot extend forever, it is
relevant to point out there is a formal boundary to the fields in both the axial and lateral directions. It
is also relevant to consider that the energy moving toward the boundary does not necessarily disperse
from the point-charge, if it is the assumption that the point-charge only contains energy. If this
condition were true, the point-charge would be exhausted after a given time. Since it does not exhaust,
illustrated by the fact that electrical circuits still function, its internal modulation—or the frequency by
which the energy shifts between moving toward and away from the boundary—is the attribute
defining its state. Otherwise, an unseen force is applying energy to the point-charge sustaining its state
feeding it as a force holding the equilibrium, so that the field is conservative. A modified description
of the dipole is illustrated of the forces on the separation of charges given their mutual attraction is
shown in Fig.4.3.
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Fig.4.3. a) Point-charges and the wake pattern of forces, b) emitting a magnetic shearing force concentrated at
the magnetic moment m.

Fig.4.3a shows point-charges + q, − q creating the wake pattern lines of attraction at the magnetic
moment m dispersing energy at right angles to the point charges when work is applied separating
them, visualized in Fig.4.1. In Fig.4.3b, forces between the point charges reveal a circulating magnetic
shearing force F analogous to the Larmor forces [6]. The separation of charges, the rippling of the
charges, because of the forces of separation, the wake causes the elliptical feature of the effect of
point charges on free-space. The energy from the wake is expressed at right-angles as the magnetic
field.
The bending of the force lines illustrates the circulation of force across the moment m. The tension
between the centers of force illustrates the resulting field exchange between the two point charges and
a quantized component of energy traveling along the axis of orientation between the points. The
repulsive forces between the points are balanced by the attractive forces folded in the motion of the
passing energy creating equilibrium in the system. Since the system simply either reflects or refracts
the passing magnitude of energy, there is no field interaction between the points, only the Lorentz and
Larmor gauge.
The dipole description has been derived exclusively from the geometry of the antenna used in the
oscillator, theoretically supported by coupled-mode theory. The concept illustrated here for the dipole
is to emphasize the exchange of energy between itself—as a function of the separation of charges—
and other vector-based components it could possibly interact with as a Riemann surface. Greater
energies in higher concentrations act to influence other dipoles not unlike gravitational forces between
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celestial bodies. As such, the architecture of the electrical particles is defined by absorptions and
reflections of quantized energy, in the form of electromagnetic photons. Point-charges on the
manifold define each other by the exchange of photons, otherwise, they would be inert and unseen,
perhaps confused for the vacuum. The definition of objects on the manifold and how they exchange
energy gives rise to this description of the electromagnetic spectrum. Here, the electromagnetic
spectrum is defined through two dominant processes: point-charges reflecting a photon and pointcharges absorbing a photon.

Fig.4.4. Photon reflection and absorption primitives.

Fig.4.4 shows: a) a photon refraction by the dipole field, b) photon absorption by the dipole field. On
each spatial surface, a photon carrying electromagnetic energy, γ 0 , is represented as a packet of
energy moving with a constant magnitude and direction, based on the emission from the transmitter.
By inspection, γ 0 has the potential to transfer energy to the dipole or to be emitted from it by the
acceleration of electrons in the conductor. The point where the photon changes direction by a factor of
reflection or refraction indicates a radial point of the intensity of energy by its shift in direction giving
rise to the magnitude of the free-space currents I Eθ .

4.3

Gauge fields

The interaction of the stream of particles with the radiated field will result in a graduated ellipsoidal
field growing away from the emission point. Instead of a static quantity, the momentum of the particle
stream creates an elliptical area on the manifold where the relationship between the two charges, the
virtual and the passing field, are in resonance with respect to each other, creating a more dense form
on the manifold. Some passing particles, which could contain masses, are temporarily trapped in the
sink and orbit the central axis of the field. The radius of the field and the equilibrium of the system are
dependent on the magnitude of energy stored as a resonance between the transmission and receiving
loop antenna. This quotient of energy is trapped in the sink as long as the system remains stable in
terms of its geometry and the resonance patterns can hold it together. The form would hold unless
broken by a stronger external electric field. As a series of dipoles, analogous in the case of a short
dipole, a chaining of dipoles yields the polarization of the propagating waveform—the rise and fall of
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current from one polarity to the other—across free-space, with a given admittance and reactance
dependent upon the temperature and pressure.
What is relevant to understand at the fundamental level are that the notions of flux and propagation
are absorbed into the scalar, vector, and quaternion representations of the potential of the waveguide
structure, which consists and subsists the space between and of the antenna discussed throughout this
thesis. As the phenomenon is physically observable, it indicates that the potential A µ fields, where

