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Abstract

Over the last decades, dealing with batteries and wires has been a real challenge to industry. Many have
been looking to alternatives such as non-radiative wireless power transmission (WPT) in order to give autonomy
to devices. Non-radiative methods, in particular inductive coupling, has attracted a lot of attention because it
is human safe and environmentally friendly. The drawback with this technology is the operating range which is
very limited seeing it is a near field technique. In [1] it is presented a solution to improve the effective distance of
an inductive coupling based WPT system using metamaterials (MTM). In the present work, a power amplifier (PA)
was designed, fabricated and tested in order to improve previous performances. Simulations and experiments of
the proposed PA are presented. The improvement of inductive power transmission (IPT) efficiency is supported

by empirical evidences. This work is written integrally in the English language.

Keywords: Power Amplifiers, Wireless Power Transmission, Inductive Coupling, Metamaterials
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Amplificador de Poténcia para Sistema de Transmissao
de Poténcia Sem Fio por Inducao

Resumo

Nas Ultimas décadas, lidar com baterias e fios tém sido um verdadeiro desafio para a indUstria. Para
dar autonomia aos dispositivos, muitos tém olhado para alternativas em transmissao de poténcia sem fio ndo
radiativa. Métodos ndo radiativos, especialmente acoplamento indutivo, tém atraido muita atencao pelo fato
de ndo afetarem a salde dos seres humanos e serem sustentdveis. Entretanto, é inconveniente devido ao
seu limitado raio de operacao, considerando que é uma técnica para campo préximo. Em [1], é apresentada
uma solucao para a melhoria da distancia efetiva de um sistema de transmissao de energia sem fio baseado
em acoplamento indutivo, utilizando metamateriais. No presente trabalho, um amplificador de poténcia foi
projetado, fabricado e testado para melhorar as performances anteriores. Simulacdes e experimentos deste
proposto amplificador de poténcia estdao presentes neste trabalho. O progresso na eficiéncia da transmissdo
indutiva de energia foi provado por evidéncias empiricas. Este trabalho estd inteiramente escrito na Lingua

Inglesa.

Palavras-chave: Amplificadores de Poténcia, Transmissao de Energia sem Fio, Acoplamento Indutivo,

Metamateriais
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1. Introduction
l.a. Historical Context

Despite the fact that it is a very popular and revolutionary research topic nowadays, the idea of WPT
appeared in the 19th century, more specifically in 1899, when Nikola Tesla first theorized about transmitting
electricity and signals without cables. In an attempt to overcome Hertz theories of radio waves, Tesla thought
that if he injected electric current at the ground, creating a planar waveguide between ground and ionosphere,
which are two conductive planes isolated from the atmosphere, he would be able to transfer data and power
[10], no matter the distance. To appropriately test his ideas, he created a high voltage transformer in his
Colorado Springs laboratory. After finding investors for his experiments, Tesla built the world’s first power station,
Wardenclyffe Tower (Figure 1), in Long Island, New York. Due to the great intensity of electric field, which
significantly diminished the power transfer efficiency (PTE) and offers great danger to human beings, Tesla’s
invention could never be fully developed [11].

K. TESLA.
APPARATOS FOR THANSMITTING, ELEDTRIOAL ENERGT.
AFFLIVATION FILLD JAN, 18, 1908, BENEWED HAT 4, 1807

1,119,782. Patonted Dee. 1, 1914

[
|

W

WITNESSES INVENTOR,

3.
Mm..‘;.

Figure 1. Wardenclyffe Tower

Neketa Ji
it KW’? ‘_}‘C'#vﬁtn‘—‘
g L

ATTORNEFS.

Available at: http://www.teslascience.org/pages/questions.htm [Accessed Date: 02/26/2018]

More than a century later, the interest in this topic was retrieved by the rising of wireless communications,
electric and plug-in hybrid vehicles, wearables and so on. Everyday devices are facing a major engineering
problem: batteries. Although it has been the unique tool used until now, it is expensive, heavy and not very
efficient.

Three of the most famous WPT technologies are inductive coupling, magnetic resonant coupling and
electromagnetic (EM) radiation. They are appropriately explained in Section 2.a. In this work, inductive coupling
will be explored due to its cheap circuitry and easy implementation. Despite of these advantages, this technology
becomes a challenge in terms of mobility and line of sight (LOS).
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In 2010, the Wireless Power Consortium (WPC) approved the world’s first wireless charging standard (Qi)
for low-power inductive charging (< 5W) [11]. At this moment, the Qi specification is in its Version 1.2, being
able to deliver 15 Watts of power [12].

In the industry, big corporations are investing in this area such as Apple and Samsung. According to
Engadget, a technology enthusiastic blog, Apple acquired wireless charging company PowerbyProxi [13]. Thus,
their new devices have wireless chargers and the Qi standard proposed by the WPC has been added to the
iPhone 8, the iPhone 8 Plus and the iPhone X.

Even companies that are not related to this field are investing in this technology, like Disney. Last
year they performed experiments with quasistatic cavity resonance (QSCR) to deliver wireless power within
purpose-built structures, such as cabinets, rooms and warehouses (Figure 2) [14]. Although it is not the same
kind of technology proposed in this work, it is possible to see how relevant and worldwide this topic is.

Figure 2: QSCR in the Disney Project.

Available at:
https://www.disneyresearch.com/publication/quasistatic-cavity-resonance-for-ubiquitous-wireless-power-transfer/ [Accessed
Date: 02/28/2018]

Simultaneously, in academia, this technology was very limited until 2007, when a team from the Department
of Physics, Department of Electrical Engineering and Computer Science and Institute for Soldier Nanotechnologies,
from MIT, was able to light a 60W light bulb from a power source seven feet away (approximately 2.13 meters).
The distance achieved was up to 8 times the radius of the coils and the system could transfer energy with
40% of efficiency [15]. The experiment consisted of two self-resonant coils. One coil is coupled inductively to
an oscillating circuit; the other is coupled inductively to a resistive load. Self-resonant coils use distributed
inductance and distributed capacitance to achieve resonance. The experiment could match within 95% of
what was expected theoretically. They refer to this concept as "WiTricity" (wireless electricity) and WiTricity
Corporation was launched to take this technology forward from the MIT laboratories to commercial production
[16].

Additionally, recent research from the Stanford Precourt Institute for Energy has achieved a whole new
level. In June 2017, Professor Shanhui Fan and his graduate student Sid Assawaworrarit developed a device that
can wirelessly charge a moving object at close range. The technology could be used to charge electric cars on a
highway (Figure 3), or medical implants and cellphones as people walk nearby [17].

Energy Energy
Storage Tramsfer
X -

Figure 3: Electric car being charged while moving in a highway.

Available at: https://sajadbangash.wordpress.com/2015/09/09/electric-cars-and-wireless-recharging-roads/ [Accessed Date:
02/28/2018]
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Progresses in WPT with EM radiation have also been made. A team from the Department of Electrical
Engineering from the University of Washington was able to successfully create a charging wireless system using
near-infrared lasers [2]. Lasers provide a highly focused beam with high power density, so they are able to
operate over long distances with minimal attenuation. Moreover, they can easily operate at powers exceeding
a few watts. In contrast, human safety is still a major concern. Lasers in the visible wavelength at considerable
power level can cause damage to the eye when exposed to a minimum amount of time (order of microseconds).
One of the proposed solutions was to measure the reflected light from the receiver directly at the laser source.
For this, they used retroreflectors (optimal element that reflects light back in the direction that it arrived) at
the receiver. So, they created a low-power guard beam around the high power laser that is reflected by these
retroreflectors and used photodiodes at the laser source to measure this reflected wave. For them to be able to
have this reflection, as mentioned before, it is necessary to have LOS. By this, they were able to build a motion
detection system that operates in the order of nanoseconds, so that when someone gets in the path of the high
power laser beam, the system can quickly turn off (Figure 4).

Retroreflectors

Figure 4: Laser based system for WPT. [2]
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1.b. State of the Art

In previous works, an experimental setup of an IPT system assisted by MTM has been built at our laboratory
[1]. In the present work, we will be focused on improving its power capability by adding a PA stage at the
transmitter.

In terms of PA systems for IPT, the two main choices are Class D and Class E PAs [6]. In Section 3.b.5 and
3.b.6 operation principles and design considerations of both classes are then discussed.

