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Resumo

Através de ferramentas quasi-6ticas, a andlise de um sistema composto por dois refletores
parabdlicos foi feita com o objetivo de transferir energia sem fios, usando micro-ondas
(a frequéncia de 5.8 GHz).

Primeiramente desenvolveram-se scripts com duas principais finalidades: visualizar a
frente de onda dos feixes gaussianos para diferentes modos de propagagao, tanto em
coordenadas retangulares como em cilindricas e a propagacao de feixes gaussianos através

de um sistema (composto por refletores ou lentes).

Depois de este estudo, recorreu-se a uma andlise tedrica com o intuito de permitir a
prototipagem do sistema usando o minimo parametros possivel. Foi possivel simplificar
a andlise através da utilizagao do principio da reciprocidade, ao igualar os dois espelhos
e as antenas (emissora e recetora). Conseguiu-se chegar a um conjunto de equagoes que

cumprem o objetivo.

De seguida concretizou-se o sistema com base nos resultados anteriores por forma a
efetuar experiéncias laboratoriais, com vista na validacao da teoria. A antena escolhida
para emissor e recetor de radiagdo sao do tipo corneta circular de superficie plana,
uma vez que estas oferecem uma maior aproximacao da radiacao emitida a um feixe
gaussiano, juntamente com uma relativa facilidade de construgao. Apoés o desenho e
simulagao da antena, juntamente com o guia de ondas e o conetor SMA que a alimenta,
utilizando um software CAD, CST Studio Suite, prosseguiu-se a sua construcao. Tal
foi efetuado numa impressora 3D, seguindo-se a colagem de fita de cobre como material
condutor da antena. Foi necessario encomendar conetores SMA especificos, procedendo-
se de seguida a medicao dos parametros principais da antena. Tendo concluindo que
os resultados foram positivos, procedeu-se a construcao da segunda antena. Por outro
lado, foi possivel obter dois espelhos parabdlicos, juntamente com os suportes necessarios,

através da empresa Famaval.

Finalmente, utilizando um gerador de sinal e um analisador de espetro, efetuou-se uma
experiéncia preliminar de transferéncia de energia de uma antena para a outra. Os re-
sultados foram positivos mas nao satisfatérios pelo que existe necessidade de efetuar um
varrimento dos pardmetros mais completo. A dificuldade de alinhamento dos diferen-
tes componentes do sistema é apontado como o principal fator pela principal perda de

eficiéncia.

Este estudo apresenta métodos de andlise que possibilitam rapidamente prototipar sis-
temas de transferéncia de energia por microondas, compostos por dois componentes que

permitem a aplicagao do principio da reciprocidade.






Abstract

Using the quasi-optical formalism a double parabolic reflector system was analysed in
order to achieve Wireless Power Transfer, using Microwaves (at the frequency of 5.8
GHz).

Firstly, scripts were developed with two main goals: the visualisation of the gaussian
beam wave fronts for different modes of propagation, in both rectangular and cylindrical
coordinates, and the propagation of gaussian beams throughout a system (composed of

either mirrors or lenses).

After this analysis a theoretical approach is made to arrive at a way to quickly prototype
the system, using the minimum parameters possible. The use of the reciprocity principle
to simplify this analysis can be done by simply making both reflectors and antennas

(emitting and receiving) equal. A set of equations were derived, which serve this purpose.

A system set-up based on the results obtained was made with the objective of setting
up a lab experiment, so as to validate the theory. The chosen antenna for the emitter
and receiver was a smooth surface conical antenna for having the radiation pattern best
approximated to that of a gaussian beam while remaining relatively easy to build. After
designing and simulating the antenna, as well as the waveguide and the SMA connector
which feed it, in a CAD software, CST Studio Suite, the antenna was built. It was
done on a 3D printer, followed by the gluing of copper tape as the antenna’s conducting
material. It was necessary to order the specific SMA connectors for this antenna. After
their arrival, the main parameters of the antenna were measured with positive results.
Because of it, the second antenna was built and measured in the same way. On the
other hand, it was possible to obtained the parabolic reflectors, along with the necessary

supports, from the company Famaval.

Finally, using a signal generator and a spectrum analyser, a preliminary experiment
of power transfer from one antenna to other was performed. The results were not
satisfactory, for which a more thorough parameter sweep is necessary. The difficulty in
aligning the different system’s components is pointed as the main factor for the major

efficiency loss.

In this study one can find analysis tools that allow for fast prototyping of systems
for power transfer through microwaves, made up of two components that respect the

reciprocity principle.
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Chapter 1

Introduction

1.1 Background and Motivation

For the majority of history even though the origins of physics phenomena were not
fully understood their effects were observed, studied and, more often than not, used to

improve the overall quality of human life.

Such was the case with electricity. The observation of electrical effects can be traced
back to the ancient world. A famous example is the " Thunderer of the Nile”, the electric
fish which the Ancient Egyptians considered to be the ”protector” of all other fish.
Speculation on the origin and nature of the electric and magnetic phenomena prompted
the realization of various experiments throughout the ages. However, it was only recently
in the history of mankind that the electric and magnetic phenomena were linked, with
the ripening of the electromagnetic theory in the 19th century. It was the culmination
of the work of many, resulting in the essential description of electromagnetism in the

form of the Maxwell’s Equations.

The evolution of this theory greatly affected common people’s lives ever since light bulbs
revolutionized lighting. It was only a matter of time before electrical appliances swirled
through the front door of our homes and infrastructure to best manage the generation,

storage and distribution of electric power became a pillar of modern civilization.

Nevertheless, there is always room for improvement. What if we could transfer electric
power without wires? Nikola Tesla’s work is simply inescapable for numerous reasons,
among which his contribution to Wireless Power Transfer (WPT). The potential appli-

cations are immense, ranging from our everyday lives to the space industry.

It was the author’s fascination for electromagnetism which prompted the choice of re-
searching in this field, with WPT assuming the role of an obviously related, greatly

potential, interesting and useful subject to study.
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1.2 History and State-of-the-art

Microwave’s high directionality along with a high transmission efficiency in the atmo-

sphere made this type of radiation interesting for long distance transmissions.

These features made the millimetre and sub-mm waves also convenient for power trans-
mission in the air [1]. However, the divergence effects are significant and have to be
considered. The common theory of optics has then been adapted to contexts with high
diffraction (such as microwave propagation), being referred to as ”quasi-optics” [2, 3].
There is vast literature on this subject with comprehensive treatment, both on electro-

magnetics [4] and optics [5], which dedicate sections to the diffraction effect.

WPT using Radio Frequencies (RF) can be traced back to the 19th century, with the
work of Heinrich Hertz [6]. His experiments demonstrated the propagation of electro-
magnetic waves and their reflection on parabolic mirrors at the receiver and transmitter
ends. Later on, Nikola Tesla pioneered a different concept of WPT by using low fre-
quency standing waves along the surface of the Earth which would power strategically
located antennas. There was no focusing and the radiation would propagate in every
direction [7, 8].

Since then, many efforts and important contributions have been done. For a summary of
the state-of-the-art on WPT refer to [9, 10]. WPT has immense potential for numerous
applications, ranging from distances of a few centimetres (with inductive and capacitive
fields) all the way to kilometres using microwaves [11]. Long distance WPT remains
a field of interest since there is still much to be done in order to improve the overall

efficiency.

A review of the general applications for RF and, specifically, microwave power transfer
can be found in [12]. Microwaves have been used to power drones [6, 13] by using
rectennas (rectifying antennas) as receivers [14, 15]. The use of microwaves and rectennas
form the basis of a Space Solar System for power harvesting where the Sun energy
would be converted to electricity in space via solar panels, and transferred to Earth by

microwaves [16, 17].

In general, emitting antennas can have any form but the use of planar arrays is very
interesting in various situations due to their relatively small size and low manufacturing
costs. Their use in WPT has been contemplated [18] and interesting studies developed,
namely on the maximization of the power transfer efficiency [19] or the possibility of

focusing multiple targets [20].

That brings us to another important aspect in electromagnetic waves which is the fo-
cusing of the radiation. It is common to use reflectors or lenses to create systems that
focus the beam, thus reducing the spillover losses. On one hand parabolic reflectors are

advantageous to avoid spherical aberration and are common in the industry [21, 22].
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Off-set parabolic reflectors are crucial to avoid blockage from the feed [23] at the price
of some undesired beam aberrations [24]. On the other hand, depending on the applica-
tion, lenses can eventually be more advantageous [25, 26] with dielectric lenses receiving
a lot of attention [27, 28], due to their simplicity. Fresnel Zone Plate Lens [29, 30] and
electronically reconfigurable Luneburg lenses [31] are also worth mentioning. Several

studies make use of both reflectors and lenses [32, 33].

An interesting application of the quasi-optical theory applied to WPT that considers
a metasurface aperture to dynamically focus a radiation beam to specific points is dis-
cussed in [34].

The present study applies the quasi-optical theory in the study of a double-reflector
WPT system, using the reciprocity principle to simplify the analysis.

1.3 Structure

The main body of this dissertation is separated into four parts.

Firstly, in the introduction is presented the author’s motivation for studying WPT, as

well as a historical overview along with the state-of-the-art.

This is followed by an overview of the necessary theoretical concepts, starting at the

electromagnetic theory. The principles of the quasi-optics theory are then discussed.

The original work beings with the development of scripts for representing the beam,

followed by a theoretical analysis of a proposed quasi-optical system.

Finally, the necessary components are discussed in order to be able to set-up a prelimi-

nary experiment.

A final note on the navigation of the this document, it includes links to various points

of interests. They are simply hidden for aesthetic purposes.






Chapter 2
Electromagnetism

As David J. Griffiths eloquently elaborated on Introduction to Electrodynamics: ”it is
scarcely and exaggeration to say that we live in an electromagnetic world - for virtually
every force we experience in everyday life, with the exception of gravity, is electromag-

netic in origin”.

This statement hints us of the vast and crucial role of electromagnetism in the universe,
even more so when acknowledging that the electromagnetic force is one of the four known
fundamental forces. There are immense applications and WPT is no exception, but let

us start with the most basic electromagnetic concept.

2.1 Particles and Electric Charges

All matter is composed of atoms which are in turn generally made up of protons and
neutrons (in the nucleus) and electrons (in the electron cloud). Protons and electrons
are some of the most fundamental particles in the universe having respectively +e and
—e of charge, the smallest discovered on free particles. The electric charge of every

object in nature is always a multiple of the elementary charge, e = 1.602 x 1071°C.

But we can go even deeper. According to the Standard Model of particle physics,
fermions are particles that respect the Fermi-Dirac statistics, having half-integer spin
(1/2). The elementary fermions are leptons and quarks, with a huge difference between
them being that the former can exist on their own. Such is the case of the electron.
On the other hand, quarks, charged with either 2/3 or 1/3 e, combine in different ways,
making up various particles. For example, protons are made up of two up quarks (+2/3e)

and one down quark (—1/3e), resulting in +1 e of charge.
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At the time of writing, there is still debate on the origin of electric charge'. Regardless
of this fact, its effects are widely known and form the basis of electromagnetism: in a
very rudimentary summary one can state that stationary charges create constant electric
fields, whereas moving charges (currents) with constant velocity form constant magnetic
fields. Accelerating charges produce varying magnetic fields which result in the emission

of radiation through space. This is the phenomena which most interests us.

However, in order to create electromagnetic radiation, one must make charges move.
Conductors are materials which easily allow the flow of electric charges and generators,
which create Direct or Alternating Currents (DC, AC), are common in every laboratory.
Natural conductors can be found in most metals, whose outer electrons are loosely bound,
with silver being the best conducting one, followed by copper and gold. Copper is the
most used for economic reasons but sometimes gold is required for its higher corrosion

resistance.

We have cleared the basis for electromagnetism and now more complex analysis are in
order. Most uniquely, all of the electromagnetic theory can be summarised in a small

set of equations.

2.2 Maxwell’s Equations

Firstly some notation clarification. Arbitrarily time-varying vector fields, functions of
(z,y,2,t), are symbolised by script letters. For the most part, the electromagnetic laws

will be introduce in a chronological order.

2.2.1 Gauss’s Electric Law

Electric charges are ”the ultimate source of the electromagnetic field” [43], first and

foremost because they create electric fields,

v.E="L (2.1)
€0

p is the charge density and this equation is known as Gauss’s Law (or Gauss’s Fluz
Theorem), presented here for the case of the analysis in a vacuum. When that is not
the case, the effect of the electric field on the medium (or on a dielectric material)
must be taken into account: the medium’s internal dipole moments will align resulting
in an overall dipole moment, commonly denominated Polarisation, P = eoxeé_" . This
overall dipole moment creates an electric field, contributing (constructively or not) to the

original one. Y, is the electric susceptibility, a constant? that indicates how polarisable

'although there are hypothesis linking it to spin []
2for linear and homogeneous medium.
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the medium is. To differentiate between these two electric field sources, D, the FElectric
Displacement (or electric flux density) is introduced and the charges are separated into
free (py) and bound (py), respectively associated with the original electric field and with

the polarisation. The electric displacement is then given by,

— —

D = e + P, D = €€, (2.2)

where € = €y(1 + xe) is the absolute permittivity of the medium. The ratio of the
medium permittivity to that of the vacuum permittivity (the also called electric constant,

€0 = 8.854 x 10712F /m) is the relative permittivity of the medium, ¢, = < = 1 + xe.

€

Gauss’s law can now be rewritten using D as V- D= p¢. In the integral form it becomes

fﬁ-ds*:/pf-dvzg, (2.3)
S \4

where Q is the free electric charge contained in the volume V.

We now know how electric charges create electric fields, but what happens if we move
them?

2.2.2 Ampere’s Law and Maxwell’s Correction

Great improvements on electromagnetism happened in the 19th century, beginning in
1820, when Oersted first connected electricity and magnetism by noting that an elec-
trical current deflects nearby compass needles. Ampere, after acknowledging this fact,
elaborated several experiments in order to study electrical currents, the magnetic field
originating from them and the way two wires with currents affect each other. Ampere’s

Law, states that steady electric currents create steady magnetic fields,

— —

V X B = ,uoj, (24)

where J is the electric current density.

In a similar fashion to the electric field, the Magnetisation (magnetic polarisation) is the
account of the internal magnetic dipole moments, enabling the study of how the material
reacts to an external magnetic field. The reaction can be very different, enabling the
categorization of the materials into ferromagnetic, paramagnetic and diamagnetic. In
some materials, M = Xm?-_[, where X, is the magnetic susceptibility. Similarly we have

H = %, the magnetic field intensity,

where p, o = 4w x 107'N/A? (the magnetic constant) and p, = ﬁ = 1+ xm are
respectively the absolute, vacuum and relative permeability.
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There is still a term which is missing from the equation below. The creation of a magnetic
field is not only due to electric currents, but can also originate from a varying electric

field. Maxwell later proceeds to introduce the extra term, Mojd, where jd = 60% is the

displacement current. The corrected form of the Ampere’s Law is,

- ~ o
V xB=puJ + Hoco 5 (2.6)

or we can write it in integral form, also using (2.5),

L . o [ - o [ -
H-dl:/j-d§’+/D-d§:I+/D-dé’, 2.7
é S 6t S 8t S ( )

where 7 = fs J-§is simply the total electric current flow through a surface S.

2.2.3 Faraday’s Law

Following this discovery several experiments were set-up. Francesco Zantedeschi pre-
ceded Faraday in noting the electrical induction effect due to the motion of a nearby
magnet, but it was Faraday and his experiments that led to the statement that a chang-
ing magnetic field induces an electric field. In a closed circuit, it is evident as the

electromotive force (EMF') which arises with the variation of the magnetic fluz, ®p,

d®p

EMF = ——— 2.
pn (2.8)
In a differential form the equation becomes,
. 0B
=——. 2.
VxE=—7 (2.9)

There is an extra term which can be useful in some cases, but completely fictitious.
By introducing the magnetic current, J,,, as a mathematical convenience, the equation
becomes,

" o8B -
=—— —Im- 2.1
VxE& T T (2.10)

We mention it is a fictitious because magnetic charges do not exist®, therefore their
movement is purely hypothetical. The effect of magnetic currents, however, are real and
that is why we mathematically use it. The origin can be loops of electric currents or

magnetic dipoles [43]. In integral form, and using (2.5),

5155.df=—a/z§.d§—/fm-d§ (2.11)
c ot Js S

The lack of magnetic charges leads to the final Maxwell equation.

3There is still no evidence for its existence
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2.2.4 Gauss’s Magnetic Law

Magnetic monopoles have not been found, hence,
V-B=0, (2.12)

or in the integral form, using (2.5),

§1§l§- ds = 0. (2.13)
S

2.2.5 Continuity Equation and Lorentz Force Law

Before finishing this section it is important to refer two other equations, fundamental

for the understanding of electromagnetism.