µ = 0, 1, 2, 3,... do possess a physical significance as global-to-local operators or the case of gauge
fields, subject to precisely constrained topologies [51]. The available constrained topologies in the
case of the model described in this thesis are:
•

The case of localized waveguide, and,

•

classically-defined electro-state charge manifolds,

where both are limited in magnitude and statistical (Boltzmann) distribution by a temperaturedependent electron coherence length given the antenna architecture. In the case of the localized
waveguide charged manifold, type is identified based on the definitions of:
•

fields → free electron ( F → FE ) ,

•

fields → conducting electron ( F → CE ) ,

•

waveguide → field ( WG → F) , and,

•

conducting electron → fields ( CE → F ) ,

provided by the
1. Aharonov-Bohm and Altshuler-Aronov-Spivak effects ( F → FE and F → CE ),
2. the topological phase effects of Berry, Aharonov, Anandan, Pancharatnam, Chiao and Wu

( WG → F) ,
3. the Josephson effect ( CE → F ) in the sense of the variable phase of A µ ,
4. and the De Haas-Van Alphen effect ( F → CE ) in the sense of the periodicity of oscillations
in the effect determined by A µ potential dependency and gauge invariance.
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In each of these circumstances, the A µ potentials are described as physically meaningful constructs at
the classical level, numbers 2 and 3 and at long range in the case of effect 2. Coherence length
limitation is noted in effects 1, 3 and 4. What this implies is that a properly constructed and welldefined topological object can manifest, along with magnetic flux, sets of potentials along its length
and trajectory conditionally dependent upon the antenna creating the field object.
It would be interesting in future research to explore those topologies as quantization of the field object
where appropriate.
Finally, H.F. Harmuth proposed an amendment to Maxwell’s equations [99, 100]. The subject having
gone through much discussion [101], presents eloquently an argument of possibilities of expansion in
the interpretation of the more abstract parts of the Maxwell equations. One consequence: the
application of force to separate the charges by the application of current, the current lags behind the
voltage potential, the point charges are both particles and waves [102]. It is anticipated that steps
toward a proof of the notions discussed in this section can be formed thusly.
An electrically-charged short antenna has a trivial characteristic impedance when compared load
whose impedance dominates the circuit, desirable for sending power over distances; e.g., the power is
induced to traverse the free-space between the transmitter and receiver to the load where the
impedance is located, a primitive form of directional finding [68].

4.4

The loop ratio in determining dipole integrity

Typically, small loop antennas have a poor efficiency unless they are constructed at a ratio of their
circumference to the wavelength of the transmission frequency. Considering the ratio hypothesis, for
further size reduction, the loop can also have similar power transmission efficiency if the ratio is also
one-thousandth relative to the quarter wavelength with the circumference. It is suggested it would also
be effective at one-ten thousandth given the exponential progression,

2π ri
0.0188495559m
=
= 0.0100807302,
0.01(0.25λ ) 0.4199879228m
ri = 0.003m.

ℜ1 =

(154)

Applied to the physical antenna model, the antenna characteristics are truncated to a quarter-wave

λ

, the experimental setup of the antenna keeps it mounted perpendicular to the earth and
4
not connected to a ground plane. The ground plane is ignored. The resonator floating above ground is
antenna, as,
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susceptible to the forces at the interface; the phase shifting of the amplifier over the surface of the
antenna through π rotations in the impedance of free-space to seeks a closed circuit connection.
It is this seeking effect that yields some qualified evidence that there is a possibility of a straining of
the space between the antenna cited the pattern of repetitious properties not unlike a set of harmonics
across space. It is suspected the observable strain is analogous to that described by Maxwell.