The most important feature of non-linear PAs (Class D and Class E) as compared to linear PAs (Class A,
Class AB) is the ideal unity efficiency (n:4ea; = 100%). Since ideal switches have either zero turn-on voltage or
zero turn-off current, these topologies consume a minimum amount of power, being useful then for high power
efficiency designs [6].

Another challenge to IPT is variations in the impedance represented by the transmitter and receiver
antenna of a system. When coupled, depending on the distance in between, the impedance of the antennas
varies. For efficient IPT, a fully integrated power management using a method called Q-modulation was created
[18]. Q- modulation is an adaptive scheme that offers load matching in a wide range of loading (R ) and coupling
distance variations in inductive links to maintain high PTE. In a 1.45 W WPT setup, using a class E PA operating
at 2 MHz, the system successfully increased the PTE.

In [19], it is also possible to see a solution concerning variations in load in an IPT system. Changes in load
and range can shift the operation of the coil driver to a non-optimum switching state which results in higher
switching losses and reduced output power levels. By controlling the duty cycle of a Class E inverter’s switch
and the value of its DC-feed inductance, the inverter can be tuned to operate at optimum switching conditions
as the distance between coils changes.

Despite the fact that, in this project, there is a fixed coil impedance, which is very reactive, there were still
challenges concerning how to match the PA with its load. This topic is deeply discussed in Section 3.d, Chapter
4 and Chapter 6.

Due to financial and technical limitations, and despite the obvious advantages of a switch-mode PA, a
conventional linear PA (Class A) was implemented as proof of concept.

l.c. Objective

The objective of this work is to design and adapt a PA for a previously done project that introduced the
use of MTMs in IPT [1]. By using the designed PA circuit and MTM slabs, the goal was to increase the distance
between a transmitter and receiver coils and still be able to charge an electronic device. For the PA system, the
power transistor MRF426 from MACOM was chosen [8]. Simulations and experiments with the MTM slabs are
also planned in the scope of this project.

1.d. Chapters Description

Chapter 2 presents a brief review of the fundamentals of electromagnetism and explains the various WPT
technologies. Also, an introduction to MTM theory is made and the models used in this work are presented.

Chapter 3 presents an introduction to bipolar junction transistor (BJT) theory and amplifiers topologies.
Later on, a transmission line review is made, including the challenges of impedance matching with a very
reactive load.

Chapters 4 presents the project developed in this work, including circuit design, simulation and fabrication.

Chapter 5 presents the obtained experimental results of the PA by itself and with MTM slabs and an light
emitting diode (LED).

Chapters 6 presents the main conclusions and future works.
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2. Theory

In this chapter, it is made a review of the different technologies available to deliver wireless power and the
EM laws governing their transfer mechanism. Those technologies can be categorized as far field (EM radiation)
or near field technologies (inductive coupling, magnetic resonant coupling). In the end of this chapter, there is
a brief introduction to MTMs theory and a description of the ones used in this project.

2.a. Electromagnetic Theory
2.a.1. Far Field vs. Near Field Regions

The space surrounding an antenna is subdivided in three areas: the reactive near field, the radiating near
field (Fresnel Region) and the far field (Fraunhofer Region). According to [20], they can be distinguished by the
following criteria shown below:

Table 1: Region Separation

Regions Boundaries

Reactive near field r < 0.62y/ 2

Radiating near field (Fresnel Region) | 0.624/ DTS' <r< %

Far field (Fraunhofer Region) 2 < r < oo

D is the largest dimension of the antenna. It needs to be large compared to the wavelength (D >
A).

Nonetheless, for antennas that are electromagnetically small (see Table 2), there are only two regions:
the quasistatic field and the radiating field (Figure 5).

Table 2: Electromagnetically Small Antennas

Antenna Type | Relative Length

Small Dipole | A/50 <1< \/10

Small Loop a < \/6m

l is the dipole length and a is the loop radius. In this case, the operating frequency is 13.56 MHz, so /67
would be 1.17 m, much more than the radius of the loop designed.
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Reactive Near field

A

r<<_—

/ 2m

Antenna /_\

source |

2 = 01591
77 =0 2A

Transition Zone
A<r<2A

Radiating Near field (Fresnel) Far field (Fraunhofer)

ZAsr<o

e
Zﬂ_r{?\

Figure 5: Space surrounding a small loop antenna

In these regions, the fields behave differently and the WPT technologies use these properties on their
own advantage.

In the quasistatic region, one of the fields (the electric or the magnetic one) is dominant and the energy
is kept stored as an electric or a magnetic potential. Differently from what happens in the radiating field, in this
area, the waves do not detach from the antenna and almost no power is lost from the source in the absence of
a proper receiver.

In the radiating field region, the energy propagates as EM radiation far from its source. Here, the electric
and magnetic fields are perpendicular and their ratio is defined as the wave impedance n as shown in:

H= (1)

3\@1

In free space, n = 1207 [21].

In Figure 6, in the near field region, if the electric field is predominant (e.g. dipole antenna), the wave
impedance is high, which means that the electric field is much greater than the magnetic. Nonetheless, if the
magnetic field is predominant (e.g. small loop), wave impedance is low, which means that the magnetic field is
much greater than the electric. In the far field (r > \/27), the wave impedance is defined by the medium.
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.m‘_,'_ T ‘i 2‘- :.2 T T T F;.'fddr

5 1 2 5§ 10
r/ A
Figure 6: Wave Impedance as a function of Distance [1]
In this work the interest is to study the WPT technologies for near field region, such as inductive coupling

and magnetic resonant coupling, and for the far field one, such as microwave power transmission (MPT) and
laser charging. They will be explained in details in the following sections.

2.a.2. Inductive Coupling

Just as the physical principle that rules an electrical transformer, IPT also uses inductive coupling (Figure
7). This phenomenon can be exemplified by an alternating current in a primary coil that generates a varying
magnetic field that induces a voltage across the terminals of the second coil, as indicated by Faraday’s law in
equation 2.

erm: W = W dS (2)
1 P2
Pm
A '.‘_'.'.‘.'.'-}_ F A '.‘.l' sesssee- '> """" Py iyl '( .'.'.'.'-'.‘::s .
IP E EE Iy

Req

\
|_____________<
<.------..--.-

ressssssssss

Figure 7: Electrical Transformer

Available at:
https://www.intechopen.com/books/wireless-power-transfer-fundamentals-and-technologies/fundamentals-of-inductively-coupled-wireless-
[Accessed Date: 03/22/2018]
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According to [6], the voltage and current across the primary and secondary coils are related by the
following matrix

% ) Ly M I
=Jw ) (3)

Va Mz Lo 1>

V1 — Voltage Across the Primary Coil
V> — Voltage Across the Secondary Coil
I, — Current in the Primary Coil
I — Current in the Secondary Coil
L1 — Inductance in the Primary Coil
L2 — Inductance in the Secondary Coil
M2 & M3 — Mutual Inductance between coils

M2  Mxn
\/L1><L2 \/Ll><L27

(4)

being x the coupling coefficient between the primary and secondary coils. For a perfect magnetic coupling,
x = 1. The power found in the primary and secondary coil can be defined by

V2 Zs
Ph=——"— 5
' ZiZaMys’ (5)

2 2
py— Vil R (6)
(Z1Z2 + (wM12)?)?

The efficiency is given as

_B2_ Ro(wM12)* )
= P Z2(Z1Z2 + (wM12)?)’

where w is given by w = 2« f (f is the operating frequency). Z; and Z, are the impedances for the primary and
secondary coil, respectively, where Z; = Ry + j X1 and Z2 = Ry + JXs. In this case, R; and R: are resistances
and X; and X, are the reactances, from the primary and secondary coil, respectively.

Equation 7 shows that efficiency will grow with frequency. On the other hand, with higher frequencies,
less distance can be achieved. Then, there is a balance between maximum distance and maximum PTE possible
to be achieved. As a result, inductive coupling has better use in very short distances when the transmitter and
the receiver are close in contact and have accurate alignment in the charging direction [11]. In Figure 8, some
devices that use inductive coupling are shown:

Electric
toothbrush

; «— Charger
\ pad

Figure 8: Devices that use inductive coupling

Available at: https://www.vox.com/science-and-health/2017/1/17/13951274/wireless-charging-coming-soon [Accessed Date:
03/26/2018]
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2.a.3. Magnetic Resonant Coupling

The second type of WPT technology is magnetic resonant coupling. It is based on the well-known physical
principle of resonance, where the energy of a system is oscillating between two components that are working
in the same resonance frequency, so they are strongly coupled via non-radiative magnetic resonance induction
[11]. In this case, these two components are capacitors and inductors, as any simple circuits example (Figure
9).