The continuity equation can be obtained from the divergence of (2.6) and it states that

charge is conserved or the current continuous,

- Op
. L 2.14
V- -J+ N 0, ( )
Finally, Lorentz Force Law is
F = Q[ + (7 x B)] (2.15)

and it describes the force that a particle with charge @ suffers when travelling in an

electric and magnetic field.

We have concluded the basic electromagnetic laws.

2.2.6 Summary

Now that all of Maxwell’s Equations have been introduced, we can summarise them in

the differential form,

VXE=——"—Tn, (2.16a)
(2.16h)
D =p, (2.16¢)

v
V-H =0, (2.16d)
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or as integrals,

%E-di:—a/g-dg—/ o - d3, (2.17a)
c ot Js s

.o . o [ - o [ -
H-dl:/j-d§+/ -d§‘:I+/D-d§’, 2.17b

555 dg= | p-dv=0, (2.17¢)

S |4

55 B-di=0, (2.17d)
S

where,

TABLE 2.1: Common electromagnetic quantities, their symbols and SI units.

Symbol  Terminology SI units
g Electric Field V/m
H Magnetic Field A/m
D Electric Flux Density C/m?
B Magnetic Flux Density Whb/m?
Tm (Fictitious) Magnetic Current Density ~ V/m?
j Electric Current Density A/ m?2
P Electric Polarisation C/m?
M Magnetisation A/m
p Electric Charge Density C/m?
and,
D = ¢, e =¢€o(l+ Xe)s (2.18)
A= n= ol ). (219)

We have reached a point where we can introduce the phenomena that most interests us,

electromagnetic waves.
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2.3 Electromagnetic Radiation

In the absence of charges, Maxwell’s equations inside a medium are,

V-D=0, foz—a—B,
ot

V-B=0, vXﬁza—D.
ot

Furthermore, if the medium is linear and homogeneous,

v.é—o, vxé=-%
gg (2.20)
V-B=0, VXBIIMEE.

After applying the curl operation to the right sided equations the electric and magnetic

field vectors become decoupled,

—

- %€ - 0*B
Vi = TR V2B = Heg (2.21)
These satisfy the 3D wave equation,
1 0%f

thus enabling us to conclude that v = 1/ /i€ = ¢/n, where n = \/eu/eopo is the indez
of refraction. In the air, n ~ 1, and thus the results are very similar, and in most
applications equivalent, to that of electromagnetic waves propagating in vacuum. In
that case v = 1/,/fip€g = ¢ = 3 x 108 m/s, the speed of light in a vacuum, evidence that

light is electromagnetic in nature.

2.3.1 Electromagnetic Spectrum and Why Microwaves

Just like light, there are a lot of different types of radiation, defined according to their
uses and effects. The electromagnetic waves can then be characterized by the frequency
of the electric/magnetic field variation because this quantity is independent of the propa-
gation medium. On the photon level, the Planck’s equation (2.23) dictates that a photon
with a higher frequency has a higher energy,

E = hv. (2.23)
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The eight classifications are, in increasing order of energy, radio waves, microwaves,
terahertz radiation, infrared radiation, light, ultraviolet radiation, X-rays and gamma
rays.

From all the possibilities, microwaves are used for long distance transmissions because
of their relative high directivity, allowing point-to-point transmission, along with a low
interaction with the air particles. This is evident in Fig. 2.1, where the microwave
transmittance in the air is ~ 100% for the smaller frequencies, including the frequency
of operation, v = 5.8 GHz. This frequency was chosen because it has gained ground on
the WPT Standards and Regulations as being one of the most used frequency for far
field applications, along with 2.45 GHz [42]. Between the two, the former was chosen

because it has a smaller wavelength, useful for longer distances.

Atmospheric Transmission: Mauna Kea, PWV = 0.001 mm

m (T“ I [ I

H In u ('WI M TW i

60 — P

100

Transmission (%)

0 | | | [
0 200 400 600 800 1000

Frequency (GHz)

FIGURE 2.1: Microwave transmittance through the air. Plot obtained from the CSO
Atmospheric Transmission Interactive Plotter?.

Microwaves typically cover the radiation from the electromagnetic spectrum between
the interval of frequencies of [3 - 300] GHz, which corresponds to wavelengths of [100 -
1] (mm). They are usually represented in the spectrum along RF as in Fig. 2.2.

“By Westeros91 (Own work) [CCO], via Wikimedia Commons


http://www.submm.caltech.edu/cso/weather/
http://www.submm.caltech.edu/cso/weather/
https://commons.wikimedia.org/wiki/File%3AAtmospheric_Microwave_Transmittance_at_Mauna_Kea_(simulated).svg
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FIGURE 2.2: Electromagnetic spectrum centred at the microwave band. [43]
The introduction of the theoretical foundation necessary for our study has been finished.

In a sense, the remaining theoretical sections will elaborate on the electromagnetic results

obtained, in order to reduce the level of abstractness to specific applications.






Chapter 3
Quasi-Optics

The electromagnetic waves introduced in the previous chapter were a consequence of
advances in 19th century physics. However, experiments on light have been performed
millennia before their derivation, yet again in the Ancient World, possibly with the
development of the first lenses. The theory of Geometrical Optics was first presented by

Euclid, the Greek mathematician.

These facts hugely validate the theory of optics because its results and conclusions
have been tested and proven throughout the centuries, until this very day. Therefore,
it would be hugely advantageous if its formalism could be applied to other types of
electromagnetic waves. Fortunately, under certain circumstances, that is the case. It is

only necessary to make some adjustments.

Quasi-optics is the field of optics that deals with cases where the wavelength is compara-
ble to the size of the system’s components, making the diffraction® effects not negligible
[2]. Consequently, the electromagnetic front wave approximation is no longer valid being
necessary to resort to Gaussian Beams. Examples of real cases are light in micrometre

scale systems (lasers) and microwaves propagating through the air.

3.1 Gaussian Beam Formalism

In most cases, the study of the electromagnetic fields assume a harmonic time variation?
which can be written in phasor notation, ™!, with w = 27v being the angular frequency.
By doing so, the wave number, k = 2r/\, can be written as k = w(e,u,)'/?/c. This
notation allows us to keep the time dependence on a separate term, which will always

be suppressed.

!The alteration of the radiation distribution with the distance from the source of radiation.
2Harmonic time varying fields are denoted with roman letters.

15
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We can start by stating that the beam propagates in the 2 direction, with zo being the
point at which the power is most concentrated and the diffraction less evident - the
beam wave front can correctly be approximated by a plane wave at the surroundings of
this point. For now, we will define zo = 0. As z increases (i.e. as the beam propagates),

the beam spreads and the wave front3, assumes a curved shape.

Then, the plane wave approximation is no longer valid and the electric field can be is
generally defined as E(z,y, z,t) = u(z,y, 2)e”**, where u is the ”function that defines
the non-plane wave part of the beam” [2]. The major variation assumed is in the direction
of propagation allowing us to continue assuming that the electric and magnetic fields

are perpendicular to each other and to the direction of propagation.

If we introduce this form of the electric field in the Helmholtz Wave Equation,
(V2+E) ¥ =0, (3.1)

where ¥ is any component of E or H, we arrive at the reduced wave equation,

Pu Fu a0
ox?  0y? 022 oz T

3.1.1 Paraxial Approximation

The assumption that the vector rays which characterise a beam’s wave front have a
small divergence angle*, @, throughout the system (6 < 10 °), is called the paraxial
approximation. This allows us to neglect the third term in (3.2), thus arriving at the
parazial equation for rectangular coordinates,
%u  0%u ou
— + =5 — 2tk— =0. 3.3
0x2 0y 0z (3:3)
Cylindrical coordinates may be more advantageous for our analysis due to the symmetry
along the optical axis. In that case the paraxial equation becomes
Pu  10u  10%u ou
st +t-55 —2ik5- =0, (3.4)
or ror  rdyp 0z
In either case, the solutions to the paraxial equation are the gaussian beam modes. The
electric field of a gaussian beam propagating freely in the fundamental mode is axially
symmetric; its value depends only on the distance from the axis of propagation (radius),

r, and the position along the axis, z. In cylindrical coordinates, normalised so that

3The surface of equal phase of the electric field.
4The angle is measured between the ray and the optical azis, the axis of propagation (in this analysis

2).
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JoT|E|? - 27 rdr = 1, the distribution is

2 r? . imr?
E(T, Z) = Q exXp <_w2 — Zkz — ﬁ =+ Z¢0> y (35)
This field distribution is represented in Fig. 3.1. Several important parameters have
been introduced: w is the beam radius, R is the radius of curvature of the wave front,
¢o is the phase shift and A is the wavelength.

0.8
0.7
0.6 0.6
‘E 0.5
Pl 04 0.4
0.3
0.2
0.1
0
3 -2 -1 0 1 2 3
€ Yy
(a) (b)

F1GURE 3.1: Normalized electric field distribution of a gaussian beam in the
fundamental mode (wp = 1 m): (a) front view and (b) transverse view.

These parameters will now be explained.

3.1.2 Beam Parameters

Gaussian Beams are mainly described by three parameters, w, R and ¢g:

e The Beam Radius, w(z), is the distance to the axis at which the field drops
to 1/e of its on-axis value and is generally a function of the position along the
propagation direction (Fig. 3.2). Its minimum value, which is characteristic of the
beam, is called the Beam Waist Radius (wp) and it is located at the Beam Waist
point, zp, which is defined according to a reference point (e.g. the aperture of a

horn antenna). As stated before, it is assumed that zp = 0. It can be shown that
2],

o = wot |1+ <2>2 (3.6)

Zc
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0 0.5 1 1.5 2 2.5 3
z2/2e

FIGURE 3.2: The normalized beam radius is plotted as a function of the propagation
axis, z.

where z. = (mw?) /) is the confocal distance, an important quantity which will be
defined below.

e The Radius of Curvature, R(z), is the radius of curvature of a wave front at z
(Fig. 3.3), if the wave was plane at z = 0,

2

C

R=2z+-=. (3.7)

z

Sl
NS UN e A

z/2e

F1GURE 3.3: The radius of curvature of the wave front along z.

Naturally, at the beam waist z = zg = 0 and R — oo, typical of a plane surface.

e The Beam Phase Shift, ¢g, (sometimes called the Guoy Phase Shift) is the

difference between the on-axis wave front phase and that of a corresponding plane
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wave. It generally changes along z (Fig. 3.4), being

¢o = arctan <Z> . (3.8)

Zc

z2fze

FIGURE 3.4: Phase shift along 2.

e When studying beam transformations it is particularly convenient to define the so

called Gaussian Beam Parameter, q,

1 1 A
5 = E — lﬂ_wz (39)
or (as a function of wy)
q=z+1iz. (3.10)

e The crucial quantity after which all the other parameters are written is the Con-

focal Distance (or Rayleigh Range),

e = —0 (3.11)

This parameter sets the scale at which a gaussian beam remains collimated (i.e.
the beam’s rays remain parallel, with minimum divergence). Therefore, z. pa-
rameterizes the transition between the near-field region, z < z., and the far-field,
Z > Ze.

It is important to differentiate between the definition of the field regions of gaus-
sian beams from that of antennas’. The antenna’s near-field is the region where
non-radiative fields dominate while the far-field is associated with the emission of
radiation. On the other hand, since gaussian beams are a representation of elec-

tromagnetic waves the field regions are always related to the beam of radiation
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and the way it behaves and propagates. The diffraction is the major differentia-
tor between the near and far-field of gaussian beams with z. being the transition

region.

3.1.3 Near and Far Field Regions

The Gaussian Beam mode solutions offer a way of describing the behaviour of the beam
parameters at all distances from the beam waist. However, in analogy to other calcula-
tions it is still natural to divide the beam into Near and Far Field. As stated previously,

this approach can be easily done in terms of the Confocal Distance (3.11).

One can summarise a beam propagating, as a function of the distance from the beam

waist, as follows.
At the Beam Waist

At this point the beam can be correctly approximated by a plane wave (R — oo and
¢o = 0) meaning that the diffraction effects are negligible. The beam radius assumes
its minimum value w = wy, which is the same to say that the electric field and power

density have their maximum on-axis value.
As z increases, w grows hyperbolically (Fig. 3.2).
In the Near Field (z << z.)

Firstly the beam radius increases very slowly, remaining relatively similar to the beam
waist (w < v/2wp). While that is the case, the beam is said to be collimated.

At the confocal distance (z = z.)

This point marks the transition of the near and far field regions, delimiting the end of
the collimation, w = v/2wy. The radius of curvature has its minimum value, R = 2z,
and ¢g = /4.

From this point on, the beam greatly increases, entering the far field region.

In the Far Field (z >> z.)

The beam assumes a linear growth where the divergence angle, g, is 6y = %. Just as

w, the radius of curvature grows linearly, with the form R — z. In 2D the phase shift
has the asymptotic limit ¢g = /2.

An important note is now in order.

In the paraxial limit the wave fronts are considered to propagate near the optical axis.

These have wave vectors (rays) that are almost parallel to the optical axis at any point
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(i.e. the divergence angle is 6y < 10 °). In such an approximation,
sinfy ~ 0y, tanfy~0; and cosby~ 1.

The importance of this result is immense since it means that the beam transformations
can be linearly analysed, allowing the use of matrices®. In quasi-optics the paraxial
approximation is considered valid as long as,

@0

> 0.9. 3.12

3.2 Higher Order Modes

Sometimes, the most common solutions are not enough to describe a certain beam
and the fundamental mode derived above doesn’t provide a good approximation to
the radiation beam. More complex solutions can be achieved by deriving Higher Order
Gaussian Beam Solutions. These have the same behaviour in terms of radius of curvature

and beam radius but differ in phase shift.

3.2.1 Higher Order Modes in Cylindrical Coordinates

Higher order modes in cylindrical coordinates account for radiating systems with high

axial symmetric but which are not perfectly described by the fundamental radiating

pattern:
B 2p! 1 Vvar |” ﬁ
Epm(T7 2 Z) - 7T(p+m)! w(z) [w(z) me (wQ(Z))
. [rzk imr? —i2ptm+1) ()} 19
i e R VI R
-exp (imp) .

The higher order Gaussian Beam mode solutions are normalised so that each represent

unit power flow and are related orthogonally:

[ [ rirde Bn(ri0.2) Egn0,2) = 88 (3.14)

These modes are called the pm Gaussian Beam modes, pm modes, or Gaussian-Laguerre

modes. p refers to radial variations while m is related with axial variations.

5This will be clearer in section 3.3.
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The L, polynomials are solutions to Laguerre’s differential equation,

d*Lym, dLpm,
2+ (m+1—u)=E

L =0 3.15
du? du +plpm =0, (3.15)

u

which can be obtained in direct series representations,

=
= (p+m) ()
Fom() = 2 G 1 (o — o (3.16)

It is quite normal to take m = 0, assuming that there is axial symmetry, to describe
radiating systems (axially symmetric horns, etc). Different beam can be observed in
Fig. 3.5.

F1cUre 3.5: Different gaussian beam cylindrical modes assuming axial symmetry,
m=0:(a)p=1Db)p=2(c)p=>5.

3.2.2 Higher Order Modes in Rectangular Coordinates

The rectangular coordinate system may be useful to describe some systems, specifically

if there is independent variation along two different directions. They are given by

1 V2 \/ 2
Epn(z,y,2) = H,, * H, y
T Wy wy 27~ mlnl Wy wy

(3.17)
2y irz?  dimy?  i(2m+ 1)go, | 1(2n+ 1)¢o,
exp |——5 — —5 — thz — — + + .
wy Wy AR, AR, 2 2
These modes also obey the orthogonality relationship,
oo
// Emn(7,y, 2) By (2,Y, 2)drdy = 0mpng- (3.18)
—00
These solve the Hermite’s differential equation,
d’H dH
(W) o M) 4 o b () = 0, (3.19)

du? du
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m being a positive integer. The polynomials in direct series are obtained from
Hyi1(u) =2 [uHy(u) — nHy,—1(u)], (3.20)

knowing that Ho(u) = 1 and H;(u) = 2u.

The indexes m and n are related to the z and y electric field components as the number
of roots. For example, m = 1 means that the electric field distribution has a null in the

2 component. A couple of rectangular modes are represented in Fig. 3.6.

FIGURE 3.6: Different gaussian beam rectangular modes: (a) m =2, n =0 (b)
m=3,n=3.

3.3 Beam Transformation

While in the previous section was introduced the way Gaussian beams propagate® now
it will be shown how to perform beam transformations. Like in optical systems, lenses

and mirrors are the base components.

The fundamental mode will be the focus of the discussion due to its simplicity and the

fact that most of the radiating patterns can be well approximated by it.