5

Thesis conclusions

The literature which contains descriptions of physical devices tends to address typical problems in
wireless power transfer—antennas, inductance, coupling, and energy transfer, by clear mention of
magnetic resonance or not—regardless of coil size or design of experimental setup. It can be surmised
by this fact alone that the phenomenon of magnetic resonance wireless power is such that it matters
little of the size of the coils or the distance apart or the pattern and number of antennas or the means
by which the energy is utilized; what matters is that the phenomenon is commonplace law of physics,
although not expressly stated as such. Because of the conclusion of the similarities in analytics of
other researchers, it becomes apparent that the electron affects other electrons at a distance by a
connection explained by quantum mechanics. However, in none of the literature surveyed for this
thesis has the mathematical tools of quantum mechanics been applied to magnetic resonant coupling.
This thesis attempts to begin the framework by integrating gauge field theory to shape an
understanding of the quantum mechanical implications and a thorough analysis of the magnetic
potential between the coupling and free-space revealing structural equations which predict the
reactive forces and subsequent observable properties.
The work presented in this thesis attempts to address magnetic resonant coupling form a
phenomenological point-of-view. That is, asking questions and forming hypotheses on observations of
two distinctly different types of wireless power schemes. In addition, the thesis tries to structure its
analytical arguments based on non-isolation of the phenomenon; meaning the phenomenon does not
exist in exclusion of other forces, rather, because of them. A novel contribution the thesis is
presenting is exactly this point: that forces applied to an electron emitting radiation impress a pattern
onto free-space and that this pattern exists only because there are counterforces simply by the
connection between the original force and consequential force. It insists there is a strong connection
between the accelerated electron and the impression of its radiation on non-charged spaces.
In this thesis, the method and means of wireless power by magnetic resonance has been described.
The focus of this research was on the description and experimental testing of an efficient wireless
power model to be used in several application areas, notably those for in a human proximity.
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However, the method of power delivery is general and can be applied to other applications which
require wireless power transfer on scales both large and small [31, 88] as well as many others.

5.1

Coupled-mode conclusions

While the seat of the arguments for the method of why for magnetic resonance lie exclusively with
[24], it is used verbosely by many other examples of wireless power transfer. While the author can
cite how coupled-mode theory would apply to schemes such as the one illustrated in this thesis, it is
still not clear how the coupled-modes manifest given the simplistic model of the dipole purveyed in
scholastic physics texts. For coupled-mode to be successful, it seems apparent that the dimensionality
of the dipole is brought into question. In terms of signaling, as it has been understood since the days
of Marconi, the single dimensionality is satisfying. In terms of wireless power transfer, which is a
form of signaling in the scheme of radiant transfer, the dimensionality fails to describe the system. In
order to attempt to come to terms with the discrepancy, §4 introduces a dimensionally-equivalent
description of the energies observed in the scheme. It is anticipated that descriptions in this
architecture can shed light onto current dilemmas in electromagnetism. Regardless of intention or
discrepancy, couple-mode theory is a useful tool to describe mathematically wireless power schemes.