R1 L1

C1

T

Figure 9: Resonant Circuit

It can be considered a special case of inductive coupling where the primary and secondary coils are tuned
in resonance by adding compensation capacitors [11]. In this case, the coils (small loops) would be connected
to capacitors and inductors and operating in the resonance frequency.

In magnetic resonant coupling, energy can be successfully transferred from a source coil to a receiving
coil with little loss of energy and with greater distances compared to inductive coupling. Compared to EM
radiation, magnetic resonant coupling has a higher PTE even under omni-direction, and not requiring LOS [11].
Due to the quality factor (Q-factor), it can operate efficiently even if the coupling coefficient (k) is too small
(<0.2) [11.

Yet, it still has technical challenges such as orientation and interference. If not co-axially aligned, the coils
cannot achieve certain distances, since the coupling factor diminishes considerably. Moreover, when charging
multiple devices, mutual coupling among various receiving coils may cause interference, which can only be
solved by tuning these devices [11].

The energy injection rate for an isolated resonator can be defined as [6]

1
wo = \/TTJ’ (8)

wo L1 (A.)()L

Q=== —

2T VCR R’ ®)

where wy is the resonance frequency, L is the inductance, C the capacitance, R the resistance, @ the quality
factor and T the intrinsic rate of energy loss.

In Figure 10, there is an example of a coupled resonator system:

RSig

L c1
L. c2

L1
[=2

T VSig

RL

R1
R2

Figure 10: Coupled Resonator System
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By circuit inspection, efficiency can be defined as [6]

Pr, 1
Psic 1+ frgrar+ &
being
wOLz
— w02 11
= R+ Ry (L

where 7 is the efficiency, P. is the power on the load (Rr), Psi4 is the power on the source, n is the proportion
(1:n) between coils, x the coupling coefficient and Qs is the quality factors of the system given by Equation 11.
The remaining parameters are indicated in Figure 10. The Q-factor in a parallel RLC circuit is the inverse of a
Q-factor in a series RLC circuit. Derived from Equation 9 there is

o wo o £l o woL
Qsemes = aITr = CR = R B (12)
2 e R
Qparallel - ;0 - ER - CUOT (13)

In Figure 11, an application of magnetic resonant coupling is shown:

E(

N
LAY
B;%: f

v

A M
=% i e 0

Figure 11: Qualcomm Halo Technology - Application of Magnetic Resonant Coupling

Available at: http://www.sandiegouniontribune.com/business/sd-fi-wireless-carcharging-20170224-story.html [Accessed
Date: 06/12/2018]

2.a.4. EM Radiation

EM radiation consists on energy emission from a transmitting antenna of a power source to a receiving
antenna via radiative EM waves. Differently from what happens in near field technologies (inductive coupling
and magnetic resonant coupling), in this case, the waves "detach" from the antenna so, once they are transmitted,
they never come back to its source, regardless of the presence of a receiving antenna [1]. Depending on its
directivity, an antenna can be called omnidirectional or directional [11].

Omnidirectional antennas, for example, are not very good tools to WPT since the EM waves decay quickly
over distance, resulting in a serious efficiency problem. Moreover, EM radiation interacts strongly with humans
and electronic devices. So, caring high power would mean a serious health threat and would cause much more
interference in daily devices. Then, it is only recommended for an ultra low-power sensor nodes, up to 10 mW,
with very low sensing activities like temperature sensoring [11].

Directional antennas for microwave or lasers can achieve high power transfer over a large distance when
there is a clear LOS. In contrast, these devices require complicated tracking mechanisms to attend multiple
devices, clear LOS and the inherent large scale of devices [11].

10
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By the the wave equation of Helmholtz (Equation 14), it is possible to find the equations that define an
uniform plane wave (UPW), [21]

OF 9*E

V?E = po— a0 THE g (14)
The general solution for this equation is
Es = (Eje " + Ey e, (15)
where ~ is the propagation constant,
v = Viwnu(o + jwe) = a+ jb. (16)

In Equation 16, « is the attenuation, g is the phase constant, w = 27 f where f is the wave frequency, u
is the magnetic permeability and e is the electric permittivity of the propagation medium. When the medium
is free space, the electric permittivity is eo = 8.854 x 10~ *>F/m and the magnetic permeability is po = 47 x
107" H/m.

Its instantaneous general solution is

E(z,t) = Efe”“*cos(wt — B2)i + Ey e~ ““cos(wt + f2)i. (17)

Similarly, to the magnetic field there is
Hs = (Hfe ™ 4+ Hye™)p (18)
and
H(z,t) = Hf e **cos(wt — B2)& + Hy e” **cos(wt + B2)§. (19)
As mentioned previously in Equation 1, the relationship between the electric (E) and the magnetic field
(H) is defined by the wave impedance, 7. In this case, it is

_Ey _ By (20)
Hf  Hy’

Jwi
/ ) 21
! o+ jwe (21)

Additionally, the phase speed or propagation speed of a wave is defined by [21]

where 5 is,

w 1
Up = = = ) (22)
PR e
The speed of a waveform is called group speed and is given by
Jw

All these definitions are necessary to characterize an EM wave, in a transmission line, for example, given
a specific medium and location.

11
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2.a.5. Overview

In Table 3, a brief overview of the advantages, drawbacks and applications of each WPT technologies
mentioned in this chapter is presented.

Table 3: WPT Advantages and Drawbacks

Technology Advantage Drawback Application
Inductive High power transferin a Requires short charging Electric toothbrushes,
Counlin distance of distance and proper charging pads and

piing centimeters alighment medical implants

High efficiency with larger

Magnetic distances in all H'gh power transfer only Charging mobile
Resonant . . , . in a distance of a \ . .
. directions,doesn’t require devices, electric vehicles
Coupling few meters
LOS
Low power
EM Radiation ) . . Decays quickly over sensor nodes

Tiny receiver size

(Omnidirectional) distance (e.g. Temperature
monitoring)
Requires LOS,
EM Radiation High power transfer tracking mechanisms Charging mobile devices
(Directional) over long distances and inherently large (UW Research)

scale devices

This work explores the challenges of inductive coupling by the use of a PA system and MTM to increase
the PTE.

2.b. Metamaterials
2.b.1. Theory

MTMs are artificial materials with periodic structures which its properties can be manipulated to obtain the
response function of known materials or new response functions, impossible to be normally obtained. If desired,
they can be designed to have negative electric permittivity (¢) and magnetic permeability (1), depending on the
application.

In this work, the interest was to use MTMs that are almost perfect lenses, with a refraction index (n)
smaller than zero [22]. They were designed to focus propagating and evanescent modes of an EM wave. Since
the application is IPT, which is basically evanescent wave coupling, here, the interest is in the improvement of
the operating distance. When focusing evanescent modes, the near field is amplified, enhancing the magnetic
flux, and as a consequence, increasing the mutual coupling (k) between the coils [1]. In Table 4, it is presented
a classification of MTMs and their properties.

Table 4: Types of MTMs

Type Properties

Double Positive Media (DPS) e>0and u>0

Epsilon Negative Media (ENG) | ¢<0 and u>0

Double Negative Media (DNG) | e<0 and pu<0

Mu Negative Media (MNG) e>0 and u<0

To be able to build a perfect lens, the MTM has to have both negative ¢ and negative pn, or a double
negative media MTM. This means that two artificial materials are combined, which can be very complex.

12
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In double negative media, the refraction index is negative and thus, the group and phase velocities have
opposite directions, instead of equal. Then, the energy flow goes in opposite direction to the movement of the
wave fronts [3]. Moreover, this kind of property leads to a whole new phenomenon, where the evanescent EM
waves of the near field are amplified, and the material works like a lens.

Inside materials with n < 0, a 180° phase shift is added to the propagating ray, having a discontinuity with
the outside, which has no phase shift. When this discontinuity happens, a resonant phenomenon occurs at the
interface in which the attenuating solution, caused by multiple reflections in the reactive near field, cancels out.
As a result, only the growing solution stays, also caused by multiple reflections in the reactive near field (Figure
12). Respecting the conservation of energy law, the energy of the attenuating solution that was canceled out is
transferred to the growing solution, enhancing its amplitude. As a conclusion, a negative magnetic reluctance is
added, which diminishes the total magnetic reluctance between the transmitter and receiver coil. This negative
magnetic reluctance increases the magnetic potential [1].