A general quasi-optical system can is represented in Fig. 3.7:

5i.e. how the parameters vary with the distance.
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dfmf

FIGURE 3.7: General quasi-optical system. d;, is the distance from the input beam
waist to the first system’s component whereas d,,; is the distance from the final
component to the output beam waist. The grey box illustrates the general system
which can be composed of various components.

3.3.1 Rays, Matrices and the Complex Beam Parameter

Rays propagating freely in a homogeneous medium can be ascribed at each point to
their distance (r) and slope () to the optical axis. If a ray encounters a quasi-optical
component it is formally transformed and an output ray will emerge. In the paraxial
approximation these transformations are linear, hence the output ray is linearly related
to the input one:

Tout A B Tin
gout ¢ D ezn

The ABCD elements form the so called Ray Transfer Matriz (M), which is characteristic
of the system with its components. It can be calculated by multiplying the matrices of
each component that interacts with a ray in reverse order (e.g. if a ray enters a system

and encounters the component A and then B, the overall matrix is M = Mp x M4).

The radius of curvature of the wave front of a beam is R = r/6 and therefore the
gaussian beam parameter, ¢, can be related to the ray parameters. Defining ¢;, as the
input gaussian beam parameter at the input beam waist we can arrive at the output

gaussian beam parameter (at the output beam waist),

A’Qin+B

m. (3.21)

Jout =
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By using (3.9) we can obtain the beam radius (w) and the radius of curvature (R) of

the output beam as a function of z.

A general system matrix, Mj,s, can be written by taking the matrices representing the
propagation of the incoming and outgoing rays together with the ray transfer matrix,
M. Tt enables us to write the input and output parameters for any system configuration

in simple terms:

1dout A B 1din
0 1 C D 0 1

A+ Cdyy Adiy + B+ doyt(Cdypy + D)

Mgys =

= (3.22)
C Cdiy, + D
A B
- C/ D/

where d;y,, the input distance, is the distance from the input beam waist to the first
element of the system and d,,: is the output distance from the last element of the

system to the output beam waist (see Fig. 3.7).

Since the beam parameter (3.10) at the beam waist (where z = 0) is ¢, = iz, then,
by inserting A’B'C’'D’ elements of the overall matrix, Mgy, in (3.21), the output beam

parameter gu,; becomes,

(A + Cdout)izc + [(A + Cdout)din + (B + Ddout)]

= , 3.23
fout Cize+ Cdyy + D (3.23)

and, given that at the output beam waist, 2,y = 0, gy is imaginary, and

Adiy, + B)(Cdyy, + D) + AC22
dout = *( in + )( m2+ )2+2 Ze (324)
(Cdin, + D) + C=2

and finally the output beam waist radius wy,,, (knowing that det M = 1),

wOout = wO”‘ (3'25)

V(Cdin + D)2+ C?22

This ends the quasi-optical formalism theory. In the next chapters a script developed
to visualize the beam propagation and transformation (chapter 4) will be explained as
well as theoretical results obtained when analysing the proposed double reflector system
(chapter 5).






Chapter 4
Graphical Representation Scripts

In order to better understand the phenomena of gaussian beams, scripts were developed
to help fulfil two major goals: firstly, the visualisation of the gaussian beam wave front,
for different modes of propagation, in both rectangular and cylindrical coordinates; the
other objective was to represent gaussian beam propagation and transformation in a
system (which can be composed by reflectors or lenses), through the beam radius’ value
as a function of the position in the system, w(z). The propagation and transformation

follow [2] (presented in section 3.3).

4.1 Initialisation

At first, it is necessary to define the physics constants and parameter values that will

be used, done by Gaussian Beam.m:

Dot Global Variables

global lambda k; % to be used in other .m files

hh Constants

c = 3e8; % Speed of light in vacuum (m/s)

freq = 5.8e9; yA Frequency is 5.8 GHz

n=1; % Refraction index (n = c/v) of air n = 1.0003
lambda = ¢ / (n * freq); 7% Wavelength (lambda =~ 0.0517 (m)

k = 2*pi / lambda; % Wave Vector (1/m)

LISTING 4.1: Gaussian_Beam.m - The initialisation file.

It is necessary to run this script at the beginning of each session.

27
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4.2 Wave Front

The wave front is a set of beam points which have the same phase. The location of the
wave front is characterised by the distance from the beam waist, z, where the analysis is
made. MATLAB functions! were used to describe and obtain the necessary quasi-optical

quantity values and use them in the calculus of the electric field distribution.

As an example, the beam radius? function is presented in Listing 4.2:

function y = w_(z, wO0)

global lambda;
y = w0 .*x (1 + (lambda .*x z ./ (pi .* (wO .~ 2))) .~ 2) .~ (0.5);

end

LISTING 4.2: w_.m - Beam radius MATLAB function.

This function assumes two input arguments, z and wq (the beam waist value, a constant
parameter characteristic of the beam). For a certain wave front, the beam radius® is

constant.

After defining the other necessary variables, the final electric field distribution function
in cylindrical coordinates is given in Listing 4.3. It allows us to know the electric field
values of a gaussian beam at any point? (r, ¢, 2). The gaussian beam can be propagating

in any pm mode.

function y = pelec(r, z, wO, phi, p, m)

global lambda k;

y = ((2 .x factorial( p ) ./ (pi .* factorial(p + m))) .~ 0.5) .x (1
./ w_(z, w0)) .* ((sqrt(2 .x r) ./ w_(z, wO)) .~ m) .*x Lag(((2 .*x (r
.o2)) o/ (w_(z, wO) .~ 2)), m, p) .* exp(-(r .7 2) ./ (w_(z, wO) .~
2) - 1i .*x k .*x z - (1i .* pi .x (r .~ 2)) ./ (lambda .* R_(z, w0)) -

11 % (2 .x p + m + 1) .*x phiO_(z, w0)) .* exp(li .* m .x phi);

end

LISTING 4.3: pelec.m - Higher order modes in cylindrical coordinates MATLAB

function.

The Laguerre polynomials (3.16) are defined as another MATLAB function (Listing 4.4):

ITo differentiate between variables and functions which have similar names, the latter’s end with
underscore, .
2The symbol used for the beam radius in MALTAB is w for being easier to implement than .
3lambda is the global variable defined in the initialisation file, Gaussian_Beam.m.

4y, @, z are the common cylindrical coordinates
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function y = Lag(u, p, m)
y = 03
for 1 = 0:p
y =y + (factorial(p + m).*((- u)."1))./(factorial(m + 1) .%*
factorial(p - 1).xfactorial(l));
end

end

LisTING 4.4: Lag.m, Laguerre polynomials in direct series representation.

Having obtained the wave front electric field distribution, it is only necessary to plot the
function. Matlab allows the plotting of a surface with the surf command. By defining
the surface basis as x and y with the meshgrid command, it is only necessary to obtain

the z value (the value of electric field distribution at (z,y)).

The implementation was done by the use of another function (partially presented® in
Listing 4.5) which immediately outputs a figure with the wave front plot. The use of a

plotting function avoids having to change the script for different modes of propagation.

function cc(z, w0, p, m) % Cylindrical Coordinates
Nres = 1000; % Number of Points
hoth Grid Definition for a Circular x and y Basis.
theta = linspace (0, 360, Nres) .* pi ./ 180; A Angle is 360
degrees
r = linspace(0, 4.x(w_(z, w0)./w0), Nres);% 0 < r < 4%w0
[th, rho]l = meshgrid(theta, r); % Meshgrid creation
fun = @(r) abs(pelec(r, z, wO, 0, p, m)); % Function handle
hh Top View
figure;
surf (rho .* cos(th), rho .* sin(th), fun(rho), 'linestyle', 'mnone');
view (2) ;
grid on;
end

LISTING 4.5: cc.m - Wave front in cylindrical coordinates plotting function.

The function handle (fun) enables us to choose which variables will vary and the value
of the ones that are constant. In this case, axial symmetry is assumed (¢ = const = 0)

and the electric field distribution becomes a function only of r. The electric field is a

5The MATLAB figure formatting was left out of the listing.
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complex vector field but it is here represented as an electric field amplitude by the use

of the abs command.

Finally, a similar approach was repeated for the rectangular coordinates beam modes. All
the wave front graphical representations in this document have been obtained through

these scripts.

Having finalised the wave front representation section, beam propagation and transfor-

mation will now be presented.

4.3 Beam Propagation and Transformation

In order to visualise the beam propagating through the system, several different steps
must be made which will be presented in different sections. The main difference is
that z is now a system variable. In fact, the beam propagation is considered to be one

dimensional, happening only in the Z axis.

Firstly, the functionality is condensed in a single script (called test_final.m) where it
is possible to call the initialiser script Gaussian Beam.m. We proceed by defining the

beam waist radius, g, which allows us to obtain the confocal distance, z..

4.3.1 Cell Array

This script makes use of several requests for user input to define the system®, the first
of which is for N, the number of elements in the system. It is important to emphasise
that all information regarding the elements composing the system are stored in zelem,

a N x 3 cell array”.

Gaussian_Beam % Call for the initialising script.
w0 = 0.04902;
zc = pi * (wO ~ 2) / lambda;

Nres = 1000; % Related to the graphic's resolution

hh System Definition

zelem = {}; % Cell array initialisation.

N = input('\n\nNumber of elements (integer) = '); % # of elements
i=1;

while i < N + 1

5The input requests are only made for the parameters which are more likely to be changed.
"Cell arrays can contain any type of data, hence their usefulness.
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fprintf ('\n\n Element number %i\n', i);
element = input('Element Type ("mirror" or "lens")\n ', 's');
if strcmp(element, 'mirror')
f = input('\nFocal length of the element (f) = ');
zelem{i, 1} = [1 0; -1/f 1];
zelem{i, 2} = input('\nElement Position (in m) = ');
zelem{i, 3} = -1;
i=1i+ 1;
elseif strcmp(element, 'lens')
f = input('\nFocal length of the element (f) = ');
zelem{i, 1} = [1 0; -1/f 1];
zelem{i, 2} = input('Element Position (in m) = ');
zelem{i, 3} = 1;
i=1i+ 1;
else

fprintf ('Invalid element type!\nPlease repeat.');
end

end

LISTING 4.6: test_final.m - Part 1. System Definition.
The cell array zelem can be explained as follows:

e Each row contains information about one element;

e There are three columns for each row: the first is the ray transfer matrix M,
characteristic of each element®; the second is the position along the 2 axis where
the element is placed (in meters); finally the third cell has either the integer —1

or +1, respectively for when the element is reflective or not?.

4.3.2 Arrays for Storing Quantity Values

The beam propagation starts at a position zg dictated by the user. Its value will be
saved in an array, z_array, that serves as the independent variable when plotting the
beam propagation. The other variable is the beam radius which starts with the beam

waist value and will also be kept in an array, w_array.

The final user requested information is the initial s'°, the direction of propagation of
the beam, with +1 and —1 being respectively the positive and negative direction of the

Z axis (right and left in the plot figure).

z0 input ('\nBeam starting position\n DN

1]
]

input ('\nDirection of propagation (-1 for negative diretion, 1 for

positive)\n ")

8As described in section 3.3.
9The reason for it will be explained further down in this section.
10The choice is only between +1 or —1.
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z_array = [z0]; 7 Saving values and initialising the arrays

w_array = [w_(z, w0)];

z0_last = z0; % Position of the beam waist after the transformation
wO_last = wO; % Beam waist value after the last transformation

LISTING 4.7: test_final.m - Part 2. Array initialisation.

A final note goes to the wO_last and z0_last. These variables are necessary to obtain
the correct quantity values after each transformation'’. These are used to keep track of

the most recent quantity values.

4.3.3 Main Loop

The main code is a while loop, where each iteration coincides with a variation in the
wave front position of s/N. The reason why s is defined with a +1 is now evident: it

makes it easy to have the beam propagate in the positive or negative direction.

It it is now important to differentiate with the beam wave front position (the one that is
being saved in z_array) and the z used to calculate quasi-optical quantities. As stated in
the end of the previous section, new beam transformations are the same as terminating
the beam interacting with the component and having another beam, with a new wg at

a certain zg, start at exactly the component’s position.

Since the d,,; is defined as the distance between the component and the output beam
waist, it equals to say that, at the component’s position, the beam has z = —dyy¢. It
will proceed to propagate and converge until z = 0 at the beam waist location (2o in the

system reference frame). In the script it is presented as follows:

while size(z_array, 2) < 120 * N + 1

z =2z +1/ N; % Increase of z in every step.

YA Saving the new values in the arrays

w_array (end + 1) w_(z, wO_last);

z_array(end + 1) = z_array(end) + s / N;

Li1STING 4.8: test_final.m - Part 3. Beam propagation.

After having propagated the extra step, s/N, the beam may interact with a system

component. If so, the beam transformation formalism of section 3.3 is used to calculate

11 After each transformation, the beam can be mathematical treated as a new beam with a certain
beam waist located in a certain position.
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the output beam waist and its location. Afterwards, the necessary updates to the

variables are made and the beam continues to propagate.

As can be seen in line 23 of Listing 4.9, the third cell of zelem is used to control the

beam direction of propagation through a multiplication between it and s.

%o Check if the beam coincides with a system element
for i = 1:N
if abs(z_array(end) - zelem{i, 2}) < (1 / N)

%% Transformation Matrix

A = zelem{i, 1}(1, 1);

B = zelem{i, 1}(1, 2);

C = zelem{i, 1}(2, 1);

D = zelem{i, 1}(2, 2);

din = s * (zelem{i, 2} - z0_); A din < 0 = virtual
image, din > 0 = real image

zc = pi * (wO_last -~ 2) / lambda;

dout = -((A * abs(din) + B) * (C * abs(din) + D) + A *x C * (
zc ~ 2)) / ((C * abs(din) + D) =~ 2 + (C ~ 2) * (zc ~ 2));
z = - dout;

wOout = wO_last / ((((C * abs(din) + D) ~ 2) + (C ~ 2) * (zc
~2)) T 0.5);
wO_last = wOout;

s = s *x zelem{i, 3}; % Transformation of the

direction of propagation

z0_ = zelem{i, 2} + s * dout; % sfinal (s - direction
of propagation) after transformation
end
end

end

plot(z_array, w);

LISTING 4.9: test_final.m - Part 4. Beam transformation.

With the plot function this chapter is finalised, having been possible to fulfil both

proposed goals.






Chapter 5

Double Reflector Quasi-optical
System Analysis and Results

After having the tools to analyse any general quasi-optical system, it is necessary to
choose a system for further study. The proposed quasi-optical system is a double reflector
configuration (represented in Fig. 5.1), somewhat inspired by the acoustic mirror. The
idea is that:

1. A feed antenna radiates on the first reflector;

2. The mirror transforms the radiation in order for it to better propagate through

space, directing the beam at the second mirror;

3. This last one will in turn transform the beam so that it can be better received in

the final antenna.

35
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d emitter d receptor

>

FI1GURE 5.1: Double-Reflector configuration. depitter is the distance from the input
beam waist radiated by the emitter antenna to the first reflector, after which one can
find a beam waist clearly located at z = L/2. dycceptor is the distance from the final
reflector to the output beam waist, at the reception antenna.

Although represented on-axis, an offset reflector should be mandatory since most en-
ergy flows in the centre of the axis. This set-up was chosen for being the most simple
(reflectors are the only type of components used besides the mandatory feed antennas)
which serves the purpose of theory validation and preparation for more advanced systems
(e.g. adding lenses will enable increasingly complex and improved solutions). Parabolic

reflectors were chosen in order to avoid spherical aberration.

The separation between reflectors (L) is the quantity that specially characterizes the
system. Our final goal is to understand how to achieve the maximum power transmission

efficiency, for the maximum L possible.

It is extremely necessary to make a note here. Every quasi-optical system analysis is
made by considering an incident beam, with a certain beam waist radius wy,, located
at a distance d;;, from the first component of the system, that suffers transformations
by the system. The result is an output beam with a certain wy,,, that will be located
at a distance d,y¢ from the last component of the system. A representation of a general

quasi-optical system is represented in Fig. 3.7.

For our double-reflector system, the quasi-optical system is composed by three compo-
nents: the first reflector, the distance between reflectors and the final reflector, where
dl, = demitters dbyy = dreceptor (the inverted comas are used for quantities referring to

the total double-reflector system).
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However, we can begin our analysis by simplifying the double mirror set-up by making
both mirrors and antennas equal: in optics and quasi-optics, rays respect the reciprocity
principle, therefore the same laws apply to incoming or outgoing beams - the transfor-
mations are simply reversed. One can then analyse the mirrors’ effect by studying only

one of them.

By doing so, the quasi-optical system represents only one reflector and although d;, =
demitter Temains exactly the same, the output beam waist will now be the beam after
the first reflector. By observing Fig. 5.1, it is clear that dy,: = L/2.