5.2

Circuit model and propagation conclusions

The circuit model is an attempt to present the arguments for coupled-modes into a physical paradigm.
The model proposed the embodiment of coupled modes and energy exchange properties between two
distant circular loops. By considering the geometry of the loops as a fundamental description of the
manifest electric and magnetic fields coupled to its radiation, it has helped to extend the basic
concepts of a definition of broadcast power between distant antenna forming a closed induction
circuit. The extension bundled into model properties and applied optimizations of coupled-modes as a
hypothetical explanation of efficient wireless energy transmission.
If the loops are magnetic dipole antenna of a size relative to their quarter wavelength, adjustment
along a descending log10 scale will yield maximum power dissipation in the free-space between the
antenna. In such a manner, the extant electromagnetic field creates a spherical shell whose boundary
conditions interact intrinsically with the conductive properties of the medium. Because of such a
seemingly high conductivity in the scheme, where there perhaps should not be given the impedance of
free-space, these results lead the author to hypothesize further that at the boundary, the conductive
medium on quantum scales consists of some interface of unity in the notion of space-time itself. This
could be the ӕther or dark matter. What is clear is that something is going on at the boundary between
the energized field and the medium.
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The model in its simplicity provides stark insights that the energies that permeate the field can be
expressly quantified, given enough sophistication in the methods. It is therefore interesting to explore
the quantifications and to what further insights can be gleaned. Although it is very interesting to
understand the physicality of what consists a coupled magnetic resonant mode, contrastingly, what
reactive phenomena are responsible for providing the sustaining counter-force giving it such a strong
linear equilibrium is equally so. The author suggests further research needs to be conducted on what
consists the structure of “empty space”.
Whilst the results presented are of interest in themselves, they also throw up a number of intriguing
questions that need to be researched. For example, in terms of performance over distance, how
important are the shape and directional settings of the windings and the amount of power drawn by
the load with regard to the transmission efficiency? What kind of improvement of the quality-factor
leads directly to an improvement of performance not only at the distances shown in the figures, but
also at greater distances? What is the relationship of the architecture of the antenna to facilitating
higher magnitudes at those distances?
Clearly, the approach described here has enormous potential for wireless power transfer from a central
transmitter base to remote receiver stations, without incurring the losses due to wire resistance and the
inherent costs of building physical transmission lines. The added advantage is that mobile devices
within that environment do not need to carry their own power cells but rather can pick up power
wirelessly from the transmitting station. These mobile devices, which could be autonomous or swarm
micro-robots, can also be driven when obstructions are in their path such as walls and other objects.
With increased power transmitted over greater distances this method could potentially also be used as
a power source for external vehicles, each merely needing to house its own receiver unit in order to
pick up power from a distant station. Contrastingly, its small size could be exploited to make
miniature devices receiving power and instructions. In all these ways discovering what medium-range
and perhaps longer distances by repetition are achievable with this method of power transfer would be
of great interest to developing societies and highly advanced technological paradigms. The utility of
the scheme illustrated in this thesis presents many possibilities for the future of efficient wireless
energy transfer.
Aside from the application advantages, it is equally poignant to examine other computational methods
to describe the electromagnetic problem, given the uniqueness of the model. How does the translation
in mathematizing the model from circuit theory to field theory help to ease genetic fallacies [47]
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prevalent in electromagnetism? Can the more arbitrary components of Maxwell’s theory be given
substance, especially those considered as purely analytical devices such as the potential?
The research opens the door to many questions by availing a means to answer them in a physical
experiment. It allows the investigation of the properties of what is coupled to it as well as some
masses contributed by free-space; this is the most interesting take-away knowledge from the research
process.

5.3

Antenna at the interface conclusions

It is a valid hypothesis, given the evidence in this work, that it is possible the method is detecting
something at the interface, such as the dark matter—in the present accepted description of what in
antiquity was called the ӕther. The configuration of the circuitry described for a prototype exhibited
in the model is the characteristic archetype of all of the classes for wireless power transmission
methodology. Nearly all other schemes of comparable methodologies are derived from it.
The presence of currents on the wire give rise to the magnetic fields propagated into free-space
because the loop antenna is a high emitter of electromagnetic photons. An interesting observation is it
this lack of mass of the photons and their ability to do work. However, because at some energy level,
a motor is turned, some mass is entering into the system. Wired systems rely on electron masses to
perform work at a distance, wireless systems rely on photons to perform work at a distance.
The unity of the potential in context with the field object is observable under measurement of an
unpowered antenna and is extant at the nulls to the left and right minor lobes. It is assumed this is a
loose measure of confirmation of the existence of a structure of free-space that will inevitably lead to
a more detailed future description. Additional laboratory resources would be required, more than the
basic equipment available a member of the public.
The movement of the oscillation through π , in consideration of how the antenna is coupled to an
open system through the interface, suggests implications on the impedance of free-space of 120πΩ.
Since each phase moves through π , a total of 60 cycles would sum up the impression of a single
complex wave on free-space. Does the interface support a logarithmically-based coupling method?
For the purposes of the thesis, the behavior that is interesting to the relevant discussion is that the nMOSFET is a high-speed switch at a suitable level of power, that is, about 100 watts.