Figure 12: Focalizing the far field (A) and the near field (B) [3]

2.b.2. Models

After discussing the EM properties, the focus is on the desired unit-cell design for the MTM.

The first example of pattern model is the multiple split ring resonator (MSRR), that consists on N concentric
split-rings with splits placed on the opposite sides of two consecutive rings (Figure 13). Split ring resonator (SRR),
for example, is a MSRR with N=2.

Figure 13: MSRR with N=4[1]

According to [23], the total inductance and capacitance for this model can be defined as

10 Lavg 0.98
Lyvsrr = 3 4 4.86 [ln <—p +1.84 p|, (24)
N-—-1
Cmsrr = —5—[21 = (2N — 1)(w + 5)]Co, (25)

13
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where [,.4 is the average strip length calculated over all the N rings, p is the fill ratio, [ is the side length of
the outer ring, w is the strip width, s is the separation between two adjacent rings and Cj is the per-unit-length
capacitance between two parallel strips. The parameters p and Cy can be defined as

_ (N=-1)(w+s)
PEI-(N—Dw+s) (26)
_ KW1-F)
Co=c¢o Kk) (27)
where K is the complete elliptic integral of the first kind and k is
k=—2_. (28)

A certain N can be chosen to diminish the resonant frequency. However, this only works until a certain
point, when, by increasing N, it will only finer the tune. [1].

A second example of pattern model is the spiral resonator (SR), which is the one that this project is most
focused on. The SR model is a planar coil (Figure 14).

Figure 14: SR with N=12 [1]

According to [23], the total inductance and capacitance for this model can be defined as
1 N2 N-1

—_ l— n+1 (w+ s)
4(w+s) N2+1 — 2

lSR
()]

4IN —2N(1+ N) = 3|(s +
lfﬁ,: [2V( N) I(s w)7 (31)

Csr=Co (29)

I

Ho ;SR
L = 7la'u
SR o Vg

where Cj is defined in Equation 27, w is the strip width, s is the separation between two adjacent rings, 57 is
the single turn average length defined in Equation 31 and [ is the side length of the outer ring.

As with the MSRR, N can be increased until a certain limit in order to decrease the resonant frequency
[1].

Comparing these two models, the SR model presents a maximum linear dimension of the outer length
smaller than the MSRR model. Additionally, for the same value of N, the SR model can achieve Q-factors 2
to 3 times greater than the MSRR model. This means that the SR model can achieve a more limited Aw and
consequently, less coupling between the resonant system and free space, being able then to confine larger
volumes of EM field [24]. Then, for this near field IPT application, the SR model is more suitable.

For this application, the goal is to transfer power with a distance in the order of meters. According to the
wavelength (1)), the frequency needs to be in the order of MHz. Nevertheless, according to what was discussed
previously, N can be increased until a certain limit in order to decrease the resonant frequency. To work with

14
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realistic sizes, the frequency needs to be in the order of GHz or greater. A solution for frequency adjustment
is to add more capacitance or inductance to the circuit. As shown in the next section, for the first MTM design
(13.56 MHz), a interdigital capacitor was added, and for the second one (33MHz), a CMS capacitor was added,
in order to adjust the resonant frequency [1].

2.b.3. Design

For the experiments, it were used two types of MTM, one designed to work in 13.56 MHz and the other
one in 33 MHz. It is important to emphasize that the design of these printed circuit boards (PCB) is not part
of this work, but only one of the tools to perform experiments, obtain a higher gain and consequently, higher
power transfer across two coils.

The first MTM is a SR cell since its quality factor is higher than of a SRR cell, considering the same
dimensions. One of the objectives of this PCB is to have high inductance so that it can store enough magnetic
field. It size was designed for realistic applications, within a few centimeters. To adjust the frequency, which was
done experimentally, interdigital capacitors were used. Since the focus is on near field applications, the desire
is to amplify magnetic field and for that, the MTM has to be a negative n. This design is also described in [24].
Below, a description of its characteristics is presented.

Substrate: FR-4
Characteristics of the substrate:

e p=10 2 mm

* e =45

* §=0.01

e w=15mm

* Dielectric Thickness = 1 mm

* Conductor Thickness = 35 um
Prototype Parameters:

e 5s=1.0008 mm

e w=0.5994 mm

e |=7.6cm

* Period of the lattice (center to center of the unit cells) = 8.1 cm
Total Conductor Dimensions:

e Length = 2850 mm

+ Area = 0.02098 mm?

Electric Resistance is given by the following expression:

R= % = 1.358 Q1. (32)

SR Parameters:

As seen in Equation 29, 30 and 31, the following parameters were calculated by the expressions:

o s Vs
4(w+5)N2+1n=1 " 2 wos

lSR
1 avg
+In o ,

jsr _ AN = [2N(1+ N) —3)(s + )

avg — N .

Csr = Co

)

avg

Lsgp = @ZSR
2T

« Lsp = 0.3311 uH
« Osp =2.1323nF

15
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Parameters in resonance using expressions 8 and 9:

1
wp = —-—,
"~ VIsrCsn
wo = 37.634 M Hz,
_ Lsr 1
Q - CSR R’
Q =9.1760 ~ 9.

As mentioned previously, it was necessary to include in the back of the board interdigital capacitors so
that the frequency is adjusted from 37.634 MHz to 13.56 MHz.

In Figure 15 and 16, it is shown the front and the back of this MTM:

Figure 15: MTM for 13.56 MHz (front)
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Figure 16: MTM for 13.56 MHz (back)

The second MTM (for 33 MHz) is also a SR cell and a double negative media, meaning both x and ¢
are negative. Since its purpose is to amplify magnetic field, it only needed to be negative n. To regulate the
resonance frequency, the MTM uses a lumped capacitor approach, so that it can stay in the range of tens of
MHz. In the back of the PCB, there are CMS capacitors, connected with the inductor in the front of the slab via
two holes (Figure 17). This design is also described in [1]. Below, its characteristics are described.

Y}

Figure 17: Lumped Capacitors connected in series with inductos via two holes. [1]

Substrate: FR-4
Characteristics of the substrate:
e p=10 pu mm
* ¢.=4.6
* §=0.01
e w=15mm
Prototype Parameters:

e dint =1cm

® dext =2 CM
e s=1mm
e w=1mm

17
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e CMS Capacitor = 100 pF

¢ Period of the lattice (center to center of the unit cells) = 2.3 cm

Total Conductor Dimensions:
e Length =179 mm
» Area = 0.017 mm?
By expression 32 R is:
* R=0.2 Q.
By expression 30 Lgg is:
e Lsr = 240 nH.
By expression 8 and 9 f, and Q are:
* fo = 33MHz,
« @ =180.
Total Dimension:
+ Area = 20 c¢m?
The software used for this design was Eagle 6.5.0.
In Figure 18 and 19, the front and the back of this MTM are shown.

Figure 18: MTM for 13.6 MHz (front)

18
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(a) MTM for 33 MHz (back) (b) Capacitors in series with inductors

Figure 19: MTM for 33 MHz (back)

19
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3. Theory of Power Amplifiers

In this chapter, an introduction to theory of amplifiers is made, including its classes, topologies with BJT,
and polarization analysis. Here, the interest is in analyzing how to give power to a load efficiently, minimizing

the dissipated power in the transistors.
To start this chapter, it is important to highlight some notations used. A signal can be described by
DC Component — V4,

AC Component — v, = V, sen(wt) =V, sen(2wft),
Signal — va = V4 + va.

Equivalently, the same can be done for the current.

3.a. Bipolar Junction Transistor (B)T)

A BJT is a semiconductor device of three terminals: collector, base and emitter. It can be used for
many different applications such as signals amplification and logic circuits. Through the adjustment in two
of its terminals, collector and base, it is possible to control the emitter current. Differently from a metal oxide
semiconductor field effect transistor (MOSFET), BJT controls current and not voltage. BJTs can be separated in

two types: NPN and PNP, shown in Figure 20 [5].

NPN PNP
C C
o Q
B 0——————1 Bc~—————1
o o
E E
(a) NPN Transistor (b) PNP Transistor

Figure 20: Two types of BJT
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Moreover, the BJT can operate in three different regions: active, saturation and cutoff, according to Figure

21.

Saturation
'C‘ Region

- Active Region ——

VBE;” VBE,

Cutoff Region
2 VBE = 05V

Figure 21: Operation Regions [4]

For a BJT NPN, these conditions are met [5]

Active Mode — Vg > 0.5V (usually Vg =0.7V), Ve > —0.5V,
Saturation Mode — Vg > 0.5 V (usually Vgg =0.7—-0.8 V), Ve < —0.5 V,
Cutoff Mode — Vg < 0.5 V.