In that case, the ray transfer matrix is exactly that of a single mirror with a certain

focal length (f),
1 0 51

To clarify, the feed antenna originates a beam whose beam waist is at certain distance d;,
from the reflector. This beam will diverge until it is transformed by the reflector. The
output beam will converge until it reaches L/2 where the output beam waist is located by
definition (i.e. doyt = L/2). That finalises the quasi-optical system analysis, but not the
beam propagation, which proceeds until the receptor. Because of reciprocity, the beam
is expected to diverge until it reaches L, the position where the second mirror is, with the
same characteristics (parameters’ values) it had in the first mirror. Then the beam will
be transformed by the mirror and focused at the receiving antenna, which, reciprocally,

is at a distance of d;,, from the last reflector. In this case demitter = dreceptor = din-

In the end, the incoming beam at the receiving antenna should have the same charac-

teristics of the outgoing beam at the transmitting antenna,
wofinal = woinitial °

At this point the wave front is approximately a plane wave, which might be advantageous

for conversion efficiency (at the receptor).

By substituting the parameters of (5.1): A =1, B=0, C = —1/f and D = 1 into

(3.23) and (3.24), and solving as a function of the mirror’s focal length (f) we arrive at
af’+bf+c=0, (5.2)

with a = % + dip, b= — (Ldm + d?n + 262) and ¢ = % (dfn + zf) This is a quadratic
polynomial equation, which has two solutions. In order for the focal length to be a real
quantity

b’ — dac >0 (5.3)
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Therefore,

2 2 ? L L 2
— (Ldip +di, +22) | —4 §+dm §(dm+zc) 20,

which can be solved for L, yielding the condition,

d2
L <z.+ . (5.4)

Zc
5.1 Maximum Distance Between Mirrors

We have arrived at an interval of possible values for L, ranging from zero up to Lyaq (din, 2c) =
Ze + d?n /Ze.

For the sake of simplicity, L will always refer to its maximum value.

In order to maximize the distance between mirrors it is necessary to optimize on z. and

d;n. Hence,
L d?
Zec c
oL 2d;n,
Od;n Zc

The only critical point is therefore z. = d;;, = 0 which is obviously of no interest since
we look forward to quantities that have positive non-zero values. Hence, it should be

assumed that d;,, is a controllable parameter and optimize for z..

2d? )

In so doing we find that L is minimum at z. = d;y, given that CCZ—LQ == =3 > 0.
c c Cerit
The function L(z.) is represented in Fig. 5.2 for different values of d,.
30
- -di, = 0.5
—dy = 1.0
dip, = 1.5
20005800 diy = 2.0
Lm(u‘(m) =y, = 2.5
din = 3.0
10

FIGURE 5.2: Distance between mirrors, L, for different values of d;,.
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It is convenient to consider separately the regions below and above the minimum of L,
Lpin = 2d;,. For each of the regions an assumption can be made, which allows for a

simplification of L. These regions correspond respectively to,

Ze L dip = L= d2, )2 (5.5a)
and
Ze > dip = L =~ 2, (5.5b)

which means that in the two regions the beam is propagating in the far and near-field,
respectively. To avoid any possible ambiguity with near and far-field antennas, we shall
call the above regions simply region I and 2 or instead small and big beam regions
because, as can be seen in Fig. 5.4, for a certain frequency of operation, the size of the

beam waist radius is much smaller in region 1 than it is in 2.

Two conclusions are immediately obvious. For a smaller d;;,,, L reaches the two approx-
imations more rapidly. On the other hand, however, for a fixed z., a smaller d;,, enables

a smaller distance L.

The equation L = z. + dfn /zc can also be written as

22— Lz.+d3, =0 (5.6)
and hence,
L+ /L% — 4d?
2o = 5 - (5.7)

(meaning that L 2 2d;, as above). These solutions correspond to the above regions 1

and 2, respectively.

The input distance of d;;, = 1m has been chosen for convenience while remaining a
reasonable distance to implement the feed circuit. All the remaining analysis will be

based on this value. The function will therefore assume the curve in Fig. 5.3:

5.2 Focal Length

We can also obtain the focal length of the reflectors from (5.2). Since f has a double

solution when L = 2z, + d? /z., then,

Ldin + d2, + 22
d: L) = n c
f(za ins ) L+ 2d;,

(5.8)
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307
--flz) ==z
@ @ e f(z) =1/z
20 — dm =1m
L(m)
10
0 1 2 4 6 8 10

z.(m)
F1cURE 5.3: Distance between mirrors for d;;, = 1 m, where the approximations for

each region are visible. In the regions well below and well above the minimum, for
2. < 0.1m and z. 2 5m, L can be approximated by dfn /zc and z., respectively.

5.3 Beam in the Far-Field (Region 1, where L ~ d2, /2.)

The assumption (5.5a) means that the beam propagates in the far-field region (region

1). The beam waist radius is, from (3.11),

[ \d?
wWog = ’n'in’ (5.9)

where ’s’ stands for ”small waist”. In such a case,

wos _ din

VA VL

which means that the ratio between the beam waist and the square root of the wavelength

= const, (5.10)

is a constant of the system. Therefore, if v is the frequency and n is the refraction index

of the propagation medium (n ~ 1 for air), then

2
cd;,

v= —"1"_
ﬂan(Q)
S

(5.11)
This means that the choice of the components’ size will be balanced with the frequency
of operation.

In region 1, the focal length is

fo = L3di, + L2d2, + d3
ST T3 2124,

(5.12)
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5.4 Beam in the Near-Field (Region 2, where L = z,)

It is apparent from Fig. 5.3 that the near-field is a good approximation for z. 2 5m.

~

In this case the beam waist radius from (3.11) is

[AL
Wop = 7, (513)

where the subscript ‘B’ means ”big waist”. This also means that,

Wopg L Lc
= \/ — = const, V=—>5".
VA V 7 ™mwy

Moreover, the focal length is,

= 5.14
T L+ 2din, (5:14)
5.5 Paraxial Limit
The paraxial approximation sets a limit for both of these regions. From (3.12),
Zc
— > 0.9, (5.15)
@

and hence, considering the conditions in (5.5), the paraxial limits for the regions 1 and

2 are, respectively,

wog L 1
< —, 5.16
2 097 (5.162)
and
o, 1
. 5.16b
L < 0.97 ( )

These limits should be respected when designing the system in the paraxial approxima-

tion.

5.6 Beam Radius at the Reflector

The beam radius at the position of the reflector, wg, having travelled d;;,, is

Zc

din \ 2
wr = w1+ <m> : (5.17)
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This means that for the regions considered, we arrive at the same value,

A (L2 + d?
WRg =— WRp = T‘_(I/m). (518)

5.7 Relation Between Focal Lengths

The quotient between (5.12) and (5.14) gives

fs  Ldp + L*d2 + d},

= 5.19
fB L*+ L3d;, + L2d2, (5.19)

which is < 1 for d;;, < L, which will always be the case. We then have
fs < [B. (5.20)

5.8 Comparison Between Beams in the Near and Far-Field

In order to best understand the differences between both beam types Fig. 5.4 shows the

two different possible scenarios.

FIGURE 5.4: Comparison between beams in the near and far-field: (a) beam in the
far-field (small) (b) beam in the near-field (Big)

It is worth pointing out that the focal length representation is according to the result

in the previous section.
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5.9 Parabolic Reflector

The dimensions of a parabolic reflector are related as
4fD = Ry, (5.21)

where Rp is the Reflector’s Radius, D its Depth and f is the focal length.

The size of R must necessarily take wpg into account, for obvious reasons. By defining
the reflector’s coefficient (cr) as
Rp (L2 + d?n)

Ry — - IR _ T %in) 5.22
R = CRWR 5 CR 7 (5.22)

and by substituting (5.18) one arrives at

2_2 2 2 2
cHhw D c L*+ d:
D=1k - - R(Z __inj 5.23

4f A Anf L ( )

The coefficient cp should be as large as possible, though a value of /2 is enough from
a practical point of view (Fig. 3.1).

It is worth noting that due to (5.20), Dg > Dp. A beam in the far-field demands a
larger reflector depth.

5.10 Elliptic Reflector

What if we want to use elliptic mirrors? While at first they may not seem very useful

for our study that is not the case.

Ellipses are defined by two foci, F; and F5, and if the beam originates at the first focus,
the reflecting surface (centred at a point P) will direct the output beam waist to the
second focus of the ellipse, as can be seen in Fig. 5.5, disabling the possibility of a

reciprocal system.
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FIGURE 5.5: General ellipse representation with its main parameters. P is any point
in the surface distanced away from the foci, F} and Fs, by Ry = F1 P and Ry = F,P.

The focal length of the elliptic reflecting surface centred in P is given by

fe - RlRQ

= — 5.24
Ri+ Ry ( )

where R = F1 P and Ry = FyP.

To obtain the optimal performance of an elliptical focusing surface [2], we need to set
the system in a way that the input beam has a value of radius of curvature such that

R;, = Ry and, similarly, the radius of curvature of the output beam R,,; = Rs.

Although the use of elliptical reflectors made from surfaces of the same ellipse is not
advantageous, we can use the surface from two equal ellipses which share one focal point

(Fig. 5.6), thus arriving at a situation where the reciprocal principle is again obtainable.
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FIGURE 5.6: Double ellipse system. The second ellipse parameters are denoted by an
inverted comma. The ellipses share one focus point, F, = F}, and, to respect
reciprocity, Ry = R} and Ry = Rj.

Gaussian beams in that system are represented in Fig. 5.7. It is worth noting that, to
satisfy the optimal condition for elliptical reflector, the requirement is not for the input
beam waist to be located in the focus point, Fi, but for the input beam to have a value

of radius of curvature at the reflector of R;, = Ry.

PD

FIGURE 5.7: Schematic representation of a double ellipsoidal reflector quasi-optical
system. The distance between mirrors is simply L = PP’. To obtain the optimal
condition the input and output beam waist must be located at a point which makes
Rin = Rl = F1P and Rout = R/l = F{P'
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5.11 Ellipsoidal Focal Length Validity

We will verify if the focal length of an ellipsoidal surface is equivalent to that of a general

quasi-optical component.

As stated before, the focal length of an ellipsoidal reflector in the optimal quasi-optical
condition is given by fe = (RinRout)/(Rin + Rout). From (3.7), we have that

2. A 2 2 A 2
i VL S . WY

+ dm dout

(5.25)

Now, since the ray transfer matrix of a reflector is generally given by A =1, B=0, C =
—1/f and D = 1, by replacing its values in (3.24) and (3.25), we get

a+dy
m
Do = —L——— (5.26)
and
o,
woout = \/0517 (527)
where x = (f? — 2fdin, + d2, + 22)/ f? .
The elliptical focal length becomes
2 2
(Clin + d’zijn) (dout + d;:ut> B B 1 (5 28)
2 2 — ... — - . .
din + 7= + dout + 7= ~ dout —+ din .
ZCout + dout Zcm + dzn
At this point we can use (5.26) and (5.27) to arrive at the final form,
fo= 1 (5.29)

We have proven that the focal length is indeed valid.

5.12 Theory Restraints

For the value of the distance between reflectors, L, we have two different equations’.

One arises immediately from the quasi-optical formalism as L1 = 2dyy:, where dyy is
given by (3.24). The other (Ls) is calculated from (5.8). The starting point is that these
should be the same:
24+ d? — fd; 24+ d? —2fd;
L1:2f2zc+zn ,];zn2:Zc+ in fzn:LQ' (530)
f — 2fdm + Ze + dm f — dm

!The subscripts 1 and 2 will be used to differentiate them.
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After working on the terms as a function of f, we arrive at

fz(d?n - Z?) - Qfd”l(zg + d'LG) + (Zg + dzzn)Q =0, (531)
which has the solution,
22+ d?
= =1, 5.32

By replacing (5.32) in L; and Lo we arrive at exactly the same solution, Ly = Ly =
2
F (zc + d;”) Since L > 0, the solution of interest is,

c

zf + d?n

f: Zc‘i'din'

(5.33)

5.13 d;, that Maximizes L,

In the case that f # (22 + dfn)(zC + din), we must use L1 = 2dy,; = L as the distance

between reflectors: ) )
z;+d;, — fdin

L=2f (5.34)

The distance d;;,, which maximizes L is obtained by optimising (5.34) as a function of
din7
OL _ =2f*(f* = 2fdin — 22 + d3,)
Odin, (f2 = 2fdin + 22 + d3,)*

2 . .
= :Ff—g, L is maximum when,
ZC

=0 = dm:fﬂ:zc.

9%L
adin2

Knowing that

din = f + 2. (5.35)

5.14 Summary

Quasi-optical systems made up of two equal components, positioned in such a way that
the reciprocity principle is respected, can be explained by two simple equations, (5.4)
and (5.33), reproduced here:

2 2 2
_ e + dzn _ dzn
f= oo i and L—zc+—zc .

The suggested system building procedure is as follows.

In most applications, L is normally the first variable to be defined. When that is the case,
f and wg must be adjusted to best fit the parameter requirements. As will be seen in

the following chapters, wy depends heavily on the feed antenna characteristics, normally
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being the second parameter to be settled. Then, it is only a matter of calculating f and

din, (from (5.4), dip, = \/2c(L — z.)) to obtain all of the parameter values.

For this study we used two parabolic reflectors and two antennas. The latter will be

explained in the following chapter.
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Antennas

As is explained in [39], antennas are defined as ”"a means for radiating or receiving
radio waves” by the IEEFE Standard Definitions of Terms for Antennas. In the following

section, a general introduction to antennas is presented based on [39].

6.1 Fundamental Parameters

There are many types of antennas assuming very different shapes so in order to compare
their performance engineers have several common parameters that describe the antenna

radiating characteristics.

6.1.1 Radiation Pattern

One of the most important parameters is the radiation pattern. It allows for an im-
mediate visualization of the radiating characteristics of an antenna, as ”a mathematical
function or a graphical representation of the radiation properties of the antenna as a
function of space coordinates” [39]. When analysed in the far field, it is a function of

directional coordinates.

The radiation pattern can be studied in terms of electric or magnetic field (amplitude
field pattern) or of the power density (amplitude power pattern), both of which can be
normalised to their maximum value. In that case, we arrive at the normalized field and

power patterns.

Quite usually, the radiation patterns are best represented in a logarithmic scale, in units

of decibels (dB), because the finer details can be better observed that way.

The radiation pattern is separated into regions delimited by values of relatively weak

radiation intensity. The region containing the direction of maximum radiation is called

49
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the major lobe. The rest are all called minor lobes, which represent radiation in undesired
directions. If a radiation lobe has the opposite direction of the major lobe (~ 180°) it is

called a back lobe, otherwise they are simply referred to as side lobes.

antennas are defined differently according to their radiation pattern directional charac-

teristics:

Isotropic  Ideal lossless antennas which equally radiate in all directions. They are

impossible to achieve but used as a reference for real antennas;

Direc- Antennas which are more effective in certain directions than in others.
tional Generally used for antennas whose maximum directivity' is significantly

greater than that of a half-wave dipole.

Omnidi- Special type of directional antennas that are non directional (equally ra-

rectional  diating) in a certain plane, but not in the remaining orthogonal planes.

6.1.2 Radiation Power Density

Electromagnetic radiation contains energy in the fields that compose it (€ and H. In
order to arrive at the power in an electromagnetic wave, it is useful to introduce the power

density (energy per unit time per unit area) vector, named Poynting Vector (W /m?):

—

S=ExH (6.1)

These are for time-dependant fields. The calculus will then allow us to know the instan-

taneous power density.

The total instantaneous power will then be
73:#§-ﬁda (6.2)
S

Once again it is possible to define the fields for a time variation of the form exp(iwt).

In that case
E(x,y,2,t) = Re[E(z,y, 2)e™"], (6.3)

H(z,y, 2,t) = Re[H (z,y, z)e™". (6.4)

Knowing that the average value of these quantities is obtained by integrating them over

one period and dividing by it, we arrive at

— —

1 — -
Saverage(mayaz) = [ (l'ayaz7t)]average = ERG[E X H*] (6~5)

!The directivity parameter is explained below.
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It is common to name radiation density (Syqq) to the power density when analysed in
the far-field. The 1/2 factor is to be omitted for RMS values.