150

Although quantum Hall effects are best exhibited in MOSFETs with gallium arsenide GaAs channels,
considered the “holy grail” in semiconductor research, the oscillator discussed in this thesis might be
exhibiting some of these properties. It is suggested access to the quantized Hall states is accessible
through the n-MOSFET architecture which are being manipulated on the antenna interface.
The author hypothesizes an oscillatory reaction force permeates the waveguide. The increase of
magnetic potential is the means by which to understand the force.
This work has described the principle of wireless energy transmission by magnetic resonance.
QED
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5.4

Topics of future research

Throughout this thesis, topics for future research have been noted. Generally speaking, it would be of
further interest:
To study the physical geometry of the scheme: the addition of a secondary coil whose winding is
equidistant on the x, y plane and the addition of receivers to “chain” the power signal over longer
distances.
To revisit the Aharonov-Bohm experiments [29], and flavors of subsequent attempts to see if the
problem can be modeled on larger scales, as r → π , and at higher temperatures.
To experiment with different lengths of component L3 of the transmitter coil and its position along
the length AB. Is there a difference in projected field geometry or power?
To create antenna from metamaterials; the metamaterial concept has captured the imagination of a
significant and growing pool of researchers from a wide range of fields, with the move toward
practical applications perhaps most evident in the area of antennas and wireless energy propagation. It
is interesting to use collections of sub-wavelength elements in a structured medium of volumetric
metamaterials (three-dimensions), meta-surfaces (two dimensions), and meta-wires (one dimension)
for control over the broadcast and receiving properties of the antenna. Thusly, the medium within the
loop can be carefully controlled and its exotic properties revealed: controlled in that its commonly
understood properties with uncommon control over spatial variation, polarization sensitivity, and
frequency dispersion; Exotic in that the answers to the reasons of its behavior were not forthcoming.
Nevertheless, the medium is currently inaccessible, the expansion of basic parameters and more finite
granular control over the antenna and its influence at the interface would greatly aid investigation in
subsequent properties of the medium of free-space beyond the interface. Of all the possible suggested
research, not one is more profound than the application of metamaterials to the investigation.
To study the parameters of a computational paradigm around 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 figures as well as the basic Matlab code to create an antenna
mesh as the one described in this thesis and ready for use with a solver of your choice. I used the
method of moments (MoM).
The variable names in Table 6.1 have been changed for consistency in the text. The names affected
are: k ′2 → u 2 , f → α , a → ri , A → rj .
Table 6.1. Values of factor u 2 [32].
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Fig.6.1. Effect on the simulated output based on changing the value of the coupling coefficient κ ij :

(a)

κ = 0.002, (b) κ = 0.004, (c) κ = 0.008, (d) κ = 0.010.

NOTE: The x and y-scales for each waveform are 200 µ S and 2 volts per division, respectively.
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This is a set of instructions to use Matlab with the PDE toolbox to duplicate the mesh used to compute
the antenna.
Table 6.2. Instructions to create an antenna mesh file.
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 surface,
a. Set X-center to 0,
b. Set Y-center to 0,
c. Set A-semiaxes to 2.75 (for a wire thickness of 0.25 units),
d. Set B-semiaxes to 2.75 (for a wire thickness of 0.25 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 quality by clicking Mesh/Triangle quality,
9. The average quality should be 0.5 across the surface for an ideal mesh,
10. Save the file,
11. Export the mesh by clicking Mesh/Export Mesh,
a. Leave the variable names for mesh data (points, edges, 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 run the MoM solution. Using a sample solution [65], run
it in the order listed in Table 2.6 to generate the data discussed in §2.3.
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