In active region, which is the focus of this project, there are the following definitions,

IievBE/th

iBp = 3 (33)
ic = BiBs, (34)
ig =1ic + 1B, (35)
ic = aip, (36)
B
RS (37)

where ip is the base current, Is is the saturation current, 5 is the current gain, vpg is the voltage between
base and emitter, 7 is the emission coefficient, V; is the thermal tension, i¢ is the collector current and ig is the
emitter current [4].

When analyzing a BT, there are usually two procedures that need to be done: polarization analysis
(DC analysis) and analysis in a certain frequency band (AC analysis). In a DC analysis, all capacitors are
considered open circuits and all inductors short circuits [4]. In Figure 22, there is an example of a common
emitter topology:

21
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Figure 22: Common Emitter Topology [4]

In this case, in a DC analysis, only voltages and currents inside the red square are calculated.

Then, for the AC analysis, the capacitors and inductors are considered, in different ways, depending on
the frequency band. Regardless of the frequency used, these two models, # Model and T Model, can be used for
the analysis (Figure 23) [4].

(a) = Model (b) T Model

Figure 23: Two types of BJT [4]

A few definitions are essential for these models [4]:

N (38)
gm

re= -, (39)
gm
Ic

= . 40

g v (40)

It is important to remember that transconductance gain (g.») can only be defined after the DC analysis.
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In Figure 24, it is presented a frequency response of a topology with BJT.

\d!{l‘

¢ | -
It T f (Hz)

Figure 24: Frequency Response of a topology with BJT [4]

In a mid frequency band, external capacitances are considered short circuits and internal capacitances
are considered open circuits [4].

In a low frequency band, external capacitances are considered with their exact values and internal
capacitances as open circuits [4].

In a high frequency band, external capacitances are considered as open circuits and internal capacitances
with their exact values [4].

In order to determine the transfer function of this kind of circuit, there are many different methods,
including the Time Constant Method and Miller’s Theorem. They are explained in details in [5].

3.b. Classes of Amplifiers

Amplifiers are classified depending on how their output stages are configured and operated. The main
characteristics are linearity, signal gain, output power and efficiency. An amplifier class represents the type of
output signal which varies within the amplifier circuit over one cycle of operation when excited by a sinusoidal
input signal. This classification range from entirely linear operation (when a distortion of the signal is not
desired) with very low efficiency, to entirely non-linear (when the signal format is not a priority) with much
higher efficiency [25].

The first group explored is the most commonly used, with classes A, B, AB and C. They are conduction
angle amplifiers where the length of their conduction state defines the output waveform [5].

The second group is the switch-mode amplifiers, with classes like D, E and many more. These amplifiers
use digital circuits and pulse width modulation (PWM) to constantly switch between on and off, taking the
transistor back and forth from saturation to the cutoff region [25].

3.b.1. Class A

A class A amplifier is polarized with an I current greater than the signal amplitude of the current, Jc.
Therefore, the transistor conducts during the whole cycle of the input signal, having a conduction angle of 360°
(Figure 25) [5].
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1 ] I
0 T 2 ir ;,1

Figure 25: Output Waveform - Class A [4]

In Figure 26, an example of a class A amplifier circuit is shown:

*Vee

Ry

Figure 26: Circuit Example - Class A [4]

The graphic of the transfer function is given by:

vo |
(Vee = Veprad) p—— = —_——

/} v

I
Vaer

=IR;

(—Vee t Vesrw)

Figure 27: Transfer Function - Class A [4]

According to [5], the efficiency of the power conversion of an output stage is given by

Pr,
== 41
=Py (41)
where Py is load power and Ps is source power. For this class, supposing that the output is a senoidal waveform
with peak value V;, the average load power will be

(Vo/V3)? 12
P = =_-_°2 42
L i 3 R. (42)
And, the power of the source is given by
Ps =2Veel, (43)
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since the current in @1 and Qs is constant. Combining Equations 41, 42 and 43, the result is

V2

1
=-__"° 44
N 4 IR Vee (44)
The maximum efficiency is given by V2 = Voo = IRL. So, the conclusion is that
1
Nmaz = 1 = 25%. (45)

In realistic conditions, the efficiency usually is between 10% and 20%. Since it has a low efficiency, a
class A amplifier is rarely used for applications that need more than 1W [5]. Nevertheless, due to its easy
implementation, low cost and power capacity, a class A amplifier is more suitable for this work, even though it
is not the most efficient.

3.b.2. Class B

A class B amplifier has its DC current I equal to zero. Consequently, the transistor only conducts on the
semi positive cycle of the input signal, resulting in a 180° conduction angle (Figure 28) [5].

f‘r A

T

!

0

Figure 28: Output Waveform - Class B [4]

In Figure 29, an example of a class B amplifier circuit is shown:

+ee

A

Vo 2 Qi

—¥ee

Figure 29: Circuit Example - Class B [4]
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The graphic of the transfer function is given by:

Yo

(Vee = Vepnsa)

—0]5 v
(—Vee + Vecra = Vepe) ! !
i (Vee = Vernsn t Vaen) vy

+05V

Slope = 1
____________ (—Vee + Vecpa)

T
|
|
|
!
|
|
|

Figure 30: Transfer Function - Class B [4]

For this class, supposing that the output is a senoidal waveform with peak value V;, the average load
power will be

(Vo/V2)2 12
P = =2 46
L i 3R, (46)
Also, the power of the source is given by
2V,
Ps=2"Vge. (47)
7 Ryr
As a result, the efficiency is equal to
(372) Vi
=~ %V‘J . (48)
(%RLOLVCC) cc

The maximum efficiency happens when Vj is maximum [5]. This maximum is limited by the saturation of
Qn and Qp in Voo — Vogsat = Veo. Therefore, when V, is maximum, 7 is

Nmaz = % = 785% (49)

It is noticeable that the efficiency of a class B amplifier is much higher then from a class A.

3.b.3. Class AB

In this class, the DC current, I¢, is bigger than zero but is much smaller than the signal amplitude of the
current, Ic. Then, the transistor conducts during a little more than the semi positive cycle of the input signal,
resulting in a conduction angle between 180° and 360°(Figure 31) [5].

ek

I

0

Figure 31: Output Waveform - Class AB [4]
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In Figure 32, an example of a class AB amplifier circuit is shown:

+Vee

Figure 32: Circuit Example - Class AB [4]

The graphic of the transfer function is given by:

Yok V
v, =V + —‘g‘g —VBEQ,

Vo= Vemymlp ===

S L S (—=Vee + Vecrsu)

Figure 33: Transfer Function - Class AB [4]

Class AB is very similar to class B when it comes to efficiency. The only exception is that the polarization
current I elevates the power dissipation and reduces the amplifier efficiency. However, since I is usually
much smaller than the load current, the conclusion is that the losses in efficiency are not very significant [5].
Therefore, the efficiency in a class AB amplifier is

n < 78.5%. (50)

3.b.4. Class C

Finishing the group of linear amplifiers there is class C. In this class, the conduction angle is less than
180°. The result is a current waveform pulsing periodically. To obtain a senoidal output waveform, the current
goes through a kind of low pass filter, a LC circuit in parallel, tuned to work in the input frequency. In Figure 34,
the output waveform of a class C amplifier is shown [5].

In the linear amplifiers group, the class C amplifier is the one with the highest efficiency due to the fact
that the active device is biased beyond cutoff with a negative Vzg supply. This kind is most commonly used in
radio frequency (RF) applications where a resonant circuit must be placed at the output in order to keep the sine
wave going during the nonconducting portion of the input cycle [26].
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Figure 34: Transfer Function - Class C [5]

3.b.5. Class D
One of the main choices of PA for WPT are class D and E amplifiers. They are used to amplify the power

of the digitally modulated input signal to be sent out by a transmitter and work similarly to a DC-AC converter.
The key feature of non-linear amplifiers, as compared to linear amplifiers, is the ideal unity efficiency [6].