The Average Power Radiated by an antenna is then

1 — —
Praa = # RelF x H*| - d7 (6.6)
S

6.1.3 Radiation Intensity

It is possible to analyse the power radiated from an antenna in a certain direction, per

unit solid angle. Then we refer to the Radiation Intensity In the far
U = TQSrad (67)

We can then relate the radiation intensity with the far-field electric of the antenna as

2 . 2 . 5
U0, $) = ;”77|E<r,9, S =~ % (1B (0,02 + |E; (0, )] (6.8)

One can then arrive at the total power radiated by integrating over the entire solid angle

(47)
2w pm
Prod = #U dQ = / / Usin® do do (6.9)
0 JO

Q

6.1.4 Beamwidth

The major lobe contains the radiation pattern maximum, oriented in a certain direction.
The beamwidth is defined in terms of angular separation between two points of a plane
containing that direction, with the same amplitude, on opposite sides of the pattern
maximum. A multitude of beamwidths can be defined but generally it is assumed that
beamwidth refers to the Half-Power Beamwidth (HPBW). Another useful beamwidth is
the First-Null Beamwidth (FNBW).

There are two main advantages to the definition of the beamwidth. On one hand as a
figure of merit since it is inversely related to the side lobes (as one increases, the other
decreases). On the other hand as an antenna resolution ”analyser” because an antenna
is capable of distinguishing between sources if they are at least separated by angular
distances of FNBW /2 ~ HPBW.
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6.1.5 Directivity

The directivity of an antenna is ”the ratio of the radiation intensity in a given direction
from the antenna to the radiation intensity averaged over all directions” (which is the
total power radiated by the antenna divided by 4m). It is therefore dependent on the

radiation pattern.
AU

D
Prad

(6.10)

If the direction is not specified, the direction of maximum intensity is used and we talk

about the mazimum directivity (Dpaz)-

6.1.6 Antenna Efficiency

The total antenna efficiency (€p) relates the power introduced in the input terminals
with the power of the output terminal (the radiated wave), accounting for the different

losses:

e, — reflections (due to mismatch) between the transmission line and the antenna;
€. — conduction;

€q — dielectric.

In general:

€0 = €€.€4 (6.11)

where ¢, = (1 —|T|?), T = (Zin — Zo)/(Zin + Zp) is the voltage reflection coefficient
at the input terminals of the antenna, Z;, is the antenna input impedance and Z; the
characteristic impedance of the transmission line. A common engineering concept based
on I' is the voltage standing wave ratio, VSWR = (1 + |['|)/(1 — |T']).

It is usually difficult to compute €. and ¢4 although they are measurable. However, even
by measurements, they are not separable, hence the definition of the antenna radiation

efficiency (€.q = €c€4), where the overall antenna efficiency can be written as:

co = eca(l — |TI%) (6.12)

6.1.7 Gain

The gain of an antenna is somewhat similar to the directivity while also taking into
account the antenna efficiency. "It is a ratio of the intensity in a certain direction, to
the radiation intensity that would be obtained if the power accepted” were radiated

isotropically.

_ A4nU

G
Pin

(6.13)
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Again, the direction of maximum radiation is taken by default.

We can relate the gain with the directivity as

G = €.4D (6.14)

6.2 Gaussian Coupling Efficiency

The Gaussian Coupling Efficiency or gaussicity (ng) translates the amount of power
from an antenna which is coupled to the fundamental gaussian beam (with a certain
wo and zg) [40]. When designing an antenna as a function of wy, it is important to

maximize ng.

In [2] some antenna types have their ng discriminated as well as the correspondent wy
and zg. However, for different types of antenna one can still arrive at the Gaussian
Coupling Efficiency by an algorithm explained in [40], by using the antenna’s far field

data. This is especially relevant when considering the sub-efficiencies which amount to

nG-

The gaussian coupling efficiency can also be calculated from the near field [2, 40],

[ B4 Ee dsdy

o U/|EAy2dxd4 [//|EG12dxdy]

6.3 Smooth Surface Conical Horn Antenna

(6.15)

After studying [2], the smooth surfaced conical horn antenna strikes as balancing a
relative ease of manufacturing with a high gaussicity and that is the reason why they

were the chosen antenna type. A schematic of the antenna is shown in Fig. 6.1.
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W& depth

Chy

|

cablegist K

FIGURE 6.1: Conical horn antenna schematic where a is the aperture radius, a,, is
the waveguide radius, Ly is the length between the aperture and the centre of
curvature and Ry, is the horn slant length.

In Tab. 6.1 the main horn antenna parameters are explained.

TABLE 6.1: Conical horn antennas parameters.

Symbol Terminology
a Aperture Radius
Ay Waveguide Radius
Ry Slant Length
Ly, Horn Length?

lw Horn Length in Waveguide
cablegis; Distance to the Connector?

20 Beam Waist Location

Y Beam Offset

6.3.1 Conical Horn Gaussicity

The optimum gaussian coupling efficiency for the smooth surfaced conical horn type is

ng = 0.91, where the beam radius at the aperture has the form

w = cqa. (6.16)
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cg was called the gaussian coefficient, useful for connecting the gaussian beam radius

with the aperture radius. For smooth surfaced conical horn antennas ¢, = 0.76. The

beam waist and its location are respectively given, for any conical horn, by

w
o2 2’
1 mw-
\/+<AR>
R

(6.17)

wo =

zp = (6.18)

An important note regarding the beam waist location must now be made. From (6.18)
we obtain the distance to the beam waist from the wave front, not from the antenna

aperture. For that we need to subtract y:
20 =2)— Y- (6.19)

y is the difference between the slant length and the horn length y = R, — L. By

replacing it in the equation above we arrive at

AR\ 2
Ly + (Ww’;) (Ln — Ry)
20 = (6.20)

AR, \ 2
1+ (’;)
TTo

6.3.2 Design Procedure

All the antenna parameters influence the radiation output. A very clear design procedure

can be found in [41].

The directivity of conical horn antennas can be related with its directivity,

D(dB) = 101log [gap‘;r(m%} =10log <§>2 — Lyig(s) (6.21)

where €4, is the aperture efficiency, the ratio of maximum effective area*, A, = Pr/W;,

to the physical area. C'is the aperture circumference C' = 2am and Ly;, is the loss figure,
Lyig(s) = —10logegy =~ (0.8 — 1.87s + 26.255% — 17.795%)(dB). (6.22)

s is the maximum phase deviation (in number of wavelengths), s = Knowing

a
2Ry "
that the aperture diameter (2a) for optimal gain is 2a = /3Ry, then s = % leading to
Lyig(3) = 2.9dB.

4Ratio of the available power at the terminals of a receiving antenna to the power flux density of a
plane wave incident on the antenna from that direction” [39]
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The recommended steps are as follows:

DC + Lfig(s)
1. Calculate C' = A\ 10 10 (from (6.21));

2. This allows us to obtain the aperture radius, a = 5=,

3. and from it determine the slant length, Ry = %;

4. Finally, through the Pythagoras Theorem, we get the horn length, Lj, = 4 /R% —a?.

There is a condition arising from point 4, the Pythagoras Theorem: since L must have

a positive value, R,QL >a’ e 5> %.

We can then obtain [,, = % from triangle similarity.
6.3.2.1 Gaussian Beam Parameters as a Function of Directivity
From (6.17) and (6.18)° and the equations presented in the previous section we can

relate the directivity of an antenna with the gaussian beam it produces, by substituting
2
w for (6.16), R, = %% and a = o

Dc + Lfig(s)
10
A |10
wo = 6297 B (6.23)
1+ EW Cq
DC + Lflg(S)
10 10
Zh =\ i . (6.24)
37T2 + 374
16%

6.3.2.2 Gaussian Beam Parameters as a Function of Antenna Parameters

Alternatively we can have wy and z(, as a function of the remaining antenna parameters:

CqQ

7r203a4 '
1+ 2
R
2 = 7h1 (6.26)
1+ 35—
9 2.4
167 g
5All the beam waist location presented in the following sections will be 2§, related with zo by (6.19).

(6.25)

wo =
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6.3.2.3 Circular Antenna Parameters as a Function of the Gaussian Beam

Sometimes it can be useful to know how to produce a certain gaussian beam from
a conical horn. The analysis is then reversed and from wy we obtain the remaining

parameters.

For a certain beam, the directivity is

D¢ = 10log < > <1 + 72t ) | =291, (6.27)
[ [ 16 Y

and the antenna must have

4w 9
= —/1+ —n2ct 6.28
¢ Cq * 16" @ (6:28)
4@% 9 2 4
= 14+ — 2
Ry 3)\03 < + 6" %) (6.29)
and finally
wo |19 w? 9 2 9
L,=— (14 —m2ct) — 1+ 72t ). .
" o < 16" Cg) ( 16T Cg) (6:30)

6.4 Proposed Antenna

In order to best achieve a gaussian beam with a horn antenna while respecting the
paraxial limit (3.12) at the operating frequency of 5.8 GHz, an Excel workbook was
created. It allowed for the settling of a conical horn antenna with the parameters
declared in Tab. 6.2.

TABLE 6.2: Designed conical horn antenna parameters.

Symbol Value (cm)

a 10.893
Ry, 30.587
L 28.582
Lo 5.224

The remaining parameters will be explained further down.

The antenna’s directivity is D = 19.52dB and its output radiation is expected to ap-

proximate a gaussian beam with wgy = 4.902cm and 2y = 8.719 cm.
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6.4.1 Waveguide

In order to feed the antenna a waveguide which allows the propagation of the TEq; is
necessary for the best gaussian coupling efficiency. The waveguide is also circular. In

that case the cut-off frequency is,

184lc
2T aw /e

The chosen waveguide has a radius of a,, = 2cm, designed for a cut-off frequency of
4.395 GHz.

(6.31)

Ve

6.4.2 SMA Connector

To excite the waveguide and consequently the antenna, a SMA connector was used to
plug in a cable to the signal generator. The most appropriate was Farnell’s 1052522-1
SMA connector (Fig. 6.2). The gold finish was chosen for it allows a better soldering

grip.

4 Hole Flange Mount Jack ) 27.43 2025
Receptacle

250-36 UNS-2A

[1.080 + 0]
213

[.375] 14.99 £ 0.25
7 [580=0]
[.050]
Pa. BN |
ol (= ]
| —

o041

[.162]
Ref. Plane I— 7.6

|.289] Ref.
Body Material Contact RF Leakage Temperature Part
& Finish Captivation db min. Range No.
Stainless, Passivated None -(100-fGHz) -65 to 165° C 1052518-1
Stainless, Passivated Epoxy -(60-fGHz) -65 to 125° C 1052523-1
Stainless, Gold Epoxy -(60-fGHz) -65 to 125° C 1052522-1

FIGURE 6.2: SMA Connector used.

6.5 CST Simulation

This antenna was designed in CST Studio Suite for simulation of the antennas char-
acteristics (for a frequency interval of [5.0 - 6.6] GHz). Since the ultimate goal was to
3D print the antenna, several layers were included in the simulation to obtain the most
realistic results. Two different antenna layers were drawn, the PLA (Polylactic acid, a
common 3D printing filament) and the conducting layer (copper), as can be observed in
Fig. 6.3. The PLA has a thickness of 1 mm.
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FIGURE 6.3: Horn antenna designed in CST. The blue and yellow layers are
respectively PLA and copper.

The SMA connector were included as well as the screws and nuts used to hold the

connector to the antenna (Fig. 6.4).
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FIGURE 6.4: Detail of the SMA connector on the horn antenna.

The port of excitation was the SMA connector.

6.5.1 Simulation Results

Before saving the results, an optimization was performed for the different parameters.
The results presented are the final ones obtained. The parameters changed were the
waveguide radius, a,, the waveguide depth, wggepin, the connector distance from the

waveguide basis, cabley;st, and the connector height, cabley,.

TABLE 6.3: Designed SMA connector parameters.

Symbol  Value (cm)

Qo 1.991
WYdepth 2.200
cableg;st 2.278

cabley, 1.123
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6.5.1.1 Port Modes

The first obtainable result are the port modes. At the SMA connector we have,

COLRESLTC TR S R B O R
LOL LT B O R B A O B
L N TR I ]
mEEER L LS F L L PSS AA A
RSN EELE R R R R R
DO SSSERSREREA - |__v/m |
mm kR R KR RR & F LA ARS AR AT A A
nm R R EE WK a4 A AART 7oA 5683
mow oA omomE kN AfgpAap s
ER I FE94
AT R TN RN ?104
A
6315
= 5526
o bt e e
N L T 4736
R e al ok 2L} 3947
3155
2365
4 3 1579
: $ A 789
) o b IR E R R R E R ) 0
& LR WM W W OW MW MW
+ E A R R T R -
PR PP aF I I N B A I
Forw d @ fd £8 4430 Fh b3 h%5%awur
C R A R R R
N N R Y
LR R I S R I I R
1 I R I S )

FIGURE 6.5: Port modes at the SMA connector.

6.5.1.2 S;; Parameter

The S1; parameter is a measure of how much energy is returning to the port of excitation,

hence the smaller the better.

S-Parameters [Magnitude in dB]

-32 t t t t t t t
5 5.2 5.4 5.6 5.8 6 6.2 6.4 6.6

Frequency [ GHz

FIGURE 6.6: S1; Parameter of the simulated antenna in dB.

6.5.1.3 VSWR

The Voltage Standing Wave Ratio is a measure of how well is the antenna matched
to the transmission line (in this case the SMA connector), by measuring the reflection

coeflicient.
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Voltage Standing Wave Ratio (VSWR)

— VSWR1

5 5.2 5.4 5.6 5.8 6 6.2 6.4 6.6
Frequency / GHz

FIGURE 6.7: VSWR of the simulated antenna.

6.5.1.4 Smith Chart

Another way to analyse the Si; result is in the Smith Chart. The usefulness of this

representation is improved due to the fact that it includes the input impedance.

S-Parameters [Impedance View]

—— 51,1 (47.49 Ohm) |

FIGURE 6.8: Smith chart of the simulated antenna, where it is possible to observe the
input impedance.

6.5.1.5 Far Field

One of the most useful results is the far field radiation pattern. As can be seen in
Fig. 6.9, the gain is G = 19.7dB, higher that what the antenna was designed to be.
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Tyne Fameld
Approximation  enabled (kR == 1)
Monitar farfield (f=5.8) [1]
Companent Ahs

Output Bain

Frequency 58

Rad. effic. 0.0012%6dB

Tot. efc. -0.001997 dB
Gain 1974 dB

FIGURE 6.9: Far field of the simulated antenna.

This ends the analysis of the simulated antenna. The positive results were a good

incentive to 3D print the antennas.

6.6 3D Printing

Firstly only one antenna was printed. These were divided into 4 pieces because of the
3D printer size (Fig. 6.10), whereas ideally only two pieces would be printed. They
were printed in PLA (Polylactic Acid) filament for support. The conducting material
is copper, applied using copper tape (one surface has glue). It is fairly easy to cut and

place the copper into place. That is one of the reasons why this method was used.

I il

FIGURE 6.10: The 3D printer used, Ultimaker 3 Extended.
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Since the PLA parts had to be placed and fixed into place, several supports have been

added to the design where screws would be later placed.

Immediately after printing the pieces, several work had to be done to work on natural
imperfections. The first obvious were the deformations made by the quick cooling of
the PLA filament (Fig. 6.11). These would be compensated when screwing the pieces
together.

FIGURE 6.11: PLA deformation by cooling.

Later on, filing and widening the screw holes would be necessary. Only after that could

the copper tape be applied.
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FIGURE 6.12: Several PLA pieces on different stages.

Finally the end result can be seen in Fig. 6.13.

FIGURE 6.13: Finished antenna. One can see the connector on top.
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6.7 Printed Antennas Results

Both antennas present similar results in all the parameters. The measurements were
made in an anechoic room and the results are presented here with the simulated results

of the previous section repeated for a better comparison.

6.7.1 S;; Parameter

S-Parameters [Magnitude in dB]

-12
-14 1
,16 4
18 1
,20 4
-22 1
,24 4
,26 4
,28 4
-30 1
-32 t t t t t t t
5 5.2 5.4 5.6 5.8 6 6.2 6.4 6.6
Freguency / GHz
(a)
Ml 511 LogM 10.00dB/ 0.00dB [l 511 LogM 10.00dB/ 0.00dB
50.00 1 580D GHz  [-85.17 dB 50.00 1 580D GHz  |-28.28 dB
2 4.63p GHz 10.95 dB 2: 4636 GHz -8.72 dB
1000 3 6754 GHz _|-1093 dB 1000 >3 67511 GHz__|-1012 dB
3000 30.00
2000 2000
10,00 1000
000 000
\ 3| \ 3|

- N i
“l i ’\‘ . i 30.00
T Y A
\

-40.00 t -40.00

-50.00 I -50.00
1 >Ch1: Start 2.00000 GHz — Stop 8.00000 GHz 1 >Ch1: Start 2.00000 GHz — Stop 8.00000 GHz

(b) (c)

FIGURE 6.14: Sq; parameters of the printed antennas in dB. (a) CST Simulation (b)
Antenna 1 (c) Antenna 2

Both antennas present a good result for the S;; parameter.