In Figure 35, an example of a class D amplifier circuit is shown:

Loudspeaker

Piezoelectric

Transducer
Non-overlapping
logics and Buffers :
Power ] = WPT Link
Switches i Ly L, Or
i (c) ... Resonant
i Converter

Figure 35: Circuit Example - Class D [6]

A complementary metal oxide semiconductor (CMOS) implementation of a class D amplifier consists of
non-overlapping logic, gate-drive buffer and two power switches. Its operation is similar to that of a buck DC-DC
converter. On the other hand, the difference is that the class D amplifier controls the output voltage pulses
according to the varying input signal, while the buck converter takes a constant input signal and delivers a
constant output voltage. When it comes to amplifying the signal of a WPT link, the load along with the resonant
tank on the secondary coil can be modeled as an equivalent load impedance Z., reflected back to the primary
coil that will affect the resonant frequency fr of the primary LC tank. It is difficult to match the switching
frequency fs of the amplifier exactly with the resonance frequency in real implementations [6].

3.b.6. Class E

The second non-linear amplifier analyzed is the class E amplifier. For WPT, it consists of a single switch
MN, an RF choke LC, a shunt capacitor CP, and an LC series resonant tank that contains CS and the coupling coils
L1 and L2 (Figure 36). The inductance value of LC is set to be sufficiently high, resulting in a signal amplitude
of the AC current smaller than the DC current, just as in class A amplifiers. The load network CP, CS and L1
is a combined series-parallel resonant circuit, which is also known as a multi-frequency network. The class
E amplifier's operation results in high-power conversion efficiency at high frequencies. Its main applications
are in communication transceivers, electronic ballasts for fluorescent lighting, heat induction, electrosurgical
generator and WPT systems [6].
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I.,-.,U-

Figure 36: Circuit Example - Class E [6]

Although these non-linear amplifiers have an ideal efficiency of 100%, in practice, class E amplifiers can
be more efficient than class D. In contrast, the normalized output power capability of the class D amplifiers is
higher than that of the class E, which may limit the application of the class E amplifiers in high-power applications

[6].

3.c. Power Transistors

BJT that are capable of dealing with a few amperes of current and power greater than 1W are called
power BJT [4]. An RF amplifier using BJT usually works between 2 and 10 GHz. Normally, outside this range,
they are considered as a low frequency electronic device [7]. Considering that, in this application, the operating
frequency is 13.56 MHz, with a 30 MHz transistor, it is possible to consider it as a low frequency operation. Even
so, due to the fact that the project includes microstrips and a very reactive load, transmission line concepts and
impedance mismatch still need to be considered.

Power BJT dissipate great amount of power in its semiconductor junction. This dissipated power is
converted to heat and increases the junction’s temperature. Then, this value cannot exceed a maximum point,
where it can cause irretrievable damage. The dissipated power temperature (7);) can be defined as [4]

Ty =Ta+065a Pp, (51)

where T4 is the room temperature, 6,4 is the thermal resistance between the junction and the environment
(°C/W) and Pp is the dissipated power. In Figure 37, a graphic of Ppapax Vs. Tyamax is shown, where Ppaax is
the maximum dissipated power and Ty r4x is the maximum temperature caused by dissipated power.

Pﬂmux A

PJ'HP

> T
0 T.'-W I:’III.HJL
Figure 37: Circuit Example - Class E [4]
Additionally, the thermal resistance is given by
054 =050+ 0ca, (52)

where 604 is the thermal resistance between the junction and the environment, 8,¢ is the thermal resistance
between the junction and the encapsulation and 6c4 thermal resistance between the encapsulation and the
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environment [4]. Normally, Tymax, 874 and 6;¢ are defined in the datasheet. In Figure 38 and 39, there are
different types of encapsulation.

(a) Low Power (b) Medium Power

Figure 38: Low and Medium Power BJT [4]

Figure 39: High Power [4]

To be able to adjust ¢4, the designer can add a heat sink to the encapsulation. In this situation, 6c4 is
defined as

Oca =0cs + 0sa, (53)

where 6¢c 4 is the thermal resistance between the junction and the environment, 0¢s is the thermal resistance
between the encapsulation and the heat sink and 654 is the thermal resistance between the heat sink and the
environment, which is highly dependent on the heat sink chosen [4].

Therefore, a BJT attached to a heat sink has a thermal resistance of

05adiss =010 + 0cs + 0sa. (54)

Due to its dimensions and elevated current values, a power BJT has different characteristics compared
to a signal BJT. It is mandatory that the BJT has a » = 2 and a low common-emitter current gain, 8 (usually
between 30 and 80). Moreover, the internal capacitances, C and C,, are low, resulting in a frequency response
deterioration in high frequencies. To conclude, the breakdown voltage, BVcgo is higher, usually between 50V
and 100V and being able to get to 500V [4].
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In Figure 40, a comparison between graphics for a common-emitter topology is shown.
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Figure 40: Comparison between DC component and the complete signal

3.d. Transmission Line

Even though this work is considered as a low frequency operation, evaluations of the challenges of a
mismatched load still need to be done. In order to analyze the developed microstrip, a comprehension of the
EM laws that regard a transmission line is necessary.

Just as in EM radiation seen in section 2.a.4, the voltage and current across a microstrip are also propagating
waves. They can be defined by [7]

V(z)=VTe 7"+ vV et?, (55)
_ v + -7z -tz

I -

(2) R—i—ij(V e P+ VTeH), (56)
where the characteristic impedance is given by,
+ -
7. = R+]LUL Y V(Z) _ L — Vf (57)
VG—I—ij R+jwL — I(2) I+ I

In Equation 55 and 56, ~ is defined by Equation 16. As seen in Figure 41, V* and I' are the voltage and
current waves propagating towards the load. On the other hand, V™ and I~ are the voltage and current waves
propagating towards the generator.

IF=1=
—_—
e~Jyz mp
‘(+
; + 5
- z. vl 4] |y,
V_ 2
Generator etz ﬁf
- !_ .
z=0

Figure 41: Transmission Line [7]
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When the load, Z;, is not matched with the transmission line, meaning, Z. = Z;, necessarily it is going
to exist a V™~ and I~, which might affect the generator. In order to measure this back wave, the reflection
coefficient needs to be defined, given by [7]

_Zr—Zc _V_
e = Zr+Z. V+H (58)

In any point of the transmission line, T" is given by [7]

Ve P VT e —2j81
(=) = Ve = We =TIre . (59)

Additionally, the power delivered to the source when the load is mismatched is given by [7]

Py, = %YC VTP (1 =T, (60)
Pir = Pinc — Prey, (61)
Pres = TL|* Pine, (62)
Pip = Pine(1 —|TL)?). (63)

Then, the concept of return loss (L) can be also introduced as [7]
Lr =201og(T'L). (64)
A very important parameter to establish is the voltage stationary wave rate (VSWR). A waveform is formed

from the combination between the incident and reflected waveform. The measure between the maximum and
minimum amplitude of this wave is called VSWR, which is defined as [7]

|Vmaz‘ _ 1+ 1—‘L

VSWR= Voin| ~ 1Ty (65)
When the load is matched,
' =0,
VSWR=1,
LR =
If the load is mismatched,
0<I'y < 1,

1< VSWR < 0.

With the chosen BJT, MRF426, the maximum allowed VSWR is 30 [8]. Applying in Equation 65, a reflection
coefficient of ', = 0.9354 is obtained, meaning that most of the incident waveform in this circuit can be reflected
back to the BJT without damaging it. Using Equation 64, the return loss is Lr = —0.5793. Although impedance
matching was considered in this work, in order to avoid reflected waves, the chosen component proved to be
extremely resistant to this kind of problem.
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4. Power Amplifier Circuit Design

As explained in Section 1.c , the objective of this work is to create an amplifying system for a previous
experiment [1].

In this previous work, the author attempted to use MTMs in IPT, in order to increase the distance between
the transmitter and receiver antennas. In Figure 42, there is a block diagram that explains the old experiment.

Vector Network Transmitter . Receiver
Metamaterial
Analyzer Antenna Antenna

Figure 42: Old Experiment

In this work, the desire is to set even greater distances between the transmitter and receiver antennas.
By a combination between the PA and the MTMs presented in Section 2.b.3, the goal is to increase this distance
and try lighting up a LED or charging a smartphone. In Figure 43, there is a block diagram that explains the new

experiment.
Amplifying system Load
“““““ 1 5 |
: I 1 1
Vector Network | | Power I | Transmitter " Receiver | | | Rectifier Device (LED, !
[ pover 1 [t .
Analyzer - Amplifier | , Antenna Antenna 1 Circuit Smartphone...) |
| 1 1 1
1 L e e 4

PSR FEERRS R e

Figure 43: Amplifying System

4.a. Advanced Design System (ADS)

ADS is an electronic design automation software for RF, microwave, high speed digital, and power electronics
applications. It has been created by Keysight EEsof EDA, a division of Keysight Technologies (formerly Agilent’s
Electronic Measurement). By offering technologies such as 3D EM simulators and X parameters, the software
has been used by leading companies in the wireless communication & networking, aerospace & defense,
automotive, and energy industries [27].

Keysight ADS is a useful tool in every step of the design process, including schematic tools, layout,
frequency and time domain circuit simulations and EM simulations.

For WiMAX™, LTE, multi-gigabit per second data links, radar, satellite, and switched-mode power supply
designs, ADS provides standards-based design and verification with Wireless and other Application-specific
Libraries and EM simulations in an integrated platform [27].

Integrated with ADS, there is Momentum:3D planar EM simulation software for electronics and antenna
analysis based on method of moments. It accepts multiple designs and by using method of moments, it can
precisely simulate complex EM effects including coupling and parasitic [1].

In this project, it was used ADS 2016.
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4.b. MRF426

4.b.1. The project

The chosen BJT was the MRF 426, an RF Line NPN Silicon Power Transistor from MACOM. In 30MHz with
28V, it is expected to deliver 25 W, have a minimum gain of 22 dB and efficiency of 35%. Since the proposed
work is designed for 13.6 MHz, the expectations are a little different. Moreover, for load mismatch at all phase
angles, it promises a VSWR of 30:1. This BJT can only be used for A or AB amplifier topologies [8].

As an initial model for the PA circuit, the decision was to follow the datasheet proposed schematic as
shown in Figure 44, and make adjustments. It is important to highlight the use of this tuning capacitors(Ci, Ca,
Cs and Cjy). After experimental observation, it was noticeable that C; and C> are used to filter high frequencies,
and C5 and C4 are used to amplify high frequencies. Moreover, when filtering high frequencies, it was observed
a little amplification of the signal in low frequencies. Since the focus is in the low part of the frequency band,
the capacitors were tuned in order to operate at its optimum pointin 13.6 MHz.

RFC2

— )« —<

RFC1 28 Vde
BIAS ™, 2 " -

INPUT l LaE = |_<

Cé G:f]: CAI : =

L4

L2 ca
L i < RF OUTPUT
s (f
HF' ey - /};\I ouT 9t ' =
INPUT e \f\ J Ca

L R

i

-

Figure 44: First Schematic [8]

In Table 5, a more detailed description of each and every component is presented. The three distributors
used in this work were Digikey, RF Parts and Dexter Magnetic Technologies.
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Table 5: Initial Model’s Components

Components Specifications Manufacturer
C1,C2 469 Tégg?j{(’)gg?g_r?;gi%? Mica ARCO Electronics
c3,cq  S464 Tmmer, Variable Compression  ARCO Electronics

C5 Mica Capacitor, 120 pF Cornell Dubilier Electronics
Ce, C7 Ceramic Capacitor, 100 uF, 25V United Chemi-Con
c8 Ceramic Capacitor, 680 pF, 500V KEMET
(f°] Tantalum Capacitor, 1uF, 35V AVX Corporation
L1 3 turns, AWG 10, 8.4mm, 60 nH N/A
L2 6 turns, AWG 10, 15.9mm, 0.68 pH N/A
L3 7 turns, AWG 10, 14.mm, 0.76 uH N/A
L4 Fixed Inductor, 10pH Wurth Electronics Inc.
CR1 Diode, 1N4997 Motorola
R1 Resistor, 102 1/2W Vishay Dale
RFC1 Wound Ferrite Bead Ferroxcube
RFC2 Ferrite Sleeve Ferroxcube

For the inductors L1, L2 and L3, the datasheet suggested actual coils with different wires and loop
diameters, instead of lumped components. Since these specific wires were not available, the decision was to use
AWG 10 and calculate new loop diameters that would give the same inductance. To achieve this equivalency,
the following expression was used [28]

Leoit = Npioptr <§) [ln (%) - 2} , (66)

where L., is the coil inductance, N is the number of turns, D is the loop diameter and d is the wire diameter.
Then, the new coils have the following characteristics:

Table 6: Inductance Equivalency

Component Inductance Datasheet Equivalent
L1 60.05 nH 3 turns, 16 AWG, 6.35 mm 3 turns, 10 AWG, 8.4 mm
L2 0.679 pH 6 turns, 16 AWG, 12.7 mm 6 turns, 10 AWG, 15.9 mm
L3 0.679 pH 7 turns, 20 AWG, 9.652 mm 7 turns, 10 AWG, 14 mm

In order to fabricate the PCB for the circuit, the layout tool of ADS was used. At first, some doubts

appeared of what substrate to use. Based on the microstrips width, it was possible to choose the most appropriate
one.

The first considered was the RT/duroid® 5880 from Rogers Corporation. At LineCalc, a microstrip calculation
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tool of ADS, the following parameters that described the substrate were inserted:

€ = 2.2,
pr =1,
H = 3.18 mm,
Hu = 3.9e + 34,
T = 35um,
Cond = 5.8e7,
tan § = 0.0004,
Freq=13.6 MHz,
Zy =50 Q,
E.rp = 10°.
The output was:
W = 9.734940,

L = 446.677000.

Then, testing the same thing for the FR-4 substrate, the following parameters were inserted:

€ = 4.6,
pr =1,
H=16mm,
Hu = 3.9¢e + 34,
T = 35um,
Cond = 5.8e7,
tan § = 0.018,
Freq=13.6 MHz,
Zo = 509,
E.rp = 10°.
The output was:
W = 2.810500,

L = 324.289000.

Since a much smaller width (W) was obtained with the FR-4 substrate, at 13.6 MHz, this was the one
chosen for this project. It is important to emphasize that the length (L) is not very relevant in this choice, since
it can be easily modified by the electric length (E.sf), which is only rotating in the Smith Chart. By choosing the
FR-4, it was possible to optimize the circuit dimensions from 226.3 x 124.8 mm (5880) to 196.54 x 116.10 mm

(FR-4). In Figure 45, it shows a comparison between these two layouts, one with Rogers RT/duroid® 5880 and
the other with FR-4.
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(a) Circuit using RT/duroid® 5880 (b) Circuit using FR-4

Figure 45: Comparison between two substrates

In Figure 46, there is the final version of the layout, where the right side was rotated and mirrored and
the squares that represent the lumped components were removed.

BIAS INPUT

REQUTPI
28 WOLTS DC

i

SOURCE

RF INPUT DRAIN

]
SOURCE

ESTAGIO DE AMPLIF!
i VICTORIA PALHARES
GROUND JORGE MITRIOMNE

Figure 46: Final Layout for the MRF 426 in FR-4
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4.b.2. Simulation

After thinking about the circuit design, the decision was to simulate in order to align the expectations for
the experiments.

In Figure 47, the schematic used in the simulation is shown.

@| SeaRmiETERs | @1 PARAMETER SWEEP |

St
Step=U0TMHz

e
2260 TA33E BT Fi+fieq Om

Figure 47: Simulation Schematic in ADS

The obtained results of the simulation from 5 to 50 MHz are shown in Figure 48 and 49. In Figure 48, the
parameter S21 (transmitted wave in Port 2 given an incident wave in Port 1) was converted to power and in
Figure 49 this previous curve was converted into dB.

ARG

Pout

L L L L L L B L IR
5 10 15 20 25 30 35 40 45 50

freq, MHz

Figure 48: Power from S21(Transmitted Power)
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Figure 49: Transmitted Power in dB

39



\\ Projeto de Graduagao

\ DEPARTAMENTO
» I][[ DE ENGENHARIA
| ELETRICA

4.b.3. Fabrication

After the layout has been made, it was exported from ADS as a gerber file in order to fabricate the circuit.
The machine used was the LPKF ProtoMat S103 (Figure 50), a circuit board plotter configured specifically for RF
and microwave requirements [9]. To turn the gerber file into instructions for the machine,the software CircuitPro

was used, turning layout data into instructions for the PCB plotter [29]. Both LPKF ProtoMat S103 and Circuit Pro
are from LPFK Laser & Electronics.