6.7.2 Smith Chart

Antenna 1 and 2 have an input impedance value of 49.04 Q) and 46.42 (), respectively.
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S-Parameters [Impedance View]

—— 51,1 (47.49 Ohm) |

5.800 GHz 49.04Q : 5.800 GHz 46.42 Q
50.15 pF 572,60 mQ 46.88 pF 63321 mQ
87.77 Q 4.636 GHz 86.58 Q
-1027 Q 2 138.05 fF -36.60 O
z 2802 Q
11.02 Q

FIGURE 6.15: Smith chart of the printed antennas. (a) CST Simulation (b) Antenna
1 (c¢) Antenna 2

6.7.3 Far Field

The radiation pattern of both antennas are compared in Fig. 6.16.
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FIGURE 6.16: Far field of the printed antennas. (a) CST Simulation (b) Antenna 1 is

labelled on top of antenna 2.
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One finds them to be very similar. A Sg; measurement was performed in order to know
the gain of the antennas, by comparing it to that of a reference antenna (Fig. 6.17)

whose gain is known, G-

Tre dB Mag 10dB/ Ref0dB 1
521
— 10
— 0
- 10
- -20
- -20
- -40
—-50
- -60
--70
I
Ch1  Start 10 MHz Base Pwr 0 dBm Stop 20 GHz
(a)
Tre dBMag 10dB/ Ref0dB 1
22
— 10
— 0
- 10
- -20
- -20
- -40
- -50
- -60
--70
Chl  Start 10 MHz Basze Pwr 0 dBm | Stop 20 GHz

(b)

FIGURE 6.17: S21 parameters of the printed and reference antenna. (a) Antenna 1
(b) Reference Antenna
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The following equation was used:

GAnt = Gref - (8217-ef - SzlAnt)’

The reference antenna has a gain of Gy = 19.034dB, and by observing that Sg;,,, =
—21.710dB and S»1,,, = —21.680dB, the printed antenna (Antenna 1) can be deter-
mined to have G 4p¢;, = 19.064dB. The difference between this value and the one it was
designed to be (G = 19.5dB) on the gaussian beam it produces is unknown, since we

still the means to measure gaussian beam output.

In all of the parameters, there is clearly one antenna which outperforms the other (An-
tenna 1). There may be two main factors that explain the difference. The nuts and
screws used to fix the connector in Antenna 1 were made of metal, whereas those of
Antenna 2 were plastic. This came as unexpected since it was thought that metal would

interfere destructively with the whole structure, reducing the radiation efficiency.

The contrary result may be due to the fact that the metal makes a better connection

between the copper surface of the antenna and the SMA connector.



Chapter 7

Parabolic Reflectors

The final element necessary for this study are the parabolic reflectors. Two of these were
obtained from the Portuguese company Famaval, along with the necessary supports,

whose schematic can be seen in Fig. 7.1.

pro

Yc

3 |
e ocal Point
) t £ '

FIGURE 7.1: Parabolic reflector schematic.

The reflectors have their parameters explained in Tab. 7.1
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TABLE 7.1: Reflector parameters

Symbol  Terminology Value (cm)
W Width 105.879
f Focal Length 72.675

Hppy Physical Height 114.531
Hy., Projected Height 105.879

Vorrset  Offset Distance! 7.000
Yo Vertical Centre 59.939
© Offset Angle 40.59 ©

This value of focal length, along with the antenna built in the previous chapter, can be

used to set-up a system where L ~ 5m as can be seen in Fig. 7.2.

0.3 ‘ ;

f =0.72675 m

din = 0.87270 m

o = 0.04902 m
021 1

@ /(m)

0.1 1
0 | 2 4 5

2/(m) >

FIGURE 7.2: Script representation for the proposed system.

7.1 Feed Blockage

After being reflected from the parabolic dish, the beam may encounter the feed antenna,
suffering blockage from it. To avoid it, we start by comprehending how much of the
antenna is above the axis of symmetry of the parent parabola of the parabolic reflector
(Fig. 7.3).
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FIGURE 7.3: Feed and dish antenna schematic. An off-set parabolic reflector is
represented in green whose parent parabola is in black. £ is the angle that the optical
axis makes with the parent parabola axis of symmetry and h is the feed antenna’s
height above the latter.

Depending on the angle 5, h will vary. The extremes can be seen in Fig. 7.4:

o [ S e il

Ppw

(a) (b)

FIGURE 7.4: Feed antenna height above the parabola’s symmetry axis. Ppyw is the
antenna rotation point because it is the beam waist location. In (a) 8 =0°, h = a and
(b) B =90, h = z

One can obtain an equation for h by acknowledging that the only interesting part in

this analysis is the triangle shown in green in Fig. 7.5:
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4

(a) (b)

FIGURE 7.5: Blockage Triangle: (a) on the horn antenna, (b) on its own.

« is the horn slant angle, characteristic of the horn. For a general angle [, the triangle
becomes (Fig. 7.6),

FI1GURE 7.6: Blockage triangle at an arbitrary angle 8. h is the triangle height above
the parabola symmetry axis and h’ is the perpendicular distance between this axis
and the center of curvature of the horn antenna.

By trigonometry we conclude that sin 8 = thil

_ZO7

a = atan (Lih) and sin (8 + o) = h;g—f/.

By using the trigonometric relation, sin(A + B) = sin A cos B + cos Asin B,

h = Ry [sinﬁ + atan <£>] — (Lp — 2p) sin 8 (7.1)
h
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By rearranging the terms,
h =sin 8 [Ry, cosa — (Ly, — z0)] + Ry, cos Bsina. (7.2)

Furthermore, knowing that R; = L,Ql +a? & Rpsina = a & Rjpcosa = L, we can

simplify the result to the form,

h = zpsin 3 + Ly, cos 3. (7.3)






Chapter 8
Preliminary Experiment

The final set-up was arranged to complete a first round of experiments (Fig. 8.1).

FIGURE 8.1: Emitter antenna and first parabolic reflector.

A detailed view of the emitter antenna and the first parabolic reflector is presented in
Fig. 8.2

7
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FI1GURE 8.2: Emitter antenna and first parabolic reflector.

Here it is possible to observe that the parabolic dish is supported by a metal pole whose
base is held to the ground by the use of iron weights. The pole base is screwed to one of
these weights while having another on top of it. After positioning the dishes at exactly

5 m from each other, bubble levels were used to try and align both structures (Fig. 8.3).
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(a)

FIGURE 8.3: Parabolic antennas leveling: (a) horizontally (b) vertically

Although the use of a single VNA was pondered (as a signal source and detector), the
necessary cables would have to be so long that the losses would be immense. Instead,
two separate devices were used: it is possible to observe the signal generator in Fig. 8.4,
a Rohde & Schwarz SMR 50,

FIGURE 8.4: The signal generator used to feed the emitter antenna.

and the spectrum analyser in Fig. 8.5, a Rohde & Schwarz FSHA4,
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FIGURE 8.5: The spectrum analyser used to detect the incoming wave.

From a first trial, only the detection of the signal was possible with attenuations of the

order of —40dB. However, several adjustments were made for a second trial.

Firstly, the cables’ attenuation was measured, by connecting the signal generator directly
to the spectrum analyser. As a measure of safety, a 6 dB signal attenuator was used. The
cables were CBL-3FT-SMSM+, and had attenuations of 2.44 and 2.33 dB. An example
can be seen in Fig. 8.6.

(a)

FIGURE 8.6: The cables used. (a) Picture of the cables (b) example of an attenuation
measurement.
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After this measurement, the devices were taken outside where the experiment was con-
ducted having changed the antennas distance from the parabolic, but using the metal

tubes as reference. Only after not being able to achieve satisfactory results, were the

tubes removed and the antennas positioned by hand, with the help of two colleagues
(Fig. 8.7).

FI1GURE 8.7: The final set-up which consisted on hand positioning the antennas.

The final result is shown below,

Operal

FIGURE 8.8: The maximum efficiency tranfered.
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8.1 Efficiency

In order to arrive at the total efficiency, on must take into account all the components

used.

The reflectors’ efficiency were accounted as being ~ 74%" which equals a power attenu-
ation of ~ —1.308 dB. Since we have two reflectors, we sum the attenuation. The cables
were measured and we found that their insertion loss was —2.33dB and —2.44dB. On
the other hand, the signal attenuator used was a Minicircuit VAT-6W2+, which has an
attenuation of 6.40 dB at 5.8 GHz. We accounted for 6 dB, hence 0.40 dB must be
subtracted from the measured attenuation of the cables. On the other hand, the SMA
connectors have an insertion loss of ~ —0.145 dB. Finally, a DC blocker was in the

spectrum analyser, which is ~ 1dB, further reducing the cables attenuation.

The cables attenuation are therefore —1.04dB and —0.93 dB. By summing it all up we
have,
—1.308 x 2 —0.40 — 1.04 — 0.93 — 0.145 x 2 = —5.82dB.

This equals an overall attenuation of —11.7 — (—5.82) = —5.88 dB, which in percentage

is the same as to say that a total efficiency of 25.8% was achieved.

The power emitted was of 0 dBm, 1 mW, enabling the conclusion that at the receiving
end arrived 0.258 mW.

8.2 Result Discussion

Although the efficiency is not great, several important conclusions can be made.

First of all, the existence of a focus point is very clear. In order to achieve the —11.7 dB
attenuation, there were a lot of patience required for putting the antennas into position.
A variation of single millimetres would reduce the value by various dB. Obviously there

were too many free variables which must be fixed in order to obtain better results.

On the other hand, this also means that a better efficiency value can be achieved by
building a proper supporting structure. Only after being able to control variations on
the order of millimetres and degrees, will we be able to know for sure the position of
maximum intensity and how the beam parameters influence the system. Furthermore,
we can not forget that this value was achieved having changed only the antennas. By

adjusting the parabolic dishes, it is likely that the overall efficiency will increase.

There is another important point to make. All the gaussian beam parameters were

simply supposed to be as the theory indicates, but that is most likely not the case,

"nformation given by Famaval.
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having been possible to have variations on the beam waist and its location, throughout
the system. Better control must be made to include analysis of the gaussian beam.
Only then can we know for sure how the beam is propagating, and what to expect at

the system’s end.

Finally, one can end this discussion with the statement that it is necessary to repeat the
experiment with a more thorough and extensive analysis, so as to make sure everything
is aligned and in the proper position, and all the parameters are exhausted. However,
having found that the expected system behaves as planned is motivating and helps to

ensure that the theory may be useful after being perfected,

The final note is that, although positive, the results are not satisfactory, being necessary

further work.






Chapter 9

Conclusion

One can summarise the original contents of this dissertation in three different major
areas. Firstly, a theoretical analysis of the quasi-optical system. Then the scripts devel-
oped which allow for the visualisation of the beam along a general system and finally
the practical aspect. In the latter, an experimental set-up was conceived as well as the
necessary components. The ultimate goal was to validate an original quasi-optical sys-
tem in the sense that the basis for achieving a higher efficiency was to reduce spillover

losses, by controlling the beam radius.

All of this provided the author with exciting challenges and the opportunity to work
with different tools, software and people while learning a lot both on the academic and

personal level.

Although the experimental part could not be completed, several important steps have
been achieved that enable a basis for further analysis in this subject. The first most
evident future topic to be done is to develop a method to analyse the gaussian beam
emitted from any source, base on [40]. A complete efficiency analysis is also vital to any
power analysis, including this one. Further down the line, different antenna types shall
be included in the study, all with the goal of achieving the pretended beam, which may

no longer be gaussian since other beam types must also be pondered.

9.1 Publication

The work done on this dissertation enabled the writing of a paper submitted to the

Wireless Power Transfer Journal:

e Pereira, R. A. M.; Carvalho, N. B.; Pinto da Cunha, J.: Quasi-Optical Analysis

of a Double Reflector Microwave Antenna System
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Quasi-Optical Analysis of a Double Reflector
Microwave Antenna System
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By using Quasi-Optical tools it is possible to approzimate Microwave radiation to Gaussian Beams,
which enables the study of its propagation and coupling to different components. Hence their
usefulness for Wireless Power Transfer and rapid system design. In this paper a system composed
by two reflectors is analysed both theoretically and by discussing two cases where quasi-optical tools
were applied. The Near and Far Field regimes were considered and corresponding frequencies of
operation, beam radius and radius of curvature were computed.
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I INTRODUCTION

Microwave’s high directionality along with a high transmission efficiency in the atmosphere made
this type of radiation interesting for long distance transmissions.

These features made the millimeter and sub-mm waves also convenient for power transmission
in the air [1]. However, the divergence effects are significant and have to be considered. The com-
mon theory of optics has then been adapted to contexts with high diffraction (such as microwave
propagation), being referred to as ”quasi-optics”[2, 3]. There is vast literature on this subject
with compreensive treatment, both on electromagnetics [4] and optics [5], which dedicate sections
to the diffraction effect.

Wireless Power Transfer (WPT) using Radio Frequencies (RF) can be traced back to the XIX
century, with the work of Heinrich Hertz [6]. His experiments demonstrated the propagation of
electromagnetic waves and their reflection on parabolic mirrors at the receiver and transmitter
ends. Later on, Nikola Tesla pioneered a different concept of WPT by using low frequency standing
waves along the surface of the Earth which would power strategically located antennas. There
was no focusing and the radiation would propagate in every direction[7, 8.

Since then, many efforts and important contributions have been done. For a summary of the
state-of-the-art on WPT refer to [9, 10]. WPT has immense potential for numerous applications,
ranging from distances of a few centimeters (with inductive and capacitive fields) all the way to
kilometers using microwaves [11]. Long distance WPT remains a field of interest since there is
still much to be done in order to improve the overall efficiency.

A review of the general applications for RF and, specifically, microwave power transfer can be
found in [12]. Microwaves have been used to power drones [6, 13] by using rectennas (rectifying
antennas) as receivers [14, 15]. The use of microwaves and rectennas form the basis of a Space
Solar System for power harvesting where the Sun energy would be converted to electricity in space
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via solar panels, and transferred to Earth by microwaves [16, 17].

In general, emitting antennas can have any form but the use of planar arrays is very interesting
in various situations due to their relatively small size and low manufacturing costs. Their use in
WPT has been contemplated [18] and interesting studies developed, namely on the maximization
of the power transfer efficiency [19] or the possibility of focusing multiple targets [20].

That brings us to another important aspect in electromagnetic waves which is the focusing
of the radiation. It is common to use reflectors or lenses to create systems that focus the beam,
thus reducing the spillover losses. On one hand parabolic reflectors are advantageous to avoid
spherical aberration and are common in the industry [21, 22]. Off-set parabolic reflectors are
crucial to avoid blockage from the feed [23] at the price of some undesired beam aberrations [24].
On the other hand, depending on the application, lenses can eventually be more advantageous
[25, 26] with dielectric lenses receiving a lot of attention [27, 28], due to their simplicity. Fresnel
Zone Plate Lens [29, 30] and electronically reconfigurable Luneburg lenses [31] are also worth
interesting. Several studies make use of both reflectors and lenses [32, 33].

An interesting application of the quasi-optical theory applied to WPT that considers a meta-
surface aperture to dynamically focus a radiation beam to specific points is discussed in [34].

The present study applies the quasi-optical theory in the study of a double-reflector WPT
system, using the reciprocity principle to simplify the analysis.

Gaussian Beams

The wave front of a light beam can be approximated to plane waves in most applications if the
wavelength is much smaller than the size of the components involved (e.g. reflectors, lenses, etc.)
That is not the case for microwaves since generally the wavelength ()) is about the same size as the
antennas’ components (at 5.8 GHz, A = 51.7mm in air). In such a case, a better approximation
is to consider that the waves are gaussian beams.

Let’s assume that these beams propagate in the 2 direction, with zy being the point at which
the power is most concentrated and the diffraction less evident - the beam wave front can correctly
be approximated by a plane wave at the surroundings of this point; we will assume zp = 0
throughout the discussion. As z increases (i.e. as the beam propagates), the beam spreads and
the wave front, i.e. the surface of equal phase of the electric field, assumes a curved shape.

The electric field of a gaussian beam that propagates freely in the fundamental mode is axially
symmetric; its value depends only on the distance from the axis of propagation (radius), r, and
the position along the axis, z, and can be written as

2 r? inr?
E(r,z) = \/@exp <—w2—lk2’—)\R+Z¢0> (1)

where w is the beam radius, R is the radius of curvature of the wave front, ¢¢g is the phase shift
and X is the wavelength. This field is normalized such that [ |E|? - 27r dr = 1 for convenience
and is represented in Fig. 1.

Although most of the radiation propagates in the fundamental mode there is also some power
in higher order modes. The percentage of each depends mostly on the type of antenna used. In
some cases the fundamental mode alone is not a good enough approximation. A more general
definition allows us to define the electric field for Higher Order Modes [2].
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Figure 1: Normalized electric field distribution of a gaussian beam in the fundamental mode
(wo = 1m): (a) front view and (b) transverse view

Gaussian beams are therefore described by three important parameters, w, R and ¢q:

e The Beam Radius, w(z), is the distance to the axis at which the field drops to 1/e of its
on-axis value and is generally a function of the position along the propagation direction. Its
minimum value, which is characteristic of the beam, is called the Beam Waist Radius (zog)
and it is located at the Beam Waist point, zg, which is defined according to a reference
point (e.g. the aperture of a horn antenna). In (2) it is assumed that zp = 0. It can be
shown that [2],

4

3

wo 2 z 2
! ] w = 1wy 1+<>, (2)

Figure 2: The normalized beam radius is plotted as
a function of the propagation axis, z.

where z. = (mw})/\ is the confocal distance, an important quantity which will be defined
below.

e The Radius of Curvature, R(z), is the radius of curvature of a wave front at z, if the wave
was plane at z = 0,
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Figure 3: The radius of curvature of the wave front
along z.

Naturally, at the beam waist z = z9 = 0 and R — oo, typical of a plane surface.

e The Beam Phase Shift, ¢o, (sometimes called the Guoy Phase Shift) is the difference between
the on-axis wave front phase and that of a corresponding plane wave. It generally changes
along z, being

90

70

20 | ¢o = arctan <Z> . (4)

Zc

@0 (°)

1 2 3 4 5
2]z,

Figure 4: Phase shift along z.

e When studying beam transformations it is particularly convenient to define the so called
Gaussian Beam Parameter, q,

1 1 A
== _y )
qg R o2 (5)
or (as a function of wy)
q=z+iz. (6)

e The crucial quantity after which all the other parameters are written is the Confocal Distance
(or Rayleigh Range), ,
Ty
This parameter sets the scale at which a gaussian beam remains collimated (i.e. the beam’s
rays remain parallel, with minimum divergence). Therefore, z. parameterizes the transition
between the near-field region, z < z., and the far-field, z > z..

It is important to differentiate between the definition of the field regions of gaussian beams
from that of antennas’. The antenna’s near-field is the region where non-radiative fields
dominate, while the far-field is associated with the emission of radiation. On the other
hand, since gaussian beams are a representation of electromagnetic waves the field regions
are always related to the beam of radiation and the way it behaves and propagates. The
diffraction is the major differentiator between the near and far-field of gaussian beams, with
z. being the transition region.
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Paraxial Approximation

The paraxial approximation refers to near axis wave fronts. These have wave vectors (rays) that
are almost parallel to the optical axis at any point (i.e. the divergence angle is # < 10 °). In such
an approximation,

sinf~#, tanf=6 and cosf 1.

and the analysis is linear. Generally the paraxial approximation is considered valid as long as
wo
A

However, studies of gaussian beams beyond the paraxial limits can be found in [36, 37].

>0.9. (8)

Beam Transformation

Rays propagating freely in a homogeneous medium can be ascribed at each point to their distance
(r) and slope () to the optical axis. If a ray encounters a quasi-optical component it is formally
transformed and an output ray will emerge. In the paraxial approximation these transformations
are linear, hence the output ray is linearly related to the input one:

Tout Tin
eout 0271
The ABCD elements form the so called Ray Transfer Matriz (M), which is characteristic of the
system with its components. It can be calculated by multiplying the matrices of each component
that interacts with a ray in reverse order (e.g. if a ray enters a system and encounters the
component A and then B, the overall matrix is M = Mp x My).

The radius of curvature of the wave front of a beam is R = r/6 and, therefore, the gaussian
beam parameter, ¢, can be related to the ray parameters. Defining g;, as the input gaussian beam
parameter at the input beam waist we can arrive at the output gaussian beam parameter (at the
output beam waist), gout,

A B
C D

“Qin T+ D
By using (5) we can obtain the beam radius (z) and the radius of curvature (R) of the output
beam as a function of z.
A general system matrix, Myys, can be written by taking the matrices representing the prop-
agation of the incoming and outgoing rays together with the ray transfer matrix, M. It enables
us to write the input and output parameters for any system configuration in simple terms:

Gout =

My, = 1 dout A B . 1 d;,
0 1 C D 0 1
_ A+ Cdow Adip + B + dowt(Cdip, + D) (10)
C Cdy, + D
:A' B’
“ o

where d;,, the input distance, is the distance from the input beam waist to the first element of the
system and d,,: is the output distance from the last element of the system to the output beam
waist (see Fig. 5).
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Since the beam parameter (6) at the beam waist (where z = 0) is ¢;,, = iz, then, by inserting
A'B'C'D' elements of the overall matrix, Mgy, in (9), the output beam parameter ¢o,: becomes,

(A+ Cdout)ize + [(A 4 Cdout)din, + (B + Ddouyt)]
Cize + Cdiy + D

and, given that at the output beam waist, 2oy = 0, oy 1S imaginary, and

; (11)

Gout =

(Adin, + B)(Cdyy, + D) + ACZ2

dout = — (12)
. (Cdip + D)* + C222
and finally the output beam waist radius wy,,, (knowing that det M = 1),
woin
wouut = (]‘3>

V(Cdyy + D)2+ C222°

Gaussian Coupling Efficiency, the Beam Waist Radius (w;) and Its Location
(20)

The Gaussian Coupling Efficiency (n¢) translates the amount of power from an antenna which is
coupled to the fundamental gaussian beam (with a certain wy and z) [35]. When designing an
antenna as a function of wy, it is important to maximize nq.

In [2] some antenna types have their ng discriminated as well as the correspondent wy and z.
However, for different types of antenna one can still arrive at the Gaussian Coupling Efficiency
by an algorithm explained in [35]. This is especially relevant when considering the sub-efficiencies
which amount to ng.

The quantities explained in this section are fundamental when designing a concrete system
because only with them can the antennas be approximated to gaussian beams.
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II QUASI-OPTICAL SYSTEM

The proposed quasi-optical system for this study is a double reflector configuration (represented
in Fig. 5), somewhat inspired by the acoustic mirror. The idea is that:

1. A feed antenna radiates on the first reflector;

2. The mirror transforms the radiation in order for it to better propagate through space,
directing the beam at the second mirror;

3. This last one will in turn transform the beam so that it can be better received in the final
antenna.

d emitter d receptor

>

Figure 5: Double-Reflector configuration. depmiser is the distance from the input beam waist
radiated by the emitter antenna to the first reflector, after which one can find a beam waist
clearly located at z = L/2. dreceptor is the distance from the final reflector to the output beam
waist, at the reception antenna.

Although represented on-axis, an offset reflector should be mandatory since most energy flows
in the center of the axis. This set-up was chosen for being the most simple (reflectors are the
only type of components used besides the mandatory feed antennas) which serves the purpose
of theory validation and preparation for more advanced systems (e.g. adding lenses will enable
increasingly complex and improved solutions). Parabolic reflectors were chosen in order to avoid
spherical aberration.

The separation between reflectors (L) is the quantity that specially characterizes the system.
Our final goal is to understand how to achieve the maximum power transmission efficiency, for
the maximum L possible.

It is extremely necessary to make a note here. Every quasi-optical system analysis is made by
considering an incident beam, with a certain beam waist radius wy,, located at a distance d;;, from
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the first component of the system, that suffers transformations by the system. The result is an
output beam with a certain wy,,, that will be located at a distance dyy: from the last component
of the system. A representation of a general quasi-optical system is represented in Fig. 6.

| |

|
|
|
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|
|
|
|
|
|
|
|
|
|
|
:
|
|
|
I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
I
|
I_______I.______

Figure 6: General quasi-optical system. d;, is the distance from the input beam waist to the first
system’s component whereas dg,; is the distance from the final component to the output beam
waist. The grey box illustrates the general system which can be composed of various components.

For our double-reflector system, the quasi-optical system is composed by three components:
the first reflector, the distance between reflectors and the final reflector, where dl,, = demitter,
d}t = dreceptor (the inverted comas are used for quantities referring to the total double-reflector
system).

However, we can begin our analysis by simplifying the double mirror set-up by making both
mirrors and antennas equal: in optics and quasi-optics, rays respect the reciprocity principle,
therefore the same laws apply to incoming or outgoing beams - the transformations are simply
reversed. One can then analyse the mirrors’ effect by studying only one of them.

By doing so, the quasi-optical system represents only one reflector and although d;;, = demitter
remains exactly the same, the output beam waist will now be the beam after the first reflector.
By observing Fig. 5, it is clear that dyy = L/2.

In that case, the ray transfer matrix is exactly that of a single mirror with a certain focal

length (f),
1 0
[—; i "

To clarify, the feed antenna originates a beam whose beam waist is at certain distance d;, from
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the reflector. This beam will diverge until it is transformed by the reflector. The output beam
will converge until it reaches L/2 where the output beam waist is located by definition (i.e.
doyt = L/2). That finalises the quasi-optical system analysis, but not the beam propagation,
which proceeds until the receptor. Because of reciprocity, the beam is expected to diverge until
it reaches L, the position where the second mirror is, with the same characteristics (parameters’
values) it had in the first mirror. Then the beam will be transformed by the mirror and focused
at the receiving antenna, which, reciprocally, is at a distance of d;,, from the last reflector. In this
case demitter = dreceptor =dip.

In the end, the incoming beam at the receiving antenna should have the same characteristics
of the outgoing beam at the transmitting antenna,

initial *

wofinal = wo

At this point the wave front is approximately a plane wave, which might be advantageous for
conversion efficiency (at the receptor).

By substituting the parameters of (14): A=1, B=0, C = —1/f and D =1 into (11) and
(12), and solving as a function of the mirror’s focal length (f) we arrive at

af? —bf4+c=0, (15)

with a = % + dip, b= — (Ldm + dfn + zg) and ¢ = é (dfn + zg) This is a quadratic polynomial
equation, which has two solutions. In order for the focal length to be a real quantity

b2 —4ac>0 (16)

Therefore,

2
— (Ldin + d2, + 22) } —4 E + dm} [g (d3, + zf)} >0,

which can be solved for L, yielding the condition,

d?
L <z + -2 (17)

Zc

IIT RESULTS

A) Maximum Distance Between Mirrors

We have arrived at an interval of possible values for L, ranging from zero up to Lyaz(din, 2c) =
Ze+d2, /2.

For the sake of simplicity, L will always refer to its maximum value.

In order to maximize the distance between mirrors it is necessary to optimize on z. and d;,.
Hence,

oL d?
0z _ngzo = 2 =d, = z.=%dn
OL 2d;n,

— = =0 = din=0
8dm Z? o

The only critical point is therefore z. = d;;, = 0 which is obviously of no interest since we look

forward to quantities that have positive non-zero values. Hence, it should be assumed that d;, is

a controllable parameter and optimize for z.

Cambridge University Press



Wireless Power Transfer Page 10 of 20

. . - . 2 2
In so doing we find that L is minimum at z. = d;,, given that jZ—CLZ = 22%” = 262 - > 0. The

function L(z.) is represented in Fig. 7 for different values of d;,.

30 =05
=1.0
20 Y

10

Figure 7: Distance between mirrors, L, for different values of d;,.

It is convenient to consider separately the regions below and above the minimum of L, L;,;, =
2d;,. For each of the regions an assumption can be made, which allows for a simplification of L.
These regions correspond respectively to,

Ze L din = L= d3,/2 (18a)
and
Ze > diyy = L =~ 2z, (18b)

which means that in the two regions the beam is propagating in the far and near-field, respectively.
To avoid any possible ambiguity with near and far-field antennas, we shall call the above regions
simply region 1 and 2 or instead small and big beam regions because, as will be seen in section IV,
for a certain frequency of operation, the size of the beam waist radius is much smaller in region
1 than it is in 2.

Two conclusions are immediately obvious. For a smaller d;;,, L reaches the two approximations
more rapidly. On the other hand, however, for a fixed z., a smaller d;;, enables a smaller distance
L.

The equation L = z. + d?n /zc can also be written as

22— Lzc+d2, =0 (19)
and hence,
L+ /L?—4d?
Ze = fm, (20)

(meaning that L 2 2d;, as above). These solutions correspond to the above regions 1 and 2,
respectively.

The input distance of d;;, = 1 m has been chosen for convenience while remaining a reasonable
distance to implement the feed circuit. All the remaining analysis will be based on this value.
The function will therefore assume the curve in Fig. 8:

10
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307
--flz) =2
@ @ e flx)=1/x
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10
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Figure 8: Distance between mirrors for d;, = 1m, where the approximations for each region are
visible. In the regions well below and well above the minimum, for z. < 0.1m and 2. 2 5m, L
can be approximated by d?n /zc and z., respectively.

B) Focal Length

We can also obtain the focal length of the reflectors from (15). Since f has a double solution
when L = 2, + d?, /2, then,

_ Ldip 4+ d2, + 22

Floey i, D) = = (21)

C) Beam in the Far-Field (Region 1, where L ~ d2,/z.)

The assumption (18a) means that the beam propagates in the far-field region (region 1). The

beam waist radius is, from (7),
R
Wog = L’ (22)

where ’s’ stands for ”small waist”. In such a case,

@os _ din
vV V7L
which means that the ratio between the beam waist and the square root of the wavelength is

a constant of the system. Therefore, if v is the frequency and n is the refraction index of the
propagation medium (n & 1 for air), then

= const, (23)

2
cd;,

—m 24
WHLW%S (24)

V=
This means that the choice of the components’ size will be balanced with the frequency of oper-
ation.
In region 1, the focal length is

h:ﬁ%+ﬁﬁ+%
L3+ 202d,,

11
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D) Beam in the Near-Field (Region 2, where L ~ z.)

It is apparent from Fig. 8 that the near-field is a good approximation for z. 2 5m.
In this case the beam waist radius from (7) is

[AL
Wog = ?, (26)

where the subscript ‘B’ means ”big waist”. This also means that,

Wop L Lc
=4/ — = const, vV=—"7".
vV Vo ™mwp

Moreover, the focal length is,

L2+ Ldp + &2,

= 27
fB Tt od, (27)
E) Paraxial Limit
The paraxial approximation sets a limit for both of these regions. From (8),
Zc
— > 0.97, (28)

wo
and hence, considering the conditions in (18), the paraxial limits for the regions 1 and 2 are,
respectively,
’WOSL 1

29
2 097 (208)

Wog 1

—£ 29b
L<0.97T (29b)

These limits should be respected when designing the system in the paraxial approximation.

F) Beam Radius at the Reflector

The beam radius at the position of the reflector, wg, having travelled d;,, is

din \
WR = Wy 1+<m>. (30)

Zc

This means that for the regions considered, we arrive at the same value,

A (L% +d2
WRs = WRp = ;(Tm)- (31)

12
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G) Relation Between Focal Lengths
The quotient between (25) and (27) gives

fs  L3dy, + L*d2, + d2,

5 _ 32
fB L*+ L3d;, + L?d?, (32)

which is < 1 for d;;, < L, which will always be the case. We then have
fs < fB- (33)

H) Comparison Between Beams in the Near and Far-Field

In order to best understand the differences between both beam types Fig. 9 shows the two different
possible scenarios.

Figure 9: Comparison between beams in the near and far-field: (a) beam in the far-field (small)
(b) beam in the near-field (Big)

It is worth pointing out that the focal length representation is according to the result in the
previous section.
I) Parabolic Reflector

The dimensions of a parabolic reflector are related as

4fD = R%, (34)

where Rp is the Reflector’s Radius, D its Depth and f is the focal length.
The size of Rz must necessarily take wp into account, for obvious reasons. By defining the
reflector’s coefficient (cg) as

(L2 +d2)

Rr
\?/\ =CR L (35)

RR = CRWR =

13
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and by substituting (31) one arrives at

podimh L DL G (rd) "
4f A Arnf L

The coefficient cg should be as large as possible, though a value of v/2 is enough from a
practical point of view (Fig. 1).

It is worth noting that due to (33), Ds > Dp. A beam in the far-field demands a larger
reflector depth.

IV  CASE DISCUSSION

A script has been developed in order to verify the expected beam radius value as the beam
propagates, undergoes a transformation by the reflectors and reaches the final antenna. It enables
the graphical representation of the beam propagating through the system, by implementing the
equations described in the paper.

A gaussian beam is started at zp with a user defined beam waist radius (zg) and direction
of propagation. The position of the different components as well as their ABCD parameters
must also be defined, prior to the beam propagation throughout the system, so that if the beam
position coincides with that of a certain component, it will suffer a transformation, as described
in section I.

Taking an input distance of d;;, = 1m and a distance between reflectors of L = 100 m, the
paraxial limit dictates that

Region 1 Region 2
wo < 3.537 x 103 m wo < 35.368 m.
which respectively translates into the wavelength limits,
A <3.929 x 1073 m A < 39.297m,
or
v > 76.341 GHz v > 7.634 MHz.