Figure 50: LPKF ProtoMat S103 [9]

Since this is a prototype, the decision was to plot two boards, being both fabricated by the LPKF ProtoMat.
The plotter does not extract the conductor in all the desired area, so the option was to use ferric chloride in one of
them to properly extract the conductor to obtain the desired circuit. In Figure 51, both boards are shown:

(a) Board 1 - Corroded by Ferric Chloride (b) Board 2 - Without Corrosion

Figure 51: Two Prototypes - With and without Ferric Chloride

After having these two boards ready, the one corroded by the ferric chloride was used to start soldering
the components. In Figure 52, the decision was not to fix the capacitors in the board, so that they could be easily
taken out if necessary. To ground the circuit, epoxy paste was used. Even so, during one of the experiments, the
isolation burned. Then, all the epoxy was changed by bolts linking the microstrip to the ground plane.
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In Figure 52, the final PCB is shown:

Figure 52: Final Circuit

During a few experiments, the 10 €2 resistance was removed due to a short circuit appearing at the base.
After a few experiments, it was noticeable that the epoxy paste was not properly grounding the circuit, causing
the short circuit. Then, after solving this, the resistance was put back in its place. As a result, the original
schematic from the datasheet was maintained in the final version of the circuit.
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5. Experiments

5.a. Experimental Protocol
5.a.1. Vector Network Analyzer (VNA)

AVNA is an instrument that enables the RF performance of RF and microwave devices to be characterized
in terms of network parameters. In this work, the VNA was used not only to measure scattering parameters
(S-parameters) in amplitude and phase, but also to measure incident power and transmitted power in dB. This
equipment can be also used to measure other network parameters sets such as Y-parameters, Z-parameters
and H-parameters. They are usually used to characterized two-port network devices, but can also measure an
arbitrary number of port devices, when the other ports are load matched.

The VNA used in this work was the Hewlett Packard 8714ET RF Network Analyzer/ 300kHz - 3000MHz,
with maximum output power of +20 dBm.

In Figure 53, it is shown the VNA model used in this project.

Figure 53: VNA

5.b. Configuration 1: Just the PA

First, experiments were made with the PA by itself. In Figure 54, there is an schematic of this experiment.
In this case, it was extremely important to properly isolate the VNA so that there was not a reflected wave at
the PA's port 1 (S11) that could damage the source (VNA).
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Figure 54: PA Test

In Figure 55, the attenuators used in this experiment are shown.

Figure 55: Circuit Attenuators

By varying the output power from -10 dBm to +16 dBm, it was possible to obtain the curves shown below
from Figure 56 to 60.
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Figure 56: Output power when input power is -10 dBm and -5 dBm
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Figure 58: Output power when input power is 3 dBm and 5 dBm
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Figure 59: Output power when input power is 8 dBm and 10 dBm
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Figure 60: Output power when input power is 13 dBm and 16 dBm
In the figures above, each time that the VNA output power was increased, there was an increment in the
BJT collector’s current. Additionally, it was possible to observe that every increment in the VNA output power

corresponds to a proportional increment in the PA output power, showing that the gain is approximately the
same and independent from the PA RF input. In Table 7, it is shown the stability of the gain around 20 dB .
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Table 7: Results - PA Experiment

Input (dBm) | Output (dBm) | Gain (dB)
-10 -26.51 21.49
-5 -21.42 18.58
-3 -19.16 18.84

0 -15.89 19.11
3 -12.58 19.42
5 -10.25 19.75
8 -6.83 20.17
10 -4.212 20.78
13 -0.196 21.80
16 3.744 22.744

5.c. Configuration 2: Using MTM with the PA
5.c.1. Lightning up a LED

For the following experiments the DC sources and the ammeter were kept and the attenuators were
removed. This time, the protection of the VNA is still necessary but without compromising the power supply,
which is now, fixed in +16 dBm. Therefore, the 35 dB attenuation was replaced to a 6 dB between VNA and the
PA input (Figure 61). Additionally, the PA output was connected to a transmitter coil in order to transmit wireless
power to a receiver coil connected to a rectifier circuit with a LED. The objective this time was to measure the
maximum distance between transmitter and receiver coil to light up the LED. Then, by adding 1 or 2 slabs of
MTM, the desire was to increase this distance. In Figure 62 and 63, a schematics of the experiments can be
seen, first with MTM 1 (13.6 MHz) and then with MTM 2 (33 MHz). By varying the position of the slab between
coils, it was possible to see different results.
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Vector Network Analyzer
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Receiver Transmitter Amplifier AT;":;;O'
Coil Coil

Figure 61: Experiment without MTMs
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Figure 62: Experiment with MTM 1 (13.6 MHz)
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Figure 63: Experiment with MTM 2 (33 MHz)

In Figure 64, the inductive coupling coils and the attenuator used in the experiment are presented.

(a) Inductive Coupling Coils (b) 6 dB Attenuator

Figure 64: Equipment used in the experiment
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In Figure 65, the rectifier circuit used together with its schematic is presented.

27
N

-1
LED
+ Antenna RX

QW

3.3k
R
100nF

H_H_gi

(a) Rectifier Circuit (b) Schematic of the circuit

Figure 65: Rectifier Circuit

In Table 8, the results obtained through this experiment are shown.

Table 8: LED Experiment

Experiment .Distance . Distance . Distance _
(Transmitter and Receiver) | (MTM and Transmitter) | (MTM and Receiver)
No MTM 5.3cm N/A N/A
One MTM 1 (13.6 MHz) 6.35cm lcm 5.35cm
One MTM 2 (33 MHz) 5.5cm lcm 4.5 cm
One MTM 1 (13.6 MHz) 7.8cm 7.3cm 0.5cm
One MTM 2 (33 MHz) 6.53 cm 6.27 cm 0.26 cm
One MTM 1 (13.6 MHz) 6.5cm 3.29 cm 2.8cm
One MTM 2 (33 MHz) 7 cm 3.45cm 3.45cm
Two MTMs 1 (13.6 MHz) 11.09 cm 0.58 cm 0.89 cm
Two MTMs 2 (33 MHz) 7.35cm 1.1cm 0.6 cm
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5.c.2. Measuring Power

In this last experiment, the previous one was reproduced, but now, instead of the rectifier circuit with the
LED, the receiver coil was connected back to the VNA in order to measure the power received by the LED and
have precise results. In Figure 66, 67 and 68, a schematic of this last experiment is shown. To correctly obtain
the power received by the LED, the same distances obtained in the last experiment were used.
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Figure 66: Experiment without MTMs
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Figure 67: Experiment with MTM 1 (13.6 MHz)
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Figure 68: Experiment with MTM 2 (33 MHz)
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In order to not damage the VNA with the power received by the coil, a 20 dB attenuator was used between
receiver coil and VNA (Figure 69).

Figure 69: 20 dB Attenuator

The obtained graphics are shown in Figure 70 to 74 :
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Figure 71: One Slab of MTM 1 (13.6 MHz) assisting the Transmitter and the Receiver
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Through these experiments, it was possible to observe the increment in distance when adding one MTM
slab and two. Even though the best case happens with an addition of two slabs, when assisting the receiver
coil with one MTM slab, it was possible to achieve greater distances then when assisting the transmitter coil.
Furthermore, in all the experiments a frequency shift was observed due to the imperfections in the MTM slabs

It is noticeable that in the majority of the cases, the maximum power could be seen at 6.14 MHz. Nevertheless
an amplification could still be seen with the addition of MTM.
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6. Conclusions

6.a. Main Results

The main conclusions taken from this project and experiments are:
e The PA achieved stable gain, independent from its RF input.

e In order to build a PA connected to a very reactive load, its BJT needs to be carefully chosen (high VSWR)
in order to not cause a reflected wave back to the circuit and consequently, damage it.

¢ When operating with one MTM slab, 13.6 and 33 MHz, it is more efficient to position it close to the receiver
coil.

e Both 13.6 MHz and 33 MHz MTM slabs are more efficient working in pairs.

* When working in pairs, the efficiency is independent from the position of the MTM slabs, for 13.6 and 33
MHz. As a result, transmitters and receivers can be designed as compact as possible, without decreasing
the efficiency of the link.

* When adding one or two MTM slabs, a frequency shift is observed.

6.b. Future Work

In this project, there was not enough time to conduct all the experiments desired and to sophisticate the
PA system.

Other future progresses aimed for this work are:
¢ Same experiments with the MTM slabs misaligned.

* Experiment fixing the distances found in Section 5.c.2 and varying the position of the MTM slab in 10 parts,
from the transmitter to the receiver coil. Proposed for both types of MTM.

* Experiment fixing the distances found in Section 5.c.2 and monitoring the temperature of the MTM slabs
every 5 minutes in order to observe changes in the system behaviour after some time. Proposed for both
types of MTM.

* Design a oscillating circuit to connect to the PA in order to create a sinusoidal independent source. By this,
an independent source of wireless power could be created.
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