In order to arrive at an optimum system it is necessary to consider the size of the components
and the frequency of operation. Defining one quantity may lead to undesired values for the other.
The focal length of the reflectors’ is given by (25) and (27) for the regions concerned, yielding

fs=0.990m and f5 =99.029m.

Beam in the Far-Field (Region 1)

The minimum frequency of operation for working with a small beam, for an input distance of 1 m
and a distance between mirrors of 100 m, is 76.341 GHz. For easing the calculations we choose
v = 80 GHz, and hence,

A2
A =3.750 x 103 m, wog = in = 3.455 mm.
™

We obtain a relatively small beam waist radius, which will be advantageous in terms of the
size of the components, while needing a high frequency of operation.

14
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Beam in the Near-Field (Region 2)

On the other hand, a big beam can have a much smaller frequency, starting at v = 8 MHz, giving,
AL
A =37.500 m, wop = |/ — = 34.549m.
T
A huge beam waist radius is obtained. However, by choosing v = 80 GHz, then

A =3.750 x 103 m, @ = 0.346 m.

It is worth noting that by properly choosing the frequency, the size of the beam waist radius
will define if the beam is propagating in the near or in the far-field.

Graphical Representation

Several beams have been represented as a function of the frequency of operation (whose values
were spread in order to account for different beam waist radii) from both region 1 (Fig. 10) and
region 2 (Fig. 11). A logarithmic scale was used in the latter, due to the significant difference in
the beam waist radius value between the beam in MHz and the remaining in GHz.

R
) I v3 = 150 GHaz|¢
. 1 ..... vy = 300 GHz El
f =0.990m |
| | " . 20 100
z(m)

Figure 10: Beams propagating in the far-field (region 1). w is the beam radius, z is the position
along the propagation direction, v is the characteristic frequency of operation and f is the focal
distance.
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Figure 11: Beams propagating in the near-field (region 2). w is the beam radius, z is the position
along the propagation direction, v is the characteristic frequency of operation and f is the focal
distance.

In order to analyse the difference between the beams propagating in each of the regimes,
another plot in the near-field was made (Fig. 12), operating at the same frequencies as that in
Fig. 10.

04r
—1y =80 GHz
--1v19 =90 GHz
V1 = 150 GHZ
----- 13 = 300 GHz

-
- ——_———_

.....
-----------
""""""""""
..............
------------------
................................

0.1

z(m)

Figure 12: Beams propagating in the near-field with the same frequency as those in Fig. 10.
w is the beam radius, z is the position along the propagation direction, v is the characteristic
frequency of operation and f is the focal distance.
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A few observations are in order:

e As the frequency increases, the average size of the beam radius decreases. Since the size
of the antenna (reflector) are related to that of the beam waist radius (beam radius at the
reflector), beams in the far-field regime appear more advantageous in this sense;

e The beam radius of the beam between the reflectors is independent of the beam type
(whether it is a near or far-field beam) which originate from the antenna. Beams in the
near-field have beam radius larger than the beam radius of the beam between reflectors,
while beams in the far-field have a smaller beam radius, as can be seen in Fig. 9. When
implementing this study, the size of various components may be constrained, forcing us to
choose a feed beam in the near or far-field.

Regarding beams propagating with the same frequency, for either of the regimes, the beam
radius at the reflector as well as the output beam waist radius (at L = 50m) have nearly identical
values. One can conclude that although the initial conditions have been different (emitting a
beam in the near or far-field), at the reflector and after the transformation, the beam propagating
the L distance has nearly the same characteristics.

V.  CONCLUSION

The theoretical study of a double reflector quasi-optical system was presented in the paraxial
approximation, discussing the beam radii of two different beam types, propagating in the near
and far-field, respectively. Different parameters have been considered for each of the beam types.

The preliminary results are consistent to what was expected considering the validity of the
reciprocity between the source and the receptor. This study shows that we can have a frame-
work simple enough in order to access the parameters concerned and to gain insight about their
relevance.

We now have a tool to quickly prototype simple systems (the script enables the implementation
of reflectors and lenses) which serves as basis for more complex analyses.

Further studies are necessary to analyse the power transfer efficiency and improve the model,
alongside to simulations to all the process that exhaust the parameter space and allow proper
optimization. A case study of a system with a double ellipsoidal mirror is also being considered
(38, 39].

Upon completion of this work we plan on making a double reflector prototype aimed at
measuring the effect of the various parameters on the power transfer between the emitting and
receptor antennas and access the validity of the paraxial calculations. Several components have
already been chosen and the main system parameters shall have the following values:

v |ox | we | w | f
5.8 GHz \ 5.172 cm \ 4.902 cm \ 14.595 cm \ 72.675 cm

The goal is to be able to transfer power over the distance of L = 5m using two conical smooth
surfaced antennas, which will reflect on two parabolic reflectors with the diameter of 1m.

We can conclude that the goal of this study was achieved since preliminary results were
obtained for building a system with reduced spillover losses, important for guaranteeing that the
maximum beam arrives at the receiver antenna.
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Introducéo

A radiacdo eletromagnética na gama dos micro-ondas pode ser estudada na maioria dos casos
utilizando a quasiotica [1]. Tal como o0 nome indica, esta teoria aproxima a radiagdo a um feixe
de radiacdo, como na Gtica, mas implementa-se o efeito da difracdo, carateristica dos micro-ondas,
usando-se feixes gaussianos. As antenas corneta corrugadas sdo as que melhor emitem radiacao
nessa forma (direcionada).

Utilizando as ferramentas da quasidtica é possivel descobrir a distancia ao ponto onde a radiacao
tem maior intensidade, relativamente a um ponto de referéncia (z) (muito usualmente usa-se a
boca (“aperture ) da corneta como referéncia).

Wave Front at
Aperture

Beam Waist
\
|P/ Beam Radius
Vo= - * l ! r w
kT Waist H _
‘Nﬂ#' Aperture Radius
] a
Feed Horn
Waist Gaussian Beam
Oftset
z

Fig. 1 - Esquema da Antena Corrugada e do Feixe Gaussiano [1].

Na Fig. 1 esta esquematizada uma antena corneta e o feixe gaussiano criado pela mesma. O ponto
de maior intensidade de radiacdo é a Cintura de Feixe (“Beam Waist”), onde o feixe tem o menor
raio (wo). Este ponto distancia-se da Frente de Onda da Boca da Corneta (“Wave Front at
Aperture”) por uma quantidade denominada de Distancia a Cintura (“Waist Offset”) (2).

Podemos encontrar o valor das diferentes grandezas na literatura [1]:

em que:
Ry,

v = I + [ARy/7(0.644a)?? . a - Raio do Orificio da corneta;
Rn — Comprimento de inclina¢éo da boca.

Neste momento é necessario alertar que a este valor tem de ser subtraido a distancia desde a frente
de onda da boca da corneta até a boca da mesma (y):

a
=R,—1L
y h (a—a0>

Podemos finalmente definir zo como sendo a distancia do ponto de maior intensidade de campo
elétrico desde a boca da corneta:
a
==t -t ()]

1
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Vil oa
\
H \
s L
—_é—_—_- - -
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PR 2, I w

Fig. 3 — (esquerda) Esquema geral de antenas corneta com os principais parametros. (direita) Esquema de
uma antena corneta corrugada escalar em que a distancia da frente de onda na boca da corneta a boca
propriamente dita é evidenciada (y).

No contexto da engenharia € til falar também do Centro de Fase, o ponto a partir do qual a
radiacdo eletromagnética propaga-se para o exterior esfericamente, com a fase do sinal sendo
igual em qualquer ponto da esfera. Quando a radia¢do € emitida unicamente para certos angulos,
utiliza-se o Aparente Centro de Fase, como nas antenas corneta (Fig. 2).

Horn Antenna

Fig. 2 - Esquema de uma antena corneta e do aparente centro de fase [2].

A diferenca entre o centro de fase e a cintura de feixe é dada por:

B (Jrrw(z),;‘ik)2

ch

O ponto de centro de fase varia com a distancia a cintura de feixe a que a observacao é efetuada
(zpc). Quando a observacéo é efetuada a uma distancia muito maior que a distancia de coeréncia
(zc = mWo/A), Zpe >> Z.. a diferenca é desprezavel e pode-se afirmar que o ponto de maior
intensidade e o ponto de centro de fase sdo exatamente o mesmo. De notar que aqui utiliza-se o
raio de curvatura (R) a distancia zyc, dado por R = zpc + 2c/Zp.

Através da literatura [3], € possivel obter o ponto de centro de fase para antenas corrugadas através
da seguinte tabela:

Tab. 1 — Distancia ao ponto de centro de fase de uma antena corneta circular corrugada desde a boca da
corneta em direcdo ao seu interior (Lp) como réacio do comprimento de inclinagéo da boca.

s Lo/ R s Lo/ Rn
0.00 0.0 0.36 0.386
0.04 0.005 0.40 0.464
0.08 0.020 0.44 0.542
0.12 0.045 0.48 0.614
0.16 0.080 0.52 0.673
0.20 0.124 0.56 0.718
0.24 0.178 0.60 0.753
0.28 0.240 0.64 0.783
0.32 0.310 0.68 0.811
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em que S = a%/(2\Ry).

Neste estudo, as antenas em questdo séo a F23 e F30:

60,40
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Desenvolvimento

Utilizando as férmulas apresentadas na seccéo anterior é possivel desenvolver e chegar a valores
para as antenas em questdo (F23 e F30).

Primeiro que tudo utilizou-se o Software CST para simular as antenas e obter os parametros mais
comuns:

Modos dos Portos de Excitacdo (Frequéncia de operacdo = 11.5 GHz)

F23

Port1_el (peak)

Fregoency: 15 =/
Phass: 1] ¥

‘Wavs Irp. [Ohms]: 774.7 g l
Beta[1/m}: 17.2 v F
Feuoff 10.05 = S
Accuraey: 1.061e-11
Mode bype: TE
Maxiwun: 2607
Plane stz -55.99

Frequency: 115

Phase: 0

Wave Imp. [Ohms]: 774.7

Beta [1/m]: 17.2

Feutoff: 10.05 x z
Accuracy: 1.062e-11

Mode type: TE

Maximurn: 2607

Plane at 2 55.99

Parametros S11

F23

S-Parameters [Magntude n dB]

—s1,1

-35

10 105 11 11.5 12 125 13
Frequency / GHz
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F30

1.7

11 11.5 12
Frequency / GHz

12.5

Voltage Standing Wave Ratio (VSWR)
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Frequency / GHz
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Farfield (f = 10.7 GHz)

F23

9.1
7.83
6:26
Q.7
3.13
1.57
0
-3.43
-6.87
-10.3
S130%
“17.2
-20.6
-24
-27.5
Type Farfield
Approximation  enabled (kR >= 1) ¥
Monitor farfield (=10.7) [1]
Component  Abs
Output Directivity z
Frequency 10.7
Rad.efic.  -0.013368
Tot effc. -0.02569 dB
Dir. 1253 4B

2
P

R IRER AT T
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0 N

o

L NN~ 0D -0

N NHEREREGL B 6~
DoMWL s 5

Type Farfield
Approximation  enabled (kR >> 1) ¥

Monitor farfield (F=10.7) (1]

Component  Abs o z
Output Directivity

Frequency 107

Rad. effic. -0.01336 dB

Tot. effic. -0.02569 dB

Dir. 12.53 dBi
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5. 56
i
6.64
4.98
3132
1le6
0
-3.34
-6.68
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~%g
-23.4
~28.7
Type Farfield
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Monitor farfield (=10.7) [1]
Component  Abs x.
Output Directivity &
Frequency 107
Rad. effic. 0.01200 dB
Tot effc. 0.007005 dB
Dir 1329 B
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ENNICIAT N A
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Type Farfield
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Output Directivity &
Freguency 10.7

Rad. effic. 0.01200 dB

Tot. effic. 0.007005 dB

Dir. 13.29.dBi
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Farfield (f = 11.7 GHz)

F23

o
o
P

B 0L N0 0w D1 00 NG o

|
Type Farfield
Approximation  enabled (kR »> 1) Y
Monitor farfield (=11.7) [1]
Component s x
Output Directivity z
Frequency 1.7
Rad.efic.  -0.004182dB
Tot effc. -0.007669 dB
Dir. 13.60 dBi

|
Type Farfield
Approximation  enabled (kR == 1) Yy
Monitor farfield (f=11.7) [1] l
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Output Directivity 2
Frequency 1.7
Rad. effic. -0.004182 dB
Tot. effic. -0.007669 dB
Dir. 13.60 dBi
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T 520
5.41
3.61
1.8
0
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Output Directivity A
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Rad. effic. 0.0006337 dB
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Type Farfield

Approximation  enabled (kR == 1) ¥y
Monitor farfield (=11.7) (1]

Component Abs

Output Directivity = z
Frequency 1.7

Rad. effic. 0.0006337 dB

Tot. effic. -0.001026 dB

Dir. 14.42 dBi
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De seguida determinou-se como varia Ly / Ry em fungdo de S com base na tabela 1 e verificou-se
que a distribuigdo segue a linha de tendéncia descrita por uma fungéo polinomial de 6° grau:

0.9
0.8
0.7
0.6
Lp/Rh 0.5
0.4
0.3
0.2
0.1

0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Fig. 4 — Representacdo gréfica dos dados da tabela 1.
L,/ Rn=79.826*S° - 138.16*S° + 80.164*S* - 21.138*S® + 5.5796*S? - 0.0984*S + 0.0003
R2=1

Resta saber os valores a utilizar (as medidas das antenas foram retiradas das imagens
esquematicas das antenas, fornecidas pela empresa Famaval e visualmente, através do software
CST. Estdo apresentadas em mm).

Tab. 2 — Dimensdes dos diferentes pardmetros das antenas (em mm).

Antena HL /(mm) ao /(mm) a/(mm) Rn /(mm) y /(mm)
F23 32,19 9,11 23,92 57,23 5,239
F30 38,78 9,11 23,92 67,05 4,412

Convém relembrar que y = R, — L (a aa )
—t%o
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Resultados

Os célculos efetuados sdo apresentados para as frequéncias de fi = 10,7 GHz e f; = 11,7 GHz,
devido a relacdo entre a frequéncia e o comprimento de onda 4. Como 4 = c/f, onde ¢ = velocidade
da luz = 3*10° m/s, temos que A1 = 28,04 cm e X, = 25,64 cm. Dessa forma, todas as grandezas
vao ser apresentadas para cada uma das frequéncias (fi e f2).

Determinacao do Centro de Fase (L)

Conseguimos calcular S através da formula S = a%/(2ARs) e L, / Rn dos dados.

Antena Rn /(mm) S Lo/ Rn Ly /(mm)
F23 57,23 0,178291 0,098996 5,666
F30 67,05 0,152187 0,072761 4,878

Antena Rn /(mm) S Lp/Rn L, /(mm)
F23 57,23 0,194954 0,117830 6,743
F30 67,05 0,166410 0,086567 5,804

Determinacao do Ponto de Maior Intensidade de Campo Elétrico (zo)

Antena a/(mm) Ry /(mm) Wo /(mm) z /(mm) Zo /(mm)
F23 23,92 57,23 12,670 10,160 4,922
F30 23,92 67,05 13,311 9,112 4,700

Antena a/(mm) Rn /(mm) Wo /(mm) z /(mm) Zo /(mm)
F23 23,92 57,23 12,244 11,740 6,502
F30 23,92 67,05 12,966 10,612 6,200

Determinacao do offset entre o centro de fase (L) e 0 ponto de maior intensidade de campo

elétrico (zo)

Para confirmar que os valores obtidos sdo coerentes, efetuou-se o calculo do centro de fase de
duas formas independentes. O primeiro pelo método descrito na subseccdo I. O outro na
subseccdo presente (pela determinacdo do offset Apc = zo - Lp).

fl f2
Antena
Apc /(mm) Apc /(mm)
F23 -0,744 - 0,242
F30 -0,179 + 0,396
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Podemos observar que em nenhum dos casos temos que o centro de fase € exatamente no mesmo
ponto onde ocorre a maxima intensidade de campo elétrico, no entanto, é bastante perto, sendo
aceitavel usar o mesmo ponto.

Conclusao

O ponto de maior intensidade e o centro de fase est&o reunidos na tabela seguinte.

fi = 10,7 GHz f,=11,7 GHz
Antena
Zo /(mm) Zpc /(Mmm) Zo /(mm) Zpc /(Mmm)
F23 4,922 5,666 6,502 6,743
F30 4,700 4,878 6,200 5,804

Em geral, é vantajoso colocar o ponto de centro de fase das antenas de alimentagdo no focus de
refletores parabodlicos para minimizar as perdas relacionadas com o “reflector aperture phase error

loss” [3].